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CHAPTER 1 

INTRODUCTION 

The occurrence of organic matter on earth i s not l i m i t e d to the conspicuous 
forms l i k e biomass and the explorable f o s s i l resources c o a l , petroleum and na
t u r a l gas. In f a c t these forms c o n s t i t u t e only a very small part of the t o t a l 
organic carbon present throughout the earth's c r u s t . The major part i s present 
i n sedimentary rocks i n a disseminated and i n s o l u b l e form which i s g e n e r a l l y 
known as kerogen. I t has been estimated that about 90% of a l l the organic car
bon on earth i s present as kerogen (Hunt, 1979). 

The word kerogen derived from the Greek "keros" (= wax) was proposed to 
describe the organic content of o i l shale which produces, by d e s t i n a t i o n , o i l 
w i t h a waxy ( p a r a f f i n i c ) consistency (Steuart, 1912). However the term kerogen 
covered and s t i l l covers a v a r i e t y of concepts which h i s t o r i c a l l y o r i g i n a t e 
from the e x p l o i t a t i o n of o i l shales and which are c l o s e l y l i n k e d to research 
deal i n g with the o r i g i n of petroleum, e s p e c i a l l y w i t h theories on i t s organic 
o r i g i n . In the d e f i n i t i o n s t a ted by Durand (1980) and used here, kerogen i s 
defined as the f r a c t i o n of sedimentary organic matter which i s i n s o l u b l e i n the 
usual organic s o l v e n t s . In p r a c t i s e the term kerogen designates a polyconden-
sed or polymerized s t a t e of organic matter not belonging to the l i v i n g realm. 

In the current concept of kerogen formation (Hunt, 1979; T i s s o t and Welte, 
1979; Durand, 1980) biopolymers are at the very s t a r t of the diagenesis of o r 
ganic matter. A f t e r the death of organisms, during sedimentation and afterwards 
the a c t i v i t y of burrowing organisms and microbes, governed by environmental 
c o n d i t i o n s , r e s u l t s i n the p a r t i a l decomposition of biogenic polymers. During 
t h i s process biopolymers are p a r t l y m i n e r a l i z e d and p a r t l y resynthesized i n 
(mi c r o b i a l ) c e l l m a t e r i a l , thus u l t i m a t e l y l e a v i n g an organic residue u n a s s i -
m i l a b l e by microorganisms under these c o n d i t i o n s . This residue i s now incorpo
rated i n t o a new, humic polycondensate p r e c u r s i n g kerogen ( T i s s o t and Welte, 
1979). In a s p i n - o f f from the biogeochemical c y c l e part of the m i c r o b i a l l y 
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released biomonomers are thought to condense and to be incorporated i n the 
polycondensate as w e l l (Hunt, 1979). Apart from the i n s o l u b l e f r a c t i o n 
(kerogen) sedimentary organic matter comprises a minor amount of f r e e hydro
carbons and r e l a t e d compounds at the end of the d i a g e n e t i c p e r i o d . These 
hydrocarbons o r i g i n a t e from compounds synthesized by l i v i n g organisms and are 
incorporated i n the sediment w i t h no or minor changes and which can be c o n s i 
dered as geochemical f o s s i l s r e f l e c t i n g the environment of d e p o s i t i o n . 

Because of i t s q u a n t i t a t i v e importance and because i t i s considered to 
c o n s t i t u t e the source m a t e r i a l f o r o i l and n a t u r a l gas i t i s worthwhile to 
understand the composition and o r i g i n of kerogen. Due to i t s i n s o l u b i l i t y 
kerogen i s l e s s amenable to s t r u c t u r a l i n v e s t i g a t i o n from an a n a l y t i c a l point 
of view. Moreover when studying i t s o r i g i n the absence of a morphological 
r e l a t i o n s h i p w i t h b i o l o g i c a l s t r u c t u r e s i s a great disadvantage. However, the 
cooccurrence of geochemical f o s s i l s i n the s o l u b l e f r a c t i o n of sedimentary 
organic matter could y i e l d some information about the o r i g i n . I n the case of 
coal s t u d i e s the morphology of the n a t u r a l precursor i s p a r t l y r e t a i n e d upon 
c o a l i f i c a t i o n , which s i m p l i f i e s both the chemical c h a r a c t e r i z a t i o n and the 
i n t e r p r e t a t i o n of the processes that l e d to the present c o n d i t i o n of t h i s type 
of organic matter. 

In order to make kerogen a c c e s s i b l e to s t r u c t u r a l e l u c i d a t i o n chemical 
degradation techniques must be employed. Degradation processes should be as 
s p e c i f i c as p o s s i b l e i n order to o b t a i n smaller i d e n t i f i a b l e compounds which 
s t i l l r e t a i n a s t r u c t u r a l r e l a t i o n s h i p w i t h the kerogen. Various types of 
chemical degradation and f u n c t i o n a l group analyses have been c a r r i e d out, many 
of which have been reviewed by V i t o r o v i c (1980). Furthermore p y r o l y s i s methods 
have shown to be v a l u a b l e t o o l s i n s t r u c t u r a l c h a r a c t e r i z a t i o n of kerogens 
(e.g. L a r t e r and Douglas, 1980; S o l l i et at., 1980; van de Meent et at., 1980). 
However the above methods are of l i m i t e d value from a q u a n t i t a t i v e p o i n t of 
view. Moreover i t i s o f t e n impossible to r e l a t e the s t r u c t u r e of the products 
released to that of the o r i g i n a l complex organic matrix. 

Since i n the current concept the genesis of kerogen i s considered to be 
the r e s u l t of a sequence of biochemical and geochemical transformations of 
organic matter p r i m a r i l y derived from biomass, one could consider the organic 
matter present i n a recent sediment to represent an intermediate stage between 
biomass and kerogen. For t h i s reason stu d i e s of the organic matter from recent 
sediments could y i e l d v a luable i n f o r m a t i o n about the s t a r t i n g s t r u c t u r e s of 
f u t u r e kerogen. 

When the organic matter i n a recent marine sediment i s regarded as an accu
mulation of biopolymers i n various stages of decomposition the s t r u c t u r a l 
c h a r a c t e r i z a t i o n i s d i r e c t e d i n the f i r s t place by a n a l y t i c a l methods aiming at 



3 

the release and q u a n t i t a t i o n of biopolymers or b u i l d i n g blocks of biopolymers. 
In the second place organic compounds not recognizable as such, bust most 
probable d e r i v a t i v e s thereof, must be i n v e s t i g a t e d . 

Various attempts have been undertaken to qua n t i f y the c o n t r i b u t i o n of the 
major compound classes i n the marine environment v i z . carbohydrates, p r o t e i n s , 
l i p i d s and n u c l e i c acids and of "humic substances" to sedimentary organic car
bon. Carbohydrates determined i n marine and lake sediments (e.g. Swain and 
Rogers, 1966; Swain et at., 1967; Swain et at., 1970; Swain, 1971; Modzeleski 
et at., 1971; F l e i s c h e r , 1972; Handa andMizuno, 1973; Degens and Mopper, 1976; 
Mopper, 1977; Hatcher et at., 1977; Bohm et at., 1980; Ferguson and Ibe, 1981; 
Uzaki and I s h i w a t a r i , 1983) have been shown to represent from s e v e r a l ppm i n 
ancient sedimentary rocks to about 45% of the t o t a l organic carbon i n a recent 
mangrove lake sediment. S i m i l a r l y p r o t e i n s (e.g. Brown et at., 1972; Casagran-
de, 1974; Whelan, 1975; M o r r i s , 1975; Hatcher et at., 1977; Degens and Mopper, 
1976; Henrichs and F a r r i n g t o n , 1979) have been estimated to comprise up to 33% 
of the t o t a l sedimentary organic carbon. L i p i d s c o n s t i t u t e i n general l e s s 
than 10% of the organic carbon (Boon, 1978; Hunt, 1979 and references c i t e d 
t h e r e i n ) . The c o n t r i b u t i o n of nucleotides i s g e n e r a l l y an order of magnitude 
le s s than those of carbohydrates, p r o t e i n s or l i p i d s (van der Velden, 1976 and 
references c i t e d t h e r e i n ) . Organic matter r e l e a s a b l e from sediment samples by 
e x t r a c t i o n with base and s t r u c t u r a l l y l e s s defined (often denoted as humic 
substances) c o n s t i t u t e s up to 40% of the t o t a l sedimentary organic carbon (De-
byser et at., 1977; P e l e t and Debyser, 1977; Hunt, 1979; Jocteur-Monrozier and 
Jeanson, 1981). 

Because of the poor s p e c i f i c i t y of the common monosaccharides and amino 
acids the above authors i n t e r p r e t t h e i r data w i t h some caution when the o r i g i n 
of the bulk c o n s t i t u e n t s l i k e carbohydrates and p r o t e i n s i s concerned. However 
during carbohydrate component analyses i n the d i s t r i b u t i o n of monosaccharides 
i n general the c h a r a c t e r i s t i c s of s t r u c t u r a l carbohydrates of the c o n t r i b u t i n g 
organisms (algae) are recognized. In the case of amino a c i d analyses some 
minor amino acids w i t h a marker value f o r the presence of b a c t e r i a i n d i c a t e a 
b a c t e r i a l c o n t r i b u t i o n to the sedimentary organic matter i n a d d i t i o n to that 
of the primary a l g a l producer. Among the l i p i d s r e l e a s a b l e from marine s e d i 
ments i n general both the c o n t r i b u t i o n s of the primary a l g a l producer and of 
b a c t e r i a are d i s t i n g u i s h a b l e . 

In the present study samples from recent marine sediments are i n v e s t i g a t e d 
i n order to e l u c i d a t e the composition and o r i g i n of the organic matter. An a t 
tempt i s made to set up a complete inventory of r e c o g n i z a b l e , w e l l defined 
organic compounds v i z . p r o t e i n s , carbohydrates and l i p i d s . This i s p a r t l y 



4 

r e a l i z e d by non-degradative e x t r a c t i o n of biopolymers using water or water 
based e x t r a c t a n t s . Biopolymers not r e l e a s a b l e i n t h i s way are depolymerized 
to y i e l d the biomonomers e.g. monosaccharides, amino acids and l i p i d compo
nents. By means of the a p p l i c a t i o n of a c i d h y d r o l y s i s or base s a p o n i f i c a t i o n 
i t i s p o s s i b l e to break down the greater part of the covalent linkages between 
monomer b u i l d i n g blocks of biomacromolecules v i z . e s t e r - , g l y c o s i d i c - and 
amide bonds. The nature and strength of the chemical treatment and the choice 
of the e x t r a c t a n t o f f e r the p o s s i b i l i t y to d i s t i n g u i s h between the various 
classes of monomeric b u i l d i n g blocks released. 

The various classes thus obtained were analysed q u a l i t a t i v e l y and q u a n t i 
t a t i v e l y . For that purpose i t was necessary to adapt a number of a n a l y t i c a l 
methods i n order to make them a p p l i c a b l e to the a n a l y s i s of sediment samples. 

In Chapter 2 the i n v e s t i g a t i o n of organic matter present i n a recent 
marine diatomaceous ooze sample from the Namibian Shelf (S.W. A f r i c a ) i s 
presented. The sediment was analysed f o r carbohydrates, p r o t e i n s and l i p i d s 
r e l e a s a b l e upon e x t r a c t i o n w i t h water and a c i d of i n c r e a s i n g concentration or 
w i t h organic solvents using a n a l y t i c a l procedures which are introduced hereaf
t e r . The organic components released but not i d e n t i f i e d by these procedures 
and the u l t i m a t e i n s o l u b l e organic matter a f t e r e x t r a c t i o n were analysed 
f u r t h e r by p y r o l y s i s - mass spectrometry and p y r o l y s i s - gas chromatography -
mass spectrometry i n order to make a complete inventory of the organic matter. 

A method was developed f o r the a n a l y s i s of carbohydrates i n samples from 
recent marine sediments. Upon a c i d h y d r o l y s i s complex mixtures of monosaccha
r i d e s were obtained, which were analysed as t h e i r a l d i t o l acetates by gas 
chromatography (Chapter 3). Gas chromatographic - mass spectrometric a n a l y s i s 
revealed the presence of a large number of p a r t i a l l y methylated and deoxy 
a l d i t o l acetates. The i d e n t i f i c a t i o n of these components required the synthe
s i s of appropriate standards. In Chapter 4 the a n a l y s i s of s y n t h e t i c mixtures 
of p a r t i a l l y methylated a l d i t o l acetates i s described. The r e s u l t s of the 
u l t i m a t e i d e n t i f i c a t i o n of mixtures of a l d i t o l acetates obtained from sediment 
hydrolyzates are summarized i n Chapter 5. In t h i s comparative study the geo-
chemical s i g n i f i c a n c e of p a r t i a l l y methylated and deoxy monosaccharides i s 
discussed. 

The a l d i t o l acetate method i s a l s o a p p l i e d to the a n a l y s i s of carbohydrates 
i n a recent s t r o m a t o l y t i c deposit i n order to study the diagenesis of carbohy
drates upon b u r i a l . The carbohydrate composition and the c o n t r i b u t i o n of 
carbohydrate carbon r e l a t i v e to the t o t a l organic carbon are discussed i n 
terms of the p o t e n t i a l to become part of the organic matter that survives 
g e o l o g i c a l periods of time (Chapter 6 ) . 
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In Chapter 7 a s p e c i a l and p a r t l y new method i s presented f o r the a n a l y s i s 
of t o t a l l i p i d s i n sediments. L i p i d components obtained a f t e r e x t r a c t i o n with 
water or organic solvents and released a f t e r a c i d h y d r o l y s i s and/or s a p o n i f i 
c a t i o n w i t h base were analysed without any preseparation by gas chromatography 
and gas chromatography - mass spectrometry a f t e r appropriate d e r i v a t i z a t i o n . I n 
t h i s way f r e e , e s t e r i f i e d and amide bound l i p i d s were d i s t i n g u i s h e d . Two 
cl a s s e s of l i p i d s were detected i n s i g n i f i c a n t amounts. On the one hand the 
abundance of B-hydroxy f a t t y a c i d s , amide bound to the organic m a t r i x , p o i n t 
to a b a c t e r i a l c o n t r i b u t i o n to the organic matter present i n the sediment. On 
the other hand the l o l i o l i d e - type lactones point to an a l g a l c o n t r i b u t i o n to 
the sedimentary organic matter as w e l l . Moreover these lactones are thought to 
be i n d i c a t o r s f o r e a r l y diagenetic transformations of carotenoids from an 
a l g a l source (Chapter 8). 
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CHAPTER 2 

QUALITATIVE AND QUANTITATIVE CHARACTERIZATION OF THE TOTAL 
ORGANIC MATTER IN A RECENT MARINE SEDIMENT I I . * 

J . Klok, M. Baas, H.C. Cox, J.W. de Leeuw, W.I.C. R i j p s t r a and P.A. Schenck 

D e l f t U n i v e r s i t y of Technology 
Department of Chemistry and Chemical Engineering 
Organic Geochemistry Unit 
De V r i e s van Heystplantsoen 2 
2628 RZ D e l f t , The Netherlands 

ABSTRACT 

The t o t a l organic matter of a recent marine diatomaceous ooze i s studi e d 
by a n a l y s i s of i t s water and a c i d e x t r a c t s and residues. The e x t r a c t i o n data 
r e l a t i v e to the t o t a l organic carbon r e v e a l major c o n t r i b u t i o n s of carbohy
drates (22%), " v o l a t i l e s " (12%) and pr o t e i n s (11%) and a smaller c o n t r i b u t i o n 
of l i p i d s (4%) and v o l a t i l e f a t t y acids ( 1 % ) . The r e s i d u a l organic carbon (50%) 
mainly shows a l i p h a t i c c h a r a c t e r i s t i c s . Among the compounds i d e n t i f i e d i n the 
ex t r a c t s some wi t h an a l g a l and others w i t h a b a c t e r i a l o r i g i n are d i s t i n 
guishable. 

* I n : Advances in Organic Geochemistry 1983 (P.A. Schenck et a l . ) , i n press. 
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INTRODUCTION 

Organic matter i n both recent and ancient sediments i n s o l u b l e i n organic 
s o l v e n t s , has been subject of many s t r u c t u r a l i n v e s t i g a t i o n s because of i t s 
q u a n t i t a t i v e importance when compared to the so l u b l e f r a c t i o n . The study of 
the organic matter i n recent sediments, being at the s t a r t of a sequence 
dia g e n e t i c processes, may o f f e r the p o s s i b i l i t y to o b t a i n i n f o r m a t i o n on the 
s t a r t i n g s t r u c t u r e s of the i n s o l u b l e organic matter i n ancient sediments, the 
s o - c a l l e d kerogen. 

In connection w i t h a former study (Klok et al. , 1983) an attempt i s made 
here to c h a r a c t e r i z e the t o t a l organic matter i n a recent marine sediment. For 
t h i s purpose we have i n v e s t i g a t e d a Namibian Shelf diatomaceous ooze sample. 
This sediment i s c h a r a c t e r i z e d by unique input parameters and the absence of 
t e r r e s t r i a l m a t e r i a l (Boon, 1978). Because of the r e l a t i v e l y young age and the 
shallow depth of the sediment i t may be expected that at l e a s t p a r t of the 
biopolymers i n the remains of c o n t r i b u t i n g organisms are s t i l l present. By 
means of a sequence of e x t r a c t i o n s with water and a c i d of i n c r e a s i n g concen
t r a t i o n , the i n t e n t i o n was to release the maximum amount of the organic carbon 
present, with minimal chemical degradation. The organic carbon thus released 
i s f u r t h e r analysed f o r the c o n s t i t u e n t monomeric b u i l d i n g blocks of b i o p o l y 
mers e.g. amino a c i d s , monosaccharides, v o l a t i l e f a t t y acids and l i p i d compo
nents. The r e s i d u a l , i n s o l u b l e organic matter i s f u r t h e r i n v e s t i g a t e d applying 
p y r o l y s i s techniques. 

In t h i s way some i n s i g h t i s obtained, not only i n t o the amount and mode of 
occurrence of the released m o i e t i e s , but a l s o i n t o the primary d i a g e n e t i c 
changes oc c u r r i n g i n the sediment and/or i n the p r e d e p o s i t i o n a l stage of the 
sedimentary organic matter. 

EXPERIMENTAL 

Ooze samples from the Namibian Shelf were c o l l e c t e d on a c r u i s e during 
December 1968 - January 1969 (Eisma, 1969). The KD6 core (22°30'S 14°05.7'E), 
sampled underneath a water column of 106 m, was sectioned and stored at -20°C 
u n t i l use. The 40-75 cm s e c t i o n used f o r t h i s study was homogenized and 
l y o p h i l i z e d p r i o r to e x t r a c t i o n as o u t l i n e d i n F i g . 1. 

A 50.0 gram a l i q u o t of the dry sample (Rl) was t r e a t e d u l t r a s o n i c a l l y with 
400 ml c o l d water during 3*5 minutes and the mixture was subsequently allowed to 
heat under r e f l u x f o r 69 hours. A f t e r c o o l i n g the suspension was c e n t r i f u g e d f o r 
10 minutes (2700 g) and the supernatant (and s e v e r a l washings) were f i l t e r e d 
over a G4 f i l t e r . The residue (R2) was l y o p h i l i z e d . An a l i q u o t of the combined 
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NAM1BIAN SHELF 
diatom aceous 
ooze sample 

K D 6 

lyophilization 

R 1 
H20 , reflux , 69 hr 

R 2 E2 
concentration GPC 

PP L M M M H M 

2N HCl , reflux . 22 hr 

R 3 
"8Utra.liza,iion , LB 
concentration GPC 

PP L M M M H M 

6 N HCl . reflux , 24 hr 

R 4 E 4 
neutralization 
concentration 

PP 

GPC 

L M M M H M 

6 N HCl , reflux , 24 hr 

R 5 
neutralization 
concentration GPC 

|pp] [MM] [ H M | 

Fig. 1. Extraction scheme. For description of the fractions (PP, LM, etc.) 
see Experimental. 

e x t r a c t s and washings (E2) was d r i e d i n an oven (at 90 - 100°C) and subsequent
l y in vacuo over KOH f o r a dry weight determination. 

The l y o p h i l i z e d residue a f t e r water e x t r a c t i o n (R2, 25.0 gram) was suspen
ded i n 400 ml 2N HCl and heated under r e f l u x f o r 22 hours. S i m i l a r l y , 10.0 
gram of the dry s t a r t i n g m a t e r i a l (Rl) and residue R3 were each suspended i n 
100 ml 6N HCl and heated under r e f l u x f o r 24 hours. About 50 mg of c e l l u l o s e 
powder (flN 300 HR, Macherey, Nagel&Co.) was hydrolysed i n a s i m i l a r way. The 
various r e s u l t i n g hydrolyzates were t r e a t e d as described above. 

A l i q u o t s of the e x t r a c t s were d r i e d f o r dry weight and c h l o r i d e (Volhard 
t i t r a t i o n ) determinations. The pH of other a l i q u o t s was r a i s e d to 3 w i t h so
dium hydroxide before t o t a l l i p i d e x t r a c t i o n . 

The remaining portions of the e x t r a c t s were stored at -20°C u n t i l 
use. 
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Gel permeation chromatography (GPC) 

A l i q u o t s of the e x t r a c t s were l y o p h i l i z e d ( i f necessary a f t e r n e u t r a l i z a 
t i o n w i t h ammonia to pH 7) and stored in vacuo over KOH. The dry e x t r a c t was 
suspended i n water. The i n s o l u b l e f r a c t i o n (defined p r e c i p i t a t e = PP) was r e 
moved by c e n t r i f u g a t i o n , washed w i t h water, d r i e d in vacuo over KOH and 
weighed. The s o l u b l e part of the e x t r a c t i n c l u d i n g the p r e c i p i t a t e washings 
was chromatographed over a B i o - g e l P2 column (Biorad, 200-400 mesh, 17x2.4 cm) 
w i t h water as eluent (flow r a t e : 1 ml/min). The r e f r a c t i v e index of the eluate 
was recorded using a Waters-R401 R l - d e t e c t o r . Three f r a c t i o n s were c o l l e c t e d 
representing high molecular weight m a t e r i a l (HM, mol.w. > 2000 D) , medium 
molecular weight m a t e r i a l (MM, ^400 <mol.w. < ̂ 2000 D) and low molecular weight 
m a t e r i a l (LM, mol.w. <^400 D). Each f r a c t i o n was analysed f o r organic carbon 
and i t s dry weight was determined. 

Carbon measurements 

T o t a l carbon i n residues and p r e c i p i t a t e s was determined using an auto
matic P e r k i n Elmer 240 CHN-analyser. Carbonate carbon was determined t i t r i -
m e t r i c a l l y . Carbonate carbon and t o t a l carbon present i n aqueous s o l u t i o n s 
were determined using a wet combustion apparatus operated at 150°C and 900°C 
r e s p e c t i v e l y . The amount of organic carbon i s c a l c u l a t e d by s u b t r a c t i o n . 

Amino acids 

Amino acids i n l y o p h i l i z e d residues and i n e x t r a c t s were re l e a s e d upon 
h y d r o l y s i s w i t h 6N HC1 during 24 hours at 105°C under n i t r o g e n i n sealed 
ampoules. Nor-leucine was added before h y d r o l y s i s as an i n t e r n a l standard. 
The amino acids present i n the hydrolyzates were analysed using a Kontron 
Liquimat I I I equipped w i t h a Durrum Resin DC-4A and P i c o b u f f e r system 2 as 
eluent. Q u a n t i t a t i o n was performed a f t e r n i n h y d r i n d e r i v a t i z a t i o n and detec
t i o n at 570 ran. 

Carbohydrates 

N e u t r a l monosaccharides were determined i n the s t a r t i n g m a t e r i a l ( R l ) , 
residue R2 and e x t r a c t E2. About 500 mg of each l y o p h i l i z e d residue and a 
l y o p h i l i z e d a l i q u o t of about 50 ml of e x t r a c t E2 were hydrolysed i n 15 ml 
0.5N H2SO4 during 18 hours at 100°C i n sealed ampoules under n i t r o g e n . D e r i 
v a t i z a t i o n i n t o the corresponding a l d i t o l acetates was performed as described 
e a r l i e r (Klok et al. , i n p r e s s ) . M y o - i n o s i t o l was added as an i n t e r n a l s t a n 
dard. I d e n t i f i c a t i o n was based on GC r e t e n t i o n data and on comparison of the 
mass spectra obtained by c a p i l l a r y GC-MS w i t h those published by Jansson et al 

(1976) and w i t h mass spectra of synthesized reference compounds (Klok et al. ,1982) 
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Volatile fatty acids 

V o l a t i l e f a t t y acids released from the s t a r t i n g m a t e r i a l (R1) a f t e r sapo
n i f i c a t i o n w i t h 8N NaOH were analysed as t h e i r benzyl esters as w i l l be des
c r i b e d elsewhere (Klok et at. , i n p r e p a r a t i o n ) . 

Total lipids 

The procedure f o r the determination of t o t a l l i p i d s i n residues i s sum
marized b r i e f l y below. D e t a i l s on the a p p l i e d procedure are given elsewhere 
(de Leeuw et al. , i n press; Klok et al. , submitted). The l i p i d s obtained a f t e r 
s a p o n i f i c a t i o n were e s t e r i f i e d w i t h diazomethane and s i l y l a t e d w i t h T r i s i l - Z 
( P i e r c e ) . The r e s u l t i n g d e r i v a t i v e s were subjected to column chromatography on 
Lipidex-5000 (Packard) f o r removal of very p o l a r compounds. The eluent was 
concentrated and analysed by c a p i l l a r y GC and GC-MS. 

To t a l l i p i d s i n e x t r a c t s were e x t r a c t e d w i t h dichloromethane and d e r i v a -
t i z e d and analysed i n a s i m i l a r way. 

Gas chromatography of the l i p i d f r a c t i o n s was performed using a C a r l o Erba 
4160 gas chromatograph equipped w i t h an FID and an on-column i n j e c t i o n system 
(Grob and Grob, 1978). A glass c a p i l l a r y column coated with SE52 (20 m, I.D. 
0.32 mm) was used with helium as the c a r r i e r gas. Samples were i n j e c t e d at 
125°C and the temperature was programmed at a rate of 4°C perminute to 310°C. 

Gas chromatography-mass spectrometry was c a r r i e d out on a Varian 3700 gas 
chromatograph connected to a V a r i a n Mat 44 quadrupole mass spectrometer. 
E l e c t r o n impact mass spectra were obtained at 80 eV. 

Pyrolysis-mass spectrometry and pyrolysis-gas chromatography-mass spectrometry 

(Py-MS and Py-GC-MS) 

The automated Cur i e - p o i n t Py-MS system used has been described elsewhere 
(Windig et al. , 1980). The instrument was operated using the f o l l o w i n g e x p e r i 
mental c o n d i t i o n s : sample s i z e , 5-25 yg ( i n 0.1M phosphate b u f f e r , pH 7); wire 
e q u i l i b r i u m temperature, 610°C; temperature r i s e time, 0.1 s; t o t a l heating 
time, 0.9 s; MS i n l e t temperature, 150°C; scan r a t e 0.1 s/scan (m/z 15-180); 
t o t a l scanning time, 10 s. Each sample was analysed i n quadruplicate. 

Py-GC-MS was c a r r i e d out using a p y r o l y s i s r e a c t o r as described by Meuze-
l a a r et al. (1975), modified f o r use at high temperatures (van de Meent et al. 

1980a). Gas chromatographic separation was performed using the f o l l o w i n g con
d i t i o n s : glass c a p i l l a r y column ( C P s i l 5 , 25 m, 0.3 mm I.D.); c a r r i e r gas, 
helium; temperature program, 0°C (5 min) - 3°C/min - 300°C (20 min); wire e q u i 
l i b r i u m temperature, 610°C; p y r o l y s i s time, 10 s; mass spectrometer, V a r i a n 
Mat 44 operated at 80 eV; cy c l e time, 1 s; m/z 25-500 up to scan 250 and m/z 50-500 
a f t e r scan 250; m/z 28,32,40,44 were omitted i n the reconstructed i o n current (RIC) . 
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RESULTS 

Table 1 summarizes the data on dry weight and organic carbon of residues, 
t o t a l water and a c i d e x t r a c t s and GPC f r a c t i o n s of e x t r a c t s as mentioned i n 
F i g . 1. The dry weight determinations are based on 50.0 g ( = 100%) l y o p h i l i z e d 
s t a r t i n g m a t e r i a l . S i m i l a r l y the organic carbon measurements are based on 
2320 mg ( = 100%) organic carbon present i n t h i s amount of s t a r t i n g m a t e r i a l . 

Table 1. Results of mass balance and organic carbon balance determinations 
r e l a t i v e to Rl1 

Mass balance ( 5 0 . 0 g = 100.0%) 
sample %W _ %WD_ %WTM %WMM %WUM %W 2 

v t o t PP LM MM HM rec 
Rl 100.0 -
E2 17.3 3 1.0 15.0 0.2 0.1 16.3 
R2 81.8 
E3 16.6k 4.8 10.2h 0.9 0.3 16.2 
R3 66.4 -
E4 1.6 0 . 3 5 1 .06 0 . 1 7 0 . 0 6 1.6 
R4 66 . 2 -
E5 3 3 .2 k 3 . 4 2 8 .2 k 2 . 0 0 . 2 3 3 . 8 
R5 6 7 . 2 -

Organic C balance (2320 mg i n Rl i 100%) 
%C ie_„ %C T„ %CV_, % C ™ % c 2 

t o t PP LM MM HM rec 
Rl 100.0 -
E2 4.7 0.5 1.8 0.8 1.6 4 . 7 
R2 9 1 . 8 -
E3 24.1 6 . 9 6.5 5.8 2 . 4 21.6 
R3 60.8 -
E4 4.5 0 . 9 0 . 9 1.1 0.2 3.1 
R4 54.4 -
E5 32.5 6.6 10.3 10.8 0.8 28.5 
R5 60.0 -

1 Rl : organic carbon, 4 .64% ; carbonate carbon, 1.12% 
2 %W = %Wt)t) + %WT + %WMM + %W„ M ( s i m i l a r l y %C ) 

rec PP LM MM HM J rec 
3 indigenous c h l o r i d e content , 7.6% (based on dry weight Rl) 
4 percentages adjusted f o r c o n t r i b u t i o n of c h l o r i d e due to HC1 

treatment 
The dry weight- and organic carbon balances are seen i n F i g . 2 . 

The molar d i s t r i b u t i o n and the c o n t r i b u t i o n to the organic carbon of the 
i n d i v i d u a l amino acids are summarized i n Table 2. F i g . 3 represents these data 
obtained a f t e r 6N HC1 treatment of the s t a r t i n g m a t e r i a l (E5) . F i g . 4 shows 
the gas chromatogram of the n e u t r a l carbohydrates present i n the water e x t r a c t 
(E2), analysed as a l d i t o l a cetates. I d e n t i f i c a t i o n s of major peaks are given 
i n the f i g u r e caption. Table 3 summarizes the q u a n t i t a t i v e r e s u l t s of the ana
l y s i s of n e u t r a l monosaccharides i n the s t a r t i n g m a t e r i a l ( R l ) , the residue 
a f t e r water e x t r a c t i o n (R2) and i n the water e x t r a c t (E2). FID respons f a c t o r s 
of the i n d i v i d u a l a l d i t o l acetate d e r i v a t i v e s have been assumed equal on a 
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weight b a s i s , compared to m y o - i n o s i t o l hexaacetate ( i n t e r n a l standard) 

DRY WEIGHT BALANCE 

100 

8 2 17 
6 6 3 4 
6 6 3 5 

6 7 3 3 

H20 

2N HCl 

6N HCl 

directly 

ORGANIC CARBON BALANCE 

100 

9 2 15 
61 29 

54 3 3 

H20 

2N HCl 

6N HCl 

6 0 

Fig. 

3 3 6N HCl 
directly 

2. Dry weight and organic carbon balances. All percentages refer to the 
total amount of dry s t a r t i n g material (50.0 g Rl = 100%) and total 
amount of organic carbon (2320 mg = 100%) present therein (Table 1). 

Among the i n d i v i d u a l chromatograms of the d e r i v a t i z e d t o t a l l i p i d s e x t r a c 
ted both from water- and a c i d e x t r a c t s and from the residues mentioned i n F i g . 
1, three types could be d i s t i n g u i s h e d based on the d i s t r i b u t i o n of the obser
ved compounds. From each type a t y p i c a l example i s shown i n F i g . 5 : t o t a l 
l i p i d s present i n the e x t r a c t s (E3 shown), i n the s t a r t i n g m a t e r i a l and non-
a c i d t r e a t e d residues (Rl shown) and i n the a c i d t r e a t e d residues (R5 shown) 
r e s p e c t i v e l y . Q u a n t i t a t i o n of the l i p i d components observed i n the chromato
grams i s based on peak area i n t e g r a t i o n . For convenience the FID responses of 
the i n d i v i d u a l components are assumed equal oii a weight b a s i s . Absolute c a l i 
b r a t i o n of the GC apparatus was achieved w i t h p a l m i t i c a c i d methyl e s t e r . The 
t o t a l amount of e x t r a c t a b l e l i p i d carbon was c a l c u l a t e d to be 4.2% of the 
t o t a l organic carbon present i n the s t a r t i n g m a t e r i a l ( R l ) . Short chain f a t t y 
acids (Cj-Cij) analysed as t h e i r benzyl esters comprise 0.7% of the t o t a l orga
n i c carbon (Klok et al. , i n preparation) . 

The Py-MS data obtained from residues and f r a c t i o n s of e x t r a c t s are given 
i n Table 4. Some t y p i c a l p y r o l y s i s mass spectra are shown i n F i g . 6. The r e 
constructed t o t a l i o n current (RIC) of the Py-GC-MS a n a l y s i s of residue R5 i s 
shown i n F i g . 7. I d e n t i f i c a t i o n s are l i s t e d i n Table 5 (scan numbers c o r r e s 
pond to the numbers i n F i g . 7). 
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DISCUSSION 

The various treatments of a l y o p h i l i z e d sample of the Namibian Shelf 
sediment, as depicted i n F i g . 1, r e s u l t e d i n the s o l u b i l i z a t i o n of one t h i r d 
of the s t a r t i n g m a t e r i a l (Table 1, F i g . 2). About 15% of the dry s t a r t i n g 
m a t e r i a l i s present as s a l t s (mainly c h l o r i d e s ) and i s recovered i n the low 
molecular weight f r a c t i o n of the water e x t r a c t (E2, LM). During the successive 
e x t r a c t i o n s about 46% of the organic carbon ( i n c l u d i n g v o l a t i l e compounds) 
o r i g i n a l l y present i n the s t a r t i n g m a t e r i a l (Rl) was released (Table 1, Fig.2). 
S i m i l a r l y the d i r e c t a c i d treatment with 6N HC1 r e s u l t e d i n a release of about 
40% ( i n c l u d i n g v o l a t i l e compounds). The discrepancy between the amount of o r 
ganic carbon r e t a i n e d i n the residues R4 and R5 might be ascr i b e d to the oc
currence of condensation r e a c t i o n s , which are more severe during the d i r e c t 
a c i d treatment. 

About 12% and 8% of the organic carbon was not recovered a f t e r the succes
s i v e e x t r a c t i o n s and a f t e r the d i r e c t a c i d treatment r e s p e c t i v e l y . These 
losses are explained by the f a c t that very v o l a t i l e compounds, such as short 
chain a l i p h a t i c s and organo sulphur compounds, are not recovered during the 
various procedures. In a separate study (Klok et al., i n preparation) i t i s 
shown that the f r e e and bound v o l a t i l e acids ( C 1 - C 4 ) present i n t h i s sediment 
sample, account f o r 0.7% of the organic carbon present i n the s t a r t i n g mate
r i a l . The amount of organic carbon not recovered w i l l be f u r t h e r denoted as 
" v o l a t i l e " . 

QlJ§2£i£§£!Y£ §!}d aHilitative data on i n d i v i d u a l component classes 
Amino acids 

From Table 2 i t i s c l e a r that a s u b s t a n t i a l p a r t of the organic carbon 
that s o l u b i l i z e s during the successive e x t r a c t i o n s and s i m i l a r l y during the 
d i r e c t a c i d h y d r o l y s i s c o n s i s t s of proteinaceous carbon. I n both ways about 
11% of the t o t a l amount of organic carbon present i n the s t a r t i n g m a t e r i a l was 
i d e n t i f i e d as amino a c i d carbon. 

F i g . 3 i l l u s t r a t e s both the c o n t r i b u t i o n s of the i n d i v i d u a l amino acids to 
the organic carbon and the r e l a t i v e composition of amino a c i d u n i t s analysed 
i n the d i r e c t 6N HC1 hydrolyzate of the s t a r t i n g m a t e r i a l ( e x t r a c t E5). The 
c o n t r i b u t i o n to the organic carbon of the amino acids l e u c i n e and phenyl
alanine exceeds 1%, which makes them the most abundant b u i l d i n g blocks that 
could be released from the organic matter present i n t h i s sample. 

A l l amino acids encountered i n t h i s study, except o r n i t h i n e , are regarded 
as proteinaceous amino a c i d s . O r n i t h i n e i s thought to o r i g i n a t e from o r n i t h i n e 
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Table 2. Amino acids quantitated in the extracts after hydrolysis in 6N HCl 

molar d i s t r i b u t i o n [mole %) % amino a c i d C of organic C 
amino a c i d E2 E3 E4 E5 E2 E3 E4 E5 

cys 1.7 0 6 0. 6 0 .5 0.001 0.03 0.01 0.03 
asp 12.6 12 4 5 6 10 2 0.009 0.85 0.13 0.93 
th r 5.2 6 0 4 8 5 8 0.004 0.41 0.11 0.53 
ser 6.5 5 9 4 7 5 .8 0.004 0.31 0.08 0.40 
g l u 9.0 8. 4 5 9 7 .3 0.008 0.72 0.17 0.84 
pro 4.2 4 6 3. 9 4 1 0.004 0.40 0.11 0.46 
giy 19.7 16 8 10 2 13 .6 0.007 0.58 0.12 0.62 
a l a 11.2 10 7 10. 3 10 2 0.006 0.55 0.08 0.70 
v a l 5.6 5 8 8. 7 6 5 0.005 0.50 0.25 0.75 
met 0.5 0 6 1 3 1 .6 0.000 0.06 0.04 0.18 
i l e 5.9 6. 5 8. 9 7 I 0.006 0.67 0.30 0.98 
leu 7.2 7 5 13. 6 9 0 0.008 0.77 0.46 1.24 
t y r 2.5 1 6 3. 1 2 .8 0.004 0.25 0.16 0.59 
phe 2.8 4. 3 9. 2 5 3 0.005 0.66 0.17 1.09 
orn 0.5 0. 7 0. 8 0 8 0.001 0.06 0.02 0.10 
lys 1.9 3. 3 4 9 4 9 0.002 0.34 0.17 0.67 
h i s 0.7 1 2 1 . 2 1 4 0.001 0.13 0.04 0.20 
arg 1 .1 3 1 2. 4 3 . 1 0.001 0.32 0.08 0.42 

t o t a l (%) 98.8 100. 0 100. 1 100 0 0.08 7.6 2.9 10.7 
t o t a l umole 35 3331 1090 4417 

Fig. 3. Amino acids analysed in extract E5 expressed as percentage of the 
total organic carbon present in the starting material and of the 
molar distribution of the individual components (Table 2). 

l i p i d s o c c u r r i n g i n b a c t e r i a ( L e c h e v a l i e r , 1977). These l i p i d s are a l s o cha
r a c t e r i z e d by the presence of amide l i n k e d 8-hydroxy f a t t y a c i d s . The s i g n i 
f i c a n t presence of the B-hydroxy f a t t y acids among the l i p i d s analysed i n the 
residues a f t e r a c i d treatment (see below) may i n d i c a t e that o r n i t h i n e - c o n t a i -
ning l i p i d s are the source of the observed o r n i t h i n e . The extent i n which the 
high concentration of other amino acids (e.g. g l y c i n e and alanine) might be 
i n t e r p r e t e d as c o n t r i b u t i o n s from a non-proteinaceous source i s not c l e a r . 
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Carbohydrates 

F i g . 4 shows the gas chromatogram of the a l d i t o l acetates obtained from 
the water e x t r a c t (E2) a f t e r h y d r o l y s i s and d e r i v a t i z a t i o n . Apart from the 
w e l l known, major components a large number of le s s common, minor components 
are observed. 

giy 

6-deoxy-hexitols 

rha 

rib 

hexitols 

fuc pentitols 
i 1 

xyl 

man 

gal 

ara 

U 

glu 
inod.s.) 

u 

heptitols 

Fig. 4. 
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Gas ohromatogram of the a l d i t o l acetates obtained from extract E2. 
Identifications: gly = glycerol, rha - rhamnitol, fuc = fucitol, 
rib = ribitol, ara = arabitol, xyl = xylitol, man - mannitol, gal 
galactitol, glu = g l u c i t o l and ino - myo-inositol (internal stan
dard) . The connected v e r t i c a l lines in the figure indicate the ob
served partially methylated alditols. 

Table 3. Relative d i s t r i b u t i o n of neutral monosaccharides in starting mate-
r i a l (Rl), residue R2 and extract E2 released upon hydrolysis with 
0.5N n2soh. 

monosaccharide 1 Rl R2 E2 
rhamnose 12.7 12.5 12.8 
fucose 7.3 7.4 8.1 
ribo s e 3.9 4.6 2.4 
arabinose 5.1 5.9 5.0 
xylose 9.0 8.2 7.8 
mannose 14.1 13.0 17.2 
galactose 16.6 15.9 14.9 
glucose 13.0 12.0 10.6 
others 18.3 20.5 21.3 
t o t a l monosaccharides (mg) 236 176 24 
% monosaccharide C of organic C 4.1 3.1 0.4 
1 analysed as a l d i t o l acetates (c o n d i t i o n s see Experimental) 

Since the r e s u l t s of the q u a n t i t a t i v e determination of monosaccharide 
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b u i l d i n g blocks i n complex carbohydrates are in f l u e n c e d by both the e f f i c i e n c y 
of the h y d r o l y s i s and the d e r i v a t i z a t i o n procedure (Dutton, 1973; Mopper,1977; 
Albersheim et at., 1967; T o r e l l o et at., 1980) the amount of carbohydrate car
bon determined (Table 3 ) , comprising more than 4% of the t o t a l organic carbon 
present i n the s t a r t i n g m a t e r i a l ( R l ) , i s i n t e r p r e t e d as a minimum value. 

Table 3 a l s o reveals the s i m i l a r i t y i n the r e l a t i v e composition of the 
hydrolyzable monosaccharides obtained from the s t a r t i n g m a t e r i a l ( R l ) , the 
residue a f t e r water e x t r a c t i o n (R2) and from the water e x t r a c t (E2). Obviously 
a r e p r e s e n t a t i v e part (about 10%, Table 3) of the hydrolyzable carbohydrates 
was s o l u b i l i z e d by the water e x t r a c t i o n procedure. The hydrolyzate of the high 
molecular weight f r a c t i o n of t h i s water e x t r a c t (E2, HM) obtained by GPC 
revealed the presence of n e u t r a l monosaccharides with a d i s t r i b u t i o n p a t t e r n 
s i m i l a r to that obtained from a hydrolyzate of the t o t a l e x t r a c t (E2) . The 
carbohydrate nature of the high molecular weight f r a c t i o n was a l s o confirmed 
by Py-MS data as w i l l be discussed below. 

The major monosaccharides encountered during t h i s study are omnipresent 
c o n s t i t u e n t s of n a t u r a l carbohydrates, w h i l e the le s s common, predominantly 
p a r t i a l l y methylated- and deoxy monosaccharides and heptoses (Klok et at. , i n 
press) are mainly reported to occur i n carbohydrates associated with b a c t e r i a l 
c e l l w a l l s , such as l i p o p o l y s a c c h a r i d e s (Weckesser et at. , 1979). These l i p o -
polysaccharides are a l s o c h a r a c t e r i z e d by the presence of amide l i n k e d @-hy-
droxy f a t t y acids (Weckesser et at., 1979). The abundance of g-hydroxy f a t t y 
acids among the l i p i d s e x t r a c t a b l e from the residues a f t e r a c i d treatment, as 
w i l l be discussed below, supports a common o r i g i n of B-hydroxy f a t t y acids and 
the minor monosaccharides from l i p o p o l y s a c c h a r i d e s . We attempted, t h e r e f o r e , 
to i s o l a t e from the sediment sample l i p o p o l y s a c c h a r i d e s p o s s i b l y present (Klok 
et at. , submitted). A high molecular weight substance was indeed obtained, 
which upon h y d r o l y s i s produced monosaccharides and also f a t t y - and B-hydroxy 
f a t t y acids t y p i c a l of l i p o p o l y s a c c h a r i d e s . Taking t h i s i n t o account the ob
served methylated monosaccharides probably are good i n d i c a t o r s f o r the presen
ce of s t r u c t u r e s a s s o c i a t e d with b a c t e r i a l c e l l w a l l s i n the sediment sample. 

Lipids 

The gas chromatograms of the t o t a l l i p i d mixtures obtained from both the 
water- and a c i d e x t r a c t s and the residues mentioned i n F i g . 1, can be devided 
i n t o three types based upon the d i s t r i b u t i o n of the observed compounds. F i g . 5 
shows the gas chromatograms of t y p i c a l r e p r e s e n t a t i v e s of each type: the 
ex t r a c t s E2-E5 (E3 shown), the s t a r t i n g m a t e r i a l (Rl) and residue R2 (Rl 
shown) and the residues a f t e r a c i d treatment R3 - R5 (R5 shown). The c o n t r i b u 
t i o n of the e x t r a c t a b l e l i p i d carbon to the t o t a l organic carbon present i n 
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Fig. 5. Total lipid derivatives obtained from A) extract E3, B) starting mate

r i a l and C) the ultimate residue R5. For conditions: see Experimental. 

the s t a r t i n g m a t e r i a l i s estimated to be 4%. 
A b r i e f review of the l i p i d compounds encountered i n the various chromato-

grams i s given below. D e t a i l e d data on these l i p i d s w i l l be given elsewhere 
(Klok et al. , submitted) . 

The middle trace shown i n F i g . 5 shows the d i s t r i b u t i o n p a t t e r n of l i p i d 
c lasses and i n d i v i d u a l l i p i d s e x t r a c t e d from the s t a r t i n g m a t e r i a l . As i n 
other recent marine sediments a c i d s , a l c o h o l s ( e s p e c i a l l y phytol) and s t e r o l s 
are the major l i p i d classes obtained. The lower chromatogram of l i p i d s o b t a i 
ned from the residue a f t e r d i r e c t 6 N HC1 h y d r o l y s i s i s ch a r a c t e r i z e d by the 
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abundance of f a t t y acids and g-hydroxy f a t t y acids (the l a t t e r marked with 
arrows). The g-hydroxy f a t t y acids are released from the sample, without s o l u 
b i l i z a t i o n , during the a c i d treatment and can be explained by the presence of 
amide l i n k e d hydroxy f a t t y a c i d s . They are known to occur as such i n b a c t e r i a l 
l i p o p o l y s a c c h a r i d e s and o r n i t h i n e c o n t a i n i n g l i p i d s as already mentioned 
before. Their abundance points to a considerable b a c t e r i a l c o n t r i b u t i o n to the 
e x t r a c t a b l e l i p i d carbon present i n t h i s sample. 

The upper trace i s dominated by the presence of three compounds w i t h a 
d i s t i n c t s t r u c t u r a l r e l a t i o n s h i p (molecular s t r u c t u r e s depicted i n the chroma-
togram). Component A was i d e n t i f i e d as d i h y d r o a c t i n i d i o l i d e . The other and 
more abundant compounds were i d e n t i f i e d as i s o l o l i o l i d e and l o l i o l i d e (com
pounds B and C r e s p e c t i v e l y ) . The n a t u r a l occurrence of these terpenoid com
pounds i s mainly reported i n p l a n t m a t e r i a l (Marx and Sondheimer, 1966; P a i l e r 
and Haschke-Hofmeister, 1969; Holub et al., 1975; Kodama et al., 1982) but a l s o 
as a sex pheromone of the red fox Vulpes vulpes (Albone, 1975), i n molluscs 
( P e t i t t et al., 1980) and brown algae (Ravi et al. , 1982). These compounds are 
a l s o reported to be generated during photo-oxidation of carotenoids (Isoe et 

al. , 1969; Isoe et al., 1971; Isoe et al., 1972). Since fucoxanthin i s the 
major carotenoid to be expected i n the Namibian Shelf upwelling area, because 
i t i s the predominant carotenoid i n Baaillariophyceae and Phaeophyceae (Jo-
hansen et al. , 1974; Goodwin, 1980; Repeta and Gagosian, 1983) i t i s suggested 
that the l o l i o l i d e s are products of the photo-oxidation of t h i s carotenoid 
(Klok et al. , i n p r e p a r a t i o n ) . 

it. -he iffiidenjjif i e d £Slk2D 
Using the a n a l y t i c a l procedures described above only a part (^20%) of the 

t o t a l organic carbon present i n the s t a r t i n g m a t e r i a l (Rl) could be i d e n t i f i e d 
as amino a c i d , monosaccharide, v o l a t i l e f a t t y a c i d or l i p i d carbon. We there
fore a p p l i e d p y r o l y s i s mass-spectrometry (Py-MS) and p y r o l y s i s - g a s chromato-
graphy-mass spectrometry (Py-GC-MS) to i n v e s t i g a t e the s t r u c t u r e s of the as yet 
u n i d e n t i f i e d organic c o n s t i t u e n t s present i n residues and e x t r a c t s . For t h i s 
purpose the residues (R), the p r e c i p i t a t e s (PP), the medium (MM) and the high 
molecular (HM) weight f r a c t i o n s were analysed by Py-MS (Table 4, F i g . 6 ) . The 
s t a r t i n g m a t e r i a l (Rl) and residue R5 were als o studied by Py-GC-MS ( F i g . 7, 
Table 5). 

Py-MS data of the residues as summarized i n Table 4 and seen i n F i g . 6 
r e v e a l the abundance of h y d r o c h l o r i c a c i d (m/z 36, 38) as a r e s u l t of i n d i g e 
nous sea s a l t and the h y d r o c h l o r i c a c i d used. S i m i l a r l y , s p e c i f i c ions of 
sulphur compounds are r e l a t i v e l y abundant (m/z: 34, 48, 64, 66, 76). Elementary 
sulphur (m/z 64, 96, 128, 160) present i n the s t a r t i n g m a t e r i a l (Rl) was p a r t l y 
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Fig. 6. Pyrolysis mass spectra of some of the residues and fractions of 
extracts obtained after extraction of a lyophilized Namibian Shelf 
sediment sample and of the MM f r a c t i o n of cellulose treated with 
6N HCl. For conditions: see Experimental. 

Table 4. Py-MS data obtained from residues and fractions of extracts as 
mentioned in Fig. 1. For conditions: see Experimental. 

Residues P r e c i p i t a t e s MM f r a c t i o n s HM f r a c t i o n s c e l l u l o s e 
c h a r a c t e r i s t i c s 1 Rl R2 R3 R4 R5 E2 E3 E4 E5 E2 E3 E4 E5 E2 E3 E4 E5 fr a c t i o n s 
chlorides (HCl) +++ +++• ++ + +++ ++•+ ++ + + + + 
sulphur compounds ++ +-•- ++ +•+• +++ + + ++ + + ++ + + + + ++ 
proteins f + 
carbohydrates + + ++ +++ 
amino carbohydr. 
" l e v u l i n i c a c i d " + + ++ ++ ++• ++ ++ ++ ++ +++ 
¿ilkar.es ++ ++ ++ ++ + + + + •f + + 
alkenes + + + + + + + + 
f a t t y acids + + + + + + + + + + + + 

1 c h a r a c t e r i s t i c m/z values : HCl : 36,38 ; sulphur compounds : 34,48,64,66,76 ; proteins 67,69,83, 
92,94,108,117,131 ; carbohydrates : 43,68,82,96,98,110,112,114,126,128 ; amino carbohydrates : 59, 
109,125,137,151 ; " l e v u l i n i c a c i d " : 43,56,98,101,1 16 ; alkanes : 57,71,85,99,... ; alkenes : 55,69, 
83,97,... ; f a t t y acids : 60,73,87,101,115,129,... ( a f t e r Meuzelaar et at., 1982) 

+ a r b i t r a r y units ( + • present , ++ • abundant , +++ = predominant) 

http://�ilkar.es


s o l u b i l i z e d during r e f l u x i n g w i t h water and recovered i n the p r e c i p i t a t e of 
the water e x t r a c t (E2: PP , F i g . 6). Water e x t r a c t i o n and acid-mediated depo-
l y m e r i z a t i o n of carbohydrate and proteinaceous s t r u c t u r e s r e s u l t e d i n the r e 
lease of these component classes from the sample. The absence of s p e c i f i c 
carbohydrate and p r o t e i n derived p y r o l y s i s products (van de Meent et at. , 

1982; Meuzelaar et at. , 1982) i n the p y r o l y s i s mass spectra of the ul t i m a t e 
residues ( F i g . 6, Table 4) c l e a r l y i n d i c a t e s t h i s process. S i m i l a r l y compari
son of the Py-GC-MS analyses of s t a r t i n g m a t e r i a l (Rl) and residue (R5) r e 
veals the disappearance of s p e c i f i c carbohydrate and p r o t e i n derived p y r o l y s i s 
products (van de Meent et a l . , 1983) a f t e r a c i d treatment. About 10% of the 
hydrolyzable carbohydrates present i n the s t a r t i n g m a t e r i a l were s o l u b i l i z e d 
during water e x t r a c t i o n (Table 3). The high molecular weight nature of the 
released carbohydrates i s demonstrated by the predominance of m/z values i n d i 
c a t i v e f o r carbohydrates (Meuzelaar et at. , 1982) observed i n the p y r o l y s i s 
mass spectrum of the high molecular weight f r a c t i o n of the water e x t r a c t (E2: 
HM, F i g . 6). Moreover, t h i s spectrum i n d i c a t e s the presence of amino sugar 
c o n s t i t u e n t s (Table 4 ) , which are not included i n the carbohydrate component 
a n a l y s i s discussed before. 

The p y r o l y s i s data from the residues demonstrate that the a l i p h a t i c nature 
of the organic matter present t h e r e i n i s consolidated a f t e r each e x t r a c t i o n 
step ( F i g . 6, Table 4 ) , r e s u l t i n g i n a pronounced a l i p h a t i c p r o f i l e i n the Py-
GC-MS trace of residue R5 ( F i g . 7, Table 5). Moreover, the isoprenoid nature 
of a number of the observed a l i p h a t i c s i s shown. 

Apart from the observed a l i p h a t i c s a number of aromatic and h e t e r o c y c l i c 
compounds were generated upon p y r o l y s i s ( F i g . 7 , Table 5). The a l k y l -
s u b s t i t u t e d thiophenes may i n d i c a t e the presence of organo-sulphur compounds 
i n the sample. S i m i l a r l y the a l k y l s u b s t i t u t e d p y r r o l e s i n d i c a t e the presence 
of organic n i t r o g e n . The l a t t e r compounds have been reported to be generated 
p y r o l y t i c a l l y from t e t r a p y r r o l e s (Whitten et at., 1966). However, f l a s h 
p y r o l y s i s s t u d i e s i n our lab o r a t o r y on pure porphyrins (unpublished data) 
and c h l o r o p h y l l s (van de Meent et at. , 1980b) do not confirm these 
r e s u l t s . 

The mainly a l i p h a t i c ( p a r t l y isoprenoid) nature of the i n s o l u b l e organic 
matter present i n t h i s Namibian Shelf sediment sample and the observed aroma
t i c and h e t e r o c y c l i c compounds during p y r o l y s i s s t u d i e s , i n d i c a t e that the 
organic matter present i n the u l t i m a t e residue i s to some extent s i m i l a r to 
kerogens obtained from ancient sediments when analysed w i t h these p y r o l y s i s 
techniques (van de Meent at. , 1980a) . Whether t h i s s i m i l a r i t y i s indigenous 
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Fig. 7. Reconstructed total ion current of the Py-GC-MS trace of residue R5. 
Identifications are given in Table 5. Peaks marked "x" and "a" are 
n-alk-l-enes and n-alkanes respectively. For conditions: see Experi
mental. 

Table 5. Identifications of pyrolysis products observed during (Cu)Py-GC-MS 
analysis of residue R5 as shown in Fig. 7. 

scan RRT1 i d e n t i f i c a t i o n scan RRT1 i d e n t i f i c a t i o n scan RRT1 i d e n t i f i c a t i o n 

250 - short chain a l i p h a t i c s up 1010 954 C10H20 + C 3~thiophene 1782 1457 unknown alkene 
to C5 , H 2 S , methanethiol 1013 956 C 3-benzene 1793 1466 i s o p r . C 1 6 H 3 1 4 

257 - n-hex-1-ene 1028 964 C3~benzene 1808 1478 methylketone 
: 7 9 600 n-hexane 1034 96 7 C 3~thiophene 1818 1485 C 2 _naphthalene 
290 605 C 6Hio 1046 974 8-pyronene 2 1824 1490 n-pentadec-1-ene 
.195 607 C 6 H i 2 1055 9 79 C 3-benzene 1837 1500 n-pentadecane 
323 6 20 methylcyclopentane 1064 984 terp. C 1 0 H i 6 1897 1550 C 8-benzene 2 

376 6 4 4 benzene 1074 989 n-dec-1-ene 1903 1555 phthalate 
387 649 ch iophene 1094 1 0 0 0 n-decane 1912 1562 Cg-thiophene 2 

391 651 cyclohexane 1098 1002 C^-thiophene 2 1946 1590 n-hexade c-1-ene 
399 655 C 6H 8 1 101 1004 C3~benzene 1957 1600 n-hexadecane 
413 661 CeHio 1113 1011 C^-benzene 2 1932 1621 6-phenylundecane 
426 667 cyclohexene 1117 1013 C 1 0 H 2 2 2 1986 1625 5-phenylundecane 
473 689 n-hept-l-ene 1 122 1016 terp. C i 0 H 1 8 1997 1635 4-phenylundecane 
498 700 n-heptane 1 125 1018 C 3 - p y r r o l e 2021 1656 3-phenylundecane 
60 7 75 1 toluene 1 132 1022 C 3 ~ p y r r o l e 2050 1681 methylketone 
6 1 3 753 methy1th i ophene 1 133 1023 indene 2061 1691 n-heptadec-1-ene 
628 760 C 7 H 1 2 1 155 1036 C^-thiophene 2 2062 1692 2-phenylundecane 
o32 762 methylthiophene 1 167 1043 C^-thiophene 2 + 2071 1700 n-heptadecane 
64 1 767 C 8 H u Ci+-benzene 2084 1712 p r i s t a n e 
654 773 CeHie 1 173 1046 C^-thiophene 2 2092 1719 6-phenyldodecane 
664 776 CeHie 1222 1075 C^-benzene 2097 1724 5-phenyldodecane 
684 785 C8 H16 1237 1084 C 4 - p y r r o l e 2106 1732 pr i s t e n e 
669 789 n-oct-1-ene 1246 1089 n-undec-1-ene 2111 1737 4-phenyldodecane 
713 800 n-octane 1265 1 100 n-undecane 2133 1757 3-phenyldodecane 
754 816 C 6 H 1 4

2 1273 1105 C^-pyrrole 2138 1761 C l 9 H 3 6 2 

763 825 terp. CgHut 1321 1135 C 4-benzene 2144 1767 i-phenylundecane 
773 8 30 C 9 H 2 C 

1336 1 145 C5~thiophene 2 2160 1782 methylketone 
784 636 terp. C 9 H 1 4 1374 1 169 0 5 - p y r r o l e 2169 1790 n-octadec-1-ene 
80 5 846 ethylbenzene 1406 1 189 n-dodec-1-ene 2174 1794 2-phenyldodecane 
809 848 C2~thiophene 1423 1200 n-dodecane 2180 1800 n-octadecane 
B 10 849 c 9Hie 1426 1202 Cs-benzene 2211 1830 methylketone 
819 35» C 2 -thiophene 1447 1216 branched C 1 3 H 2 8 2217 1836 phytene 
820 854 m-/p-xylene 1452 1220 branched C 1 3 H 2 6 2228 1847 phytene 
835 362 C2~thiophene 1481 1239 Ce-thiophene 2 2253 1871 1-phenyIdode cane 
85 1 8 70 C2~thiophene 1493 1247 C 2 - i n d e n e 2261 1879 phytadiene 
36 3 876 0 -xylene 1494 1248 Cg-thiophene 2 2265 1883 methyIketone 
368 879 C 9 H 1 6 1536 1276 i s o p r . C 1 4 H 3 0 2272 1889 n-nonadec-1-ene 
889 839 n-non-1-ene 1555 1289 n - t r i d e c - l - e n e 2283 1900 n-nonadecane + 
911 900 n-nonane 1563 1295 i s o p r . C i 4 H 2 8 phytadiene 
926 908 CgH 1 8 1571 1300 n-tridecane 2301 1918 phthalate 
976 936 C 9 H 2 0 2 1628 1342 C 7-thiophene 2 2358 1976 ethyIketone 
982 9 39 C 3~thiophene 1647 1355 unknown alkene 2 382 2000 n-eicosane 
983 9 39 n-propylbenzene 1680 1380 i s o p r . C 1 5 H 3 2 2475 2100 n-heneicosane 
995 946 C 3-thiophene 1694 1390 n-tetradec-1-ene 2485 2111 Ci&-thiophene 3 

998 948 C3~benzene 1708 1400 n-tetradecane + 2513 2142 Cifc-thiophene 3 

1000 949 C3~benzene Cy-benzene 2 2565 2200 n-docosane 

RRT • r e l a t i v e r e t e n t i o n time c a l c u l a t e d by l i n e a r i n t e r p o l a t i o n of the scan numbers corresponding with 
n-alkanes 
tentative i d e n t i f i c a t i o n 
tentative i d e n t i f i c a t i o n , mass spectrum described by Van Graas (1982) 
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or promoted by the a r t i f i c i a l l e a c hing and the a c i d treatment of the sample 
i s not c l e a r . The s i m i l a r d i s t r i b u t i o n patterns of alkenes/alkanes and a l s o 
of a l k y l s u b s t i t u t e d thiophenes i n both s t a r t i n g m a t e r i a l (Rl) and i n the 
ultimate r e s i d u e , i n d i c a t e that t h i s i s not the case f o r the precursors of 
these p y r o l y s i s products. However, among the aromatic compounds marked d i f 
ferences are observed, i n d i c a t i n g an increase of the c o n t r i b u t i o n of aromatic 
s t r u c t u r e s r e l a t i v e to the alkene/alkane f r a c t i o n i n the p y r o l y s i s gas chro-
matogram a f t e r a c i d treatment, probably i n d i c a t i v e f o r the occurrence of che
mi c a l transformations due to the a c i d treatment. The observed C\\- and Ci2~ 

alkylbenzenes ( F i g . 7, Table 5) are thought to o r i g i n a t e from contamination 
( I s h i w a t a r i et al. , 1983). 

The p y r o l y s i s mass spectra of a l l f r a c t i o n s of the a c i d e x t r a c t s are 
c h a r a c t e r i z e d by the abundance of fragments w i t h m/z : 43,56,98,101 and 116 
( F i g . 6, Table 4). These m/z values correspond w i t h those observed i n the 
80 eV mass spectrum of 4-oxo-pentanoic a c i d ( l e v u l i n i c a c i d ) . L e v u l i n i c a c i d 
i s derived from monosaccharides by an a c i d c a t a l y z e d r e a c t i o n i n aqueous s o l u 
t i o n upon heating (Feather and H a r r i s , 1973). Moreover Anderson and R u s s e l l 
(1976) observed s i g n i f i c a n t amounts of l e v u l i n i c a c i d i n the hydrolyzate (6N 
HC1) of the f u l v i c a c i d f r a c t i o n ( p a r t l y c o n s i s t i n g of polysaccharides) of 
Humus Podzol Bh. These f i n d i n g s support the suggestion that the m/z values 
mentioned above correspond to p y r o l y s i s products o r i g i n a t i n g from a carbohy
drate precursor. In order to v e r i f y t h i s hypothesis, c e l l u l o s e was hydrolyzed 
w i t h 6N HC1 and the various molecular weight f r a c t i o n s of the hydrolyzate were 
analysed by Py-MS (Table 4 ) . One of the t y p i c a l p y r o l y s i s mass spectra o b t a i 
ned i s shown i n F i g . 6. The s i m i l a r i t i e s between the spectra of the various 
f r a c t i o n s of a c i d t reated c e l l u l o s e and sediment samples p o i n t to a carbohy
drate o r i g i n f o r a major part of the released and u n i d e n t i f i e d organic carbon. 
Carbohydrate component a n a l y s i s already revealed that about 4% of the organic 
carbon present i n the sediment sample could be i d e n t i f i e d as carbohydrate car
bon (Table 3). When the amount of u n i d e n t i f i e d released organic carbon i s 
as c r i b e d to carbohydrates the t o t a l amount of carbohydrate carbon, r e l a t i v e to 
the t o t a l organic carbon, exceeds 20%. This c o n s i d e r a t i o n n e c e s s a r i l y implies 
that as a r e s u l t of the m i l d a c i d h y d r o l y s i s , preceeding the carbohydrate com
ponent a n a l y s i s , only a l i m i t e d p a r t of the carbohydrate carbon has become 
i d e n t i f i a b l e . This may be caused by the f a c t that a great part of the sedimen
t a r y carbohydrates have been ( s l i g h t l y ) transformed making them unrecognizable 
i n component a n a l y s i s . 
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CONCLUSION 

As a r e s u l t of the e x t r a c t i o n procedure o u t l i n e d i n F i g . 1 a large p a r t of 
the organic carbon present i n a Namibian Shelf diatomaceous ooze sample i s 
released. Part of t h i s r e l e a s a b l e organic carbon i s not recovered and i s 
therefore a s c r i b e d to v o l a t i l e organic compounds. The organic carbon recovered 
from the e x t r a c t s and ult i m a t e residues was i d e n t i f i e d p a r t l y as amino a c i d , 
n e u t r a l monosaccharide, v o l a t i l e f a t t y a c i d or l i p i d carbon ( F i g . 8). 

Some new l i p i d compounds were encountered i n the water and a c i d e x t r a c t s . 
Among the released compounds which were i d e n t i f i e d , a c l e a r c o n t r i b u t i o n of 
both b a c t e r i a l and a l g a l o r i g i n i s d i s t i n g u i s h a b l e . The remaining organic 
carbon present i n the e x t r a c t s ( F i g . 1) i s mainly a t t r i b u t e d to s l i g h t l y 
transformed carbohydrates, which were unrecognizable i n carbohydrate component 
a n a l y s i s . 

The r e s i d u a l organic carbon, about 50% of the organic carbon o r i g i n a l l y 
present, mainly shows a l i p h a t i c c h a r a c t e r i s t i c s . Aromatic hydrocarbons ( p a r t l y 
induced by the a c i d treatment) and a l k y l a t e d thiophenes and p y r r o l e s are a l s o 
observed upon p y r o l y s i s . The a l i p h a t i c ( p a r t l y isoprenoid) nature of the 
r e s i d u a l organic matter i n d i c a t e s that the ult i m a t e organic matter i s to some 
extent s i m i l a r to kerogens of ancient sediments. 
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CHAPTER 3 

CAPILLARY GAS CHROMATOGRAPHIC SEPARATION OF MONOSACCHARIDES AS 
THEIR ALDITOL ACETATES* 

J . Klok, E.H. Nieberg-van Velzen, J.W. de Leeuw and P.A. Schenck 

D e l f t U n i v e r s i t y of Technology 
Department of Chemistry and Chemical Engineering 
Organic Geochemistry Unit 
De V r i e s van Heystplantsoen 2 
2628 RZ D e l f t , The Netherlands 

ABSTRACT 

During organic geochemical research d e a l i n g w i t h the occurrence and com
p o s i t i o n of polysaccharides i n recent marine sediments, a g a s - l i q u i d chroma
tographic (GLC) separation i s re q u i r e d by which mixtures of monosaccharide 
d e r i v a t i v e s can be b a s e l i n e separated. 

To avoid complex mixtures of anomeric monosaccharides, the h y d r o l y t i c a l l y 
released monosaccharides can be reduced to the corresponding a l d i t o l s . The 
a l d i t o l mixture i s subsequently d e r i v a t i z e d i n t o the a l d i t o l a cetates. The GLC 
separation of a l d i t o l acetates on columns packed w i t h 0V-275 1 and ECNSS-M2 5 

has been reported. I n the l a t t e r case the column i s u s u a l l y operated under con
d i t i o n s c l o s e to the maximum operating temperature, which l i m i t s column l i f e 6 . 
Moreover, a b a s e l i n e separation of some of the a l d i t o l s used i n these studies 
i s not achieved. Holzer et at. 7 a p p l i e d a glass c a p i l l a r y column coated w i t h a 
c h i r a l phase. Their r e s u l t s show that the separation of r h a m n i t o l / f u c i t o l and 

*Published i n Journal of Chromatography, 207 (1981) 273-275. 
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r i b i t o l / a r a b i t o l i s not complete. This report describes the b a s e l i n e separa
t i o n of ten a l d i t o l acetates using a glass c a p i l l a r y column coated with OV-275. 

EXPERIMENTAL 

The ten a l d i t o l s used as standards i n t h i s study are l i s t e d i n Table I . 
They are commercially a v a i l a b l e from various companies. The standard mixture 
of the a l d i t o l acetates was prepared by a c e t y l a t i o n of a mixture of the 
a l d i t o l s , c o ntaining equal amounts (by weight) of the i n d i v i d u a l a l d i t o l s . The 
a c e t y l a t i o n was performed i n a sealed v i a l w i t h p y r i d i n e - a c e t i c anhydride (1:1) 
at 100°C during 2 h. A f t e r evaporation Df the a c e t y l a t i o n reagent the a l d i t o l 
acetate mixture was d i s s o l v e d i n dichloromethane. 

The n a t u r a l mixture of monosaccharides was obtained from a diatomaceous 
ooze sample from the Namibian Shelf (S.W. A f r i c a , 22°51.5' S, 14°14.5' E ) 8 . 
The sample was l y o p h i l i z e d and hydrolysed w i t h 1 M H2SO4 during 3 h at 100°C. 
The hydrolysate was n e u t r a l i z e d w i t h BaC03 and reduced w i t h NaBHi,. Subsequent 
a c e t y l a t i o n was performed as described above. 

GLC was c a r r i e d out on a Var i a n 3700 gas chromatograph equipped with a 
glass c a p i l l a r y column (25 m x 0.25 mm I.D.) coated w i t h OV-275 (Chrompack, 
Middelburg, The Netherlands). The temperature was programmed from 190 to 215°C 
at l°C/min. Further GLC c o n d i t i o n s : i n j e c t o r , 250°C; flame i o n i z a t i o n detec
t o r , 250°C; c a r r i e r gas, helium at a fl o w - r a t e aa. 1.5 ml/min; helium pressure, 
18 p . s . i . ; s p l i t t e r , 30 ml/min; at t e n u a t o r , 1-10 1 1 mA. 

I d e n t i f i c a t i o n of the acetates was based on the r e t e n t i o n times of the 
i n d i v i d u a l a l d i t o l acetates. 

RESULTS AND DISCUSSION 

F i g . 1 shows the gas chromatogram of the standard a l d i t o l acetate mixture. 
The peak numbers correspond to the a l d i t o l s l i s t e d i n Table I. A l l components 
are baseline separated, thus a l l o w i n g a complete q u a l i t a t i v e and q u a n t i t a t i v e 

Table I. The alditols used as standards in this study 

A l d i t o l No. A l d i t o l No. 

E r y t h r i t o l 
Rhamnitol 2 

3 
4 
5 

X y l i t o l 
Mannitol 

6 
7 
8 
9 
10 

F u c i t o l 
R i b i t o l 
A r a b i t o l 

G a l a c t i t o l 
S o r b i t o l 
m - I n o s i t o l 
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Fig. 1. Gas ohromatogram of a standard mixture of ten a l d i t o l acetates. 
The peak numbers correspond to the alditols listed in Table I. 

20 

10 

30 

Fig. 2. Gas ohromatogram of the a l d i t o l acetates obtained from a recent 
sediment. m-Inositol (10) was added as an internal standard . 
The peak numbers correspond to the alditols listed in Table I. 
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a n a l y s i s of monosaccharides as t h e i r a l d i t o l acetates. 
F i g . 2 shows the gas chromatogram of the mixture obtained from the d i a -

tomaceous ooze sediment a f t e r h y d r o l y s i s , reduction and d e r i v a t i z a t i o n . 
m - I n o s i t o l was added as an i n t e r n a l standard. The r e l a t i v e r e t e n t i o n times of 
the main peaks correspond e x a c t l y to those of the a l d i t o l acetates i n F i g . 1. 
Ultimate i d e n t i f i c a t i o n of both major and minor peaks has to be achieved by 
GLC-mass spectrometry. 

The abundance of rhamnose and fucose i n the ooze sample i s not unexpected 
since these monosaccharides are major b u i l d i n g blocks of a l g a l p o l y s a c c h a r i -
d e s 9 " 1 2 . 

REFERENCES 

1 M. O c h i a i , J. Chromatogr. , 194 (1980) 224-227. 
2 E.P. Crowell and B.B. Burnett, Anal. Chem., 39 (1967) 121-124. 
3 P. Albersheim, D.J. Nevins, P.D. E n g l i s h and A. K a r r , Carbohydr. Res., 5 

(1967) 340-345. 
4 J.M. Oades, J. Chromatogv., 28 (1967) 246-252. 
5 N. Handa and K. Yanagi, Mar. Biol., 4 (1969) 197-207. 
6 S. Hi r a s e , K. Watanabe and R. Takano, AffP. Biol. Chem., 42 (1978) 1065-1066. 
7 G. Holzer, J . Oro, S.J. Smith and V.M. Doctor, J. Chromatogr., 194 (1980) 

410-415. 
8 D. Eisma, Sediment sampling and hydrographio observations off Walvis Bay, 

S.W. Africa, Dec. 1968-Jan. 1969, NIOZ I n t e r n a t i o n a l P u b l i c a t i o n 1969-1 , 
Tex e l , The Netherlands, 1969. 

9 S. Myklestad, J. Exp. Mar. Biol. Ecol. , 15 (1974) 261-274. 
10 B. Smestad, A. Haug and S. Myklestad, Acta Chem. Scand. , 28 (1974) 662-666. 
11 B. Smestad, A. Haug and S. Myklestad, Acta Chem. Scand., 29 (1975) 337-340. 
12 E. P e r c i v a l , M.A. Rahman and H. Weigel, Phytochem., 19 (1980) 809-811. 



33 

CHAPTER 4 

ANALYSIS OF SYNTHETIC MIXTURES OF PARTIALLY METHYLATED ALDITOL 
ACETATES BY CAPILLARY GAS CHROMATOGRAPHY, GAS CHROMATOGRAPHY-
ELECTRON IMPACT MASS SPECTROMETRY AND GAS CHROMATOGRAPHY-CHEMICAL 
IONIZATION MASS SPECTROMETRY* 

J. Klok, H.C. Cox, J.W. de Leeuw and P.A. Schenck 

D e l f t U n i v e r s i t y of Technology 
Department of Chemistry and Chemical Engineering 
Organic Geochemistry Unit 
De V r i e s van Heystplantsoen 2 
2628 RZ D e l f t , The Netherlands 

SUMMARY 

The i d e n t i f i c a t i o n of n a t u r a l l y methylated n e u t r a l monosaccharides i n a c i d 
hydrolysates as t h e i r a l d i t o l acetates requires appropriate standards. The 
a v a i l a b i l i t y of such standards a l s o f a c i l i t a t e s the a n a l y s i s of complex mix
tures of p a r t i a l l y methylated a l d i t o l acetates (PMAAs) which appear upon meth-
y l a t i o n a n a l y s i s of polysaccharides. 

For t h i s purpose the a l d i t o l s of e i g h t common monosaccharides have been 
p a r t i a l l y methylated using the Haworth methylation. The r e s u l t i n g mixtures of 
p a r t i a l l y methylated a l d i t o l s have been a c e t y l a t e d and analysed by c a p i l l a r y 
gas chromatography, gas chromatography-electron impact mass spectrometry and 
gas chromatography-chemical i o n i z a t i o n mass spectrometry. 

I d e n t i f i c a t i o n of the obtained PMAAs i s f u r t h e r elaborated by r e d u c t i o n 
of the aldoses w i t h sodium borodeuteride and the use of p a r t i a l l y methylated 
aldoses or d i s a c c h a r i d e s . 

'Published i n Journal of Chromatography, 253 (1982) 55-64. 
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INTRODUCTION 

U n t i l r e c e n t l y very few n a t u r a l l y o c c u r r i n g methylated sugars had been 
reported. Over the past few years they have been more f r e q u e n t l y encountered 
as b u i l d i n g blocks o f , f o r example, polysaccharides of b a c t e r i a 1 ' 2 , cyanobac-
t e r i a 3 and c o c c o l i t h s 1 * and of l i p o p o l y s a c c h a r i d e s of b a c t e r i a 5 and cyanobac-
t e r i a 6 ' 7 . 

In the geochemical l i t e r a t u r e p a r t i a l l y methylated monosaccharides have 
only been reported to occur i n s o i l s 8 and i n peat samples^. During the course 
of our geochemical research on the occurrence and composition of carbohydrates 
i n recent sediments we demonstrated the presence of various methylated mono
saccharides i n a c i d h y d r o l y s a t e s 1 0 . The monosaccharides obtained were analysed 
as t h e i r a l d i t o l acetates by c a p i l l a r y g a s - l i q u i d chromatography 1 1. 

In order to i d e n t i f y the observed methylated sugars we s y s t e m a t i c a l l y 
analysed the mono-, d i - , t r i - and tetra-O-methyl ethers of the common p e n t i t o l s , 
h e x i t o l s and 6-deoxyhexitols. For t h i s purpose we synthesized mixtures of par
t i a l l y methylated a l d i t o l acetates (PMAAs) s t a r t i n g from each a l d i t o l . These 
standard mixtures were analysed by c a p i l l a r y gas chromatography (GC) , c a p i l l a 
ry gas chromatography-electron-impact mass spectrometry (GC-EI-MS) and ca
p i l l a r y gas chromatography-chemical-ionization mass spectrometry (GC-CI-MS). 
This paper presents the i d e n t i f i c a t i o n of methylated monosaccharides i n 
complex mixtures and gives d e t a i l s of the procedure used. 

EXPERIMENTAL 

Some of the a l d i t o l s used i n t h i s study were commercially a v a i l a b l e { r i -
b i t o l , L - a r a b i t o l , x y l i t o l , D-mannitol, D - g a l a c t i t o l and D - g l u c i t o l ^ s o r b i 
t o l ) } . The others (L-rhamnitol and L - f u c i t o l ) were prepared by re d u c t i o n of 
the corresponding aldoses. 

Reduction of the aldoses 

The reduction of the aldoses was c a r r i e d out by a d d i t i o n of sodium boro-
hydride or sodium borodeuteride to an ammoniacal s o l u t i o n of the mono- or d i -
saccharide. A f t e r at l e a s t 3 h the excess of borohydride was decomposed by 
a d d i t i o n of g l a c i a l a c e t i c a c i d . I n order to remove the b o r i c a c i d methanol 
was added and the mixture was evaporated to dryness. The residue was suspended 
i n dry methanol and again evaporated to dryness. This procedure was repeated 
twice. 
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Synthesis of PMAA mixtures (Haworth methylation) 

The a l d i t o l , reduced monosaccharide or reduced disaccharide (50-100 mg) 
was d i s s o l v e d i n 0.5 ml 4 M sodium hydroxide and f r e s h l y d i s t i l l e d dimethyl 
sulphate (100 y l ) was added. A f t e r 1 h at 70°C the r e a c t i o n mixture was cooled, 
a c i d i f i e d w i t h g l a c i a l a c e t i c a c i d and evaporated to dryness in Vacuo. The dry 
residue was d i s s o l v e d i n 1 ml a c e t i c anhydride and 100 mg sodium acetate were 
added. The mixture was heated i n a closed v i a l f o r 2 h at 100°C and subse
quently evaporated in vacuo. The dry residue was suspended i n 2 ml d i c h l o r o -
methane washed s e v e r a l times w i t h water and d r i e d over anhydrous sodium s u l 
phate. A l i q u o t s of 1 y l of the r e s u l t i n g dichloromethane s o l u t i o n were i n j e c 
ted i n t o the gas chromatograph. 

Methylation of the aldoses was c a r r i e d out by the method of H i r s t and 
P e r c i v a l 1 2 . The aldose (100 mg) was di s s o l v e d i n 300 y l water, then 140 y l d i 
methyl sulphate and 450 y l 8.8 M sodium hydroxide were added i n small p o r t i o n s 
at 0°C. A second p o r t i o n of 140 y l dimethyl sulphate was added and the tempe
rature was r a i s e d to 35°C. Subsequently 450 y l 8.8 M sodium hydroxide was 
added and the mixture was s t i r r e d f o r 3 h. The r e s u l t i n g methyl glycosides 
were hydrolysed by adding s u l p h u r i c a c i d to an end concentration of 0.5 M. The 
mixture was kept i n a clos e d v i a l at 100°C f o r at l e a s t 10 h. The pH was 
ra i s e d to 9 by adding concentrated ammonia s o l u t i o n and the r e s u l t i n g mixture 
was reduced and a c e t y l a t e d as described above. 

Gas-liquid chromatography 

G a s - l i q u i d chromatography of the a l d i t o l acetates (AAs) and PMAAs on a 
glass c a p i l l a r y coated w i t h 0V-275 (25m x 0.25mm I.D., Chrompack, Middelburg, 
The Netherlands) was c a r r i e d out as described e a r l i e r 1 1 . The temperature was 
programmed from 165 to 215°C at 2°C/min and f i n a l l y kept isothermal at 215 0C. 

As an example of the separation which can be obtained on t h i s s t a t i o n a r y 
phase, F i g . 1 shows the separation of a standard mixture of 24 AAs, of which 22 
are c l e a r l y separated. The r e l a t i v e r e t e n t i o n times of the components shown i n 
F i g . 1 are l i s t e d i n Table I . 

Mass spectrometry 

GC-MS was c a r r i e d out on a Va r i a n 3700 gas chromatograph connected to a 
Varian/Mat-44 mass spectrometer. In the EI mode the mass spectrometer was oper
ated at 70 eV and a source temperature of 200°C. For CI isobutane was used as 
reagent gas at 200 eV, keeping the source temperature at 150°C and the 
pressure of the i o n i z a t i o n chamber a t 0.5 Torr. 
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165 175 185 195 205 215 temp (°C) 

0 10 20 30 -^time(min) 

Fig. 1. Gas chromatogram of a standard mixture of 24 a l d i t o l acetates. 
Identifications are given in Table I. 

Table I. Relative retention times of standard a l d i t o l acetates shown in Fig. 
The retention time of x y l i t o l pentaacetate is taken as standard. 

Peak number I d e n t i t y R e l . r e t e n t i o n time 

1 G l y c e r o l 184 
2 2,3,4,6-Tetra-O-methylglucitol 392 
3 E r y t h r i t o l 431 
4 D i g i t o x i t o l 440 
5 2 - D e o x y r i b i t o l 589 
6 Rhamnitol 596 
7 F u c i t o l 625 
8 6-Deoxyglucitol 764 
9 R i b i t o l 784 
10 A r a b i t o l 820 
11 1,4-Anhydromannitol 936 
12 1,5-Anhydromannitol 971 
13 X y l i t o l 1000 
14 2-Deoxyglucitol 1016 
15 2-Deoxygalactitol 1033 
16 A l l i t o l 1110 
17 Mannitol 1170 
18 3 - 0 - M e t h y l g l u c i t o l 1188 
19 A l t r i t o l 1192 
20 G a l a c t i t o l 1249 
21 4 - 0 - M e t h y l g l u c i t o l 1277 
22 G l u c i t o l 1366 
23 I d i t o l 1584 
24 myo-Inositol 1589 
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Fig. 2. Gas chromatogram of the glucitol-derived PMAA mixture. 
Identifications are given in Table III. 

Table III. I d e n t i f i c a t i o n of the glucitol-derived PMAAs shown in fig. 2 

Peak P o s i t i o n ( s ) of the Peak P o s i t i o n ( s ) of the 
number 0-methyl groups number 0-methyl groups 

1 none 25 2,3,5 
2 4 26 1,4,5 
3 3 27 2,3,4 
4 5 28 1 ,3,5 
5 2 29 1 ,2,5 
6 6 30 2,5,6 
7 1 31 3,5,6 
8 3,5 32 3,4,6 
9 3,4 33 1,3,4 
10 2,3 34 1,4,6 
1 1 2,5 35 2,4,6 
12 4,5 36 1 ,2,3 
13 1,4 37 4,5,6 
14 2,4 38 1,3,6 
15 3,6 39 1,2,6 
16 4,6 40 1,5,6 
17 2,6 41-45 Tetra 
18 1,5 46 2,3,4,6 
19 1,3 47 1,3,4,5 
20 5,6 48-51 Tetra 
21 1,2 52 1,3,4,6 
22 2,3,6 53 Tetra 
23 1,6 54-58 Penta 
24 3,4,5 59 Hexa 

Tentative i d e n t i f i c a t i o n . 
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RESULTS AND DISCUSSION 

P a r t i a l methylation of a l d i t o l s r e s u l t s i n mixtures of methyl ethers. 
Depending on the symmetry of the s t a r t i n g a l d i t o l d i f f e r e n t numbers of d e r i v a 
t i v e s are expected t h e o r e t i c a l l y . For each a l d i t o l the number of p o s i t i o n a l 
isomers w i t h i n each group of O-methyl ethers (mono-, d i - , tri-O-methyl e t h e r s , 
etc.) are given i n Table I I . Since enantiomers are not separated on the non-
c h i r a l OV-275 s t a t i o n a r y phase they have not been considered. 

Table II. Number of p o s i t i o n a l isomers of methylated alditols 

A l d i t o l Number of methyl s u b s t i t u e n t s 
0 1 2 3 4 5 6 

Rhamnitol 1 5 10 10 5 1 -
F u c i t o l 1 5 10 10 5 1 -
R i b i t o l 1 3 6 6 3 1 -
A r a b i t o l 1 5 10 10 5 1 -
X y l i t o l 1 3 6 6 3 1 -
Mannitol ] 3 9 10 9 3 1 
G a l a c t i t o l 1 3 9 10 9 3 1 
G l u c i t o l 1 6 15 20 15 6 1 

From Table I I i t i s c l e a r that g l u c i t o l y i e l d s the most complex mixture 
of PMAAs. As an example of the a p p l i c a t i o n of t h i s procedure, the i d e n t i f i c a 
t i o n of the PMAAs i n t h i s mixture w i l l be elaborated i n more d e t a i l . F i g . 2 
shows the gas chromatogram of t h i s mixture. Peak numbers correspond w i t h those 
i n Table I I I . 

I d e n t i f i c a t i o n of the i n d i v i d u a l components i s based on the GC-EI-MS and 
GC-CI-MS (isobutane) data. The s i m p l i c i t y of the Cl-fragmentation p a t t e r n s , i n 
which the masses M + 1 - 60, M + 1 - 32 and M + 1 dominate 1 3' 1 1*, o f f e r s the 
p o s s i b i l i t y of d i s c r i m i n a t i n g between the mono-, d i - , t r i - , t e t r a - and penta-
0-methyl d e r i v a t i v e s by mass chromatography. F i g . 3 shows the t o t a l i o n 
current and the appropriate mass chromatograms of the D - g l u c i t o l PMAA mixture. 

In Table IV the m/z values of the expected fragments are compiled f o r the 

Fig. 3. Total ion ourrent of the gas chromatogram of the glucitol-derived 
PMAAs (A) and mass chromatograms of M + 1 -60 ion of hexitol hexaace-
tate and M + 1 - 32 ion of mono-O-methylhexitol pentaacetates (B); M + 
1-60 ion of mono-O-methylhexitol pentaacetates and M + 1 -32 ion of 
di-O-methylhexitol tetraacetates (C); M + 1 - 60 ion of di-0-methyl-
hexitol tetraacetates and M + 1 - 32 ion of tri-O-methylhexitol tri-
aaetates (D); M + 1 - 60 ion of tri-O-methylhexitol triacetates and 
M + 1 - 32 ion of tetra-O-methylhexitol diaaetates (E); M + 1 -60 ion 
of tetra-O-methylhexitol diaaetates and M + 1 - 32 ion of penta-O^me-
thylhexitol acétates (F); and M + 1 - 60 ion of penta-0-methylhexitol 
acétates and M + 1 - 32 ion of hexa-O-methylhexitol (G). 
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Table IV. m/z Values of the various ions resulting from chemical ionization of 
PMAAs derived from pentitols, hexitols and deoxyhexitols 

Parent Fragment Number of methyl s u b s t i t u e n t s 

0 1 2 3 4 5 6 

Deoxyhexitol M + 377 349 321 293 265 237 
M + - 32 - 317 289 261 233 205 
M + - 60 317 289 261 233 205 -

P e n t i t o l M + 363 335 307 279 251 223 
M + - 32 - 303 275 247 219 191 
M + - 60 303 275 247 219 191 -

H e x i t o l M + 435 407 379 351 323 295 267 
M + - 32 - 375 347 319 291 263 235 
M + - 60 375 347 319 291 263 235 — 

PMAAs derived from p e n t i t o l s , h e x i t o l s and deoxy-hexitols . The M + 1 - 60 
fragment i s the i o n w i t h the highest i n t e n s i t y i n the CI mass spectra of 
PMAAs 1 3' 1 1*. D i s c r i m i n a t i o n by mass chromatography of e.g. , mono-0-methylhexi-
t o l pentaacetates only on account of t h e i r M + 1 - 60 i o n i s prevented by the 
M + 1 - 32 ion of the di-O-methylhexitol t e t r a a c e t a t e s i n t e r f e r i n g (both m/z 
347, Table I I I ) . Nevertheless mass chromatography of the M + 1 - 60 and M + 1 
- 32 ions c l e a r l y d i s t i n g u i s h e s between groups of d e r i v a t i v e s w i t h d i f f e r e n t 
degrees of methyl s u b s t i t u t i o n (mono-, d i - , tri-O-methyl d e r i v a t i v e s , etc.) 
as shown i n F i g . 3. 

The i d e n t i t y of a number of the components i n the D - g l u c i t o l PMAA mixture 
can be e s t a b l i s h e d d i r e c t l y by comparison of the EI mass spectra w i t h data 
published by Jansson et al.^5. However i n many cases p a i r s of components are 
encountered i n the chromatogram which give very s i m i l a r mass spectra. In t h i s 
way the mono-O-methylglucitol pentaacetates c o n s i s t of three p a i r s of d e r i v a 
t i v e s (1- and 6-, 2- and 5-, and 3- and 4-O-methylglucitol pentaacetates). 
F i n a l i d e n t i f i c a t i o n of these components i s achieved by comparison of the gas 
chromatograms of the D - g l u c i t o l - and D-glucose-derived PMAAs and/or by com
par i s o n of the EI mass spectra of the D - g l u c i t o l - and D - g l u c i t o l (1- 2H)-
derived PMAAs. 

D-Glucose, because of i t s pyranose s t r u c t u r e , y i e l d s PMAAs i n which the 
1- and 5-0-methyl d e r i v a t i v e s are absent. Thus comparison of the gas chromato
grams of D-glucose- and D - g l u c i t o l - d e r i v e d PMAAs allows one to d i s t i n g u i s h 
between the 1- and 6-, and 2- and 5-, but not between 3- and 4-0-methylgluci-
t o l pentaacetates. The l a t t e r problem can be solved by i n t e r p r e t a t i o n of the 
EI mass spectra of the D - g l u c i t o l (1- 2H) PMAAs. On the b a s i s of the known EI 
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Table V. Relative retention times of partially methylated alditol acetates on 
an OV-275 glass capillary column. 
(The retention time of Xylitol pentaacetate was taken as standard. 
Temperature programme: 165°C then 2°C/min to 215°C (isothermal). The 
observed deviation was in the order of 1%. Derivatives marked "-" 
were not clearly distinguishable among the PMAAs.) 

P o s i t i o n of Rha Fuc Rib Ara Xyl Man Gal Glu 
O-methyl group 

none 596 625 784 820 1000 1 170 1249 1366 
1 370 386 518 534 666 865 918 983 
2 51 1 541 640 685 777 1035 1098 1123 
3 589 623 623 714 768 1166 1247 1 188 
4 554 611 640 707 777 1166 1247 1277 
5 445 505 518 550 666 1035 1098 1142 
6 865 918 995 
1,2 274 278 357 379 443 671 715 743 
1,3 296 300 335 368 430 746 798 789 
1 ,4 337 347 397 425 492 857 875 931 
1 ,5 276 304 333 339 411 758 799 824 
1,6 586 631 689 
2,3 398 459 424 493 545 883 989 961 
2,4 390 425 408 498 492 922 994 914 
2,5 - - 397 433 492 893 974 951 
2,6 758 799 829 
3,4 383 475 424 509 545 951 1049 963 
3,5 - - 335 384 430 922 994 980 
3,6 857 875 871 
4,5 - - 357 401 443 883 989 949 
4,6 746 798 844 
5,6 671 715 761 
1,2,3 - - 195 232 256 498 579 543 
1,2,4 - - 210 252 254 565 602 -1,2,5 - - 216 232 266 560 629 616 
1 ,2,6 446 469 494 
1,3,4 - - 218 . 250 277 590 661 585 
1,3,5 - - 182 194 231 577 612 625 
1,3,6 493 501 524 
1,4,5 - - 216 227 266 623 678 667 
1,4,6 493 501 573 
1,5,6 446 469 494 
2,3,4 234 297 216 305 314 657 776 654 
2,3,5 - 279 218 255 277 690 756 673 
2,3,6 623 678 694 
2,4,5 - - 210 258 254 690 756 -
2,4,6 577 612 568 
2,5,6 560 629 610 
3,4,5 - - 195 239 256 657 776 679 
3,4,6 590 661 593 
3,5,6 565 602 602 
4,5,6 498 579 543 
1,3,4,5 387 447 388 
1,3,4,6 315 361 317 
2,3,4,6 387 447 392 
2,3,5,6 396 432 -

The 2 , 4 - d i - 0 - m e t h y l x y l i t o l d e r i v a t i v e probably co-elutes w i t h the 1,4- and 
2 , 5 - d i - 0 - m e t h y l x y l i t o l d e r i v a t i v e s . 
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f r a g m e n t a t i o n 1 6 , p r e d i c t i o n s can be made which fragment w i l l carry the 
deuterium l a b e l . I n a d d i t i o n t h i s method confirms the i d e n t i f i c a t i o n s based 
on the D-glucose derived PMAAs. 

With i n the group of d i - O - m e t h y l g l u c i t o l d e r i v a t i v e s , a l l the components 
can be i d e n t i f i e d as described above, except f o r the 1,2-, 5,6- and 1,6-di-0-
m e t h y l g l u c i t o l t e t r a a c e t a t e s f o r which no spectra are a v a i l a b l e i n the l i t e r a 
ture. The presence i n t h i s group of two components having i d e n t i c a l EI spe c t r a 
implies that t h i s p a i r represents the 1,2- and 5, 6 - d i - 0 - m e t h y l g l u c i t o l 
d e r i v a t i v e s . Consequently the t h i r d component must be 1,6-di-0-methylglucitol 
t e t r a a c e t a t e . The EI fragmentation patterns of the D - g l u c i t o l (1- 2H)-derived 
PMAAs allow d i s t i n c t i o n between 1,2- and 5, 6 - d i - 0 - m e t h y l g l u c i t o l t e t r a a c e t a t e 
and confirm the i d e n t i t y of 1,6-di-0-methylglucitol t e t r a a c e t a t e . 

Components w i t h three or more O-methyl groups per molecule can be i d e n t i 
f i e d s i m i l a r l y . In some cases a d d i t i o n a l information was obtained from a study 
of the PMAAs derived from sodium-borohydride-reduced maltose. 

Although many PMAAs having a high degree of methyl s u b s t i t u t i o n vere syn
t h e s i z e d from the a l d i t o l s used i n t h i s study, some are not considered, p a r t l y 
because t h e i r i d e n t i f i c a t i o n was too t e n t a t i v e and p a r t l y because they are 
les s r e l e v a n t both f o r our purposes and f o r methylation s t u d i e s on polysac
charides. 

The PMAAs derived from a l l the other a l d i t o l s are c h a r a c t e r i z e d as des
c r i b e d f o r the g l u c i t o l PMAAs. Table V i s a compilation of the r e l a t i v e r e t e n 
t i o n times of a l l the i d e n t i f i e d PMAAs. 

CONCLUSIONS 

The synthesis of PMAAs o u t l i n e d above a f f o r d s mixtures of a l l the theore
t i c a l l y p o s s i b l e d e r i v a t i v e s of each a l d i t o l which can be w e l l separated using 
a glass c a p i l l a r y column coated with 0V-275. 

With the help of these standard mixtures the p r e l i m i n a r y i d e n t i f i c a t i o n 
of the methylated monosaccharides encountered i n a c i d hydrolysates of recent 
marine sediments has been p o s s i b l e 1 0 . 

In a d d i t i o n the data obtained a f t e r a n a l y s i s of these synthesized mix
tures w i l l be of importance f o r s t r u c t u r a l analyses of po l y s a c c h a r i d e s , 
because i t i s p o s s i b l e to synthesize a l l the p o s s i b l e PMAAs that might appear 
upon methylation a n a l y s i s . Thus i t overcomes the problem of the n o n - a v a i l a b i 
l i t y of i n d i v i d u a l reference compounds f o r GC and GC-MS s t u d i e s . 
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CHAPTER 5 

CARBOHYDRATES IN RECENT MARINE SEDIMENTS I . 
ORIGIN AND SIGNIFICANCE OF DEOXY- AND 0-METHYL-MONOSACCHARIDES * 

J . Klok, H.C. Cox, M. Baas, P.J.W. Schuyl, J.W. de Leeuw and P.A. Schenck 

D e l f t U n i v e r s i t y of Technology 
Department of Chemistry and Chemical Engineering 
Organic Geochemistry Unit 
De Vr i e s van Heystplantsoen 2 
2628 RZ D e l f t , The Netherlands 

ABSTRACT 

A q u a l i t a t i v e and p a r t l y q u a n t i t a t i v e survey of the carbohydrates encoun
tered i n a c i d hydrolyzates of some recent marine sediments reveals the presence 
of a large v a r i e t y of known and h i t h e r t o unknown monosaccharides. Apart from 
the w e l l known major monosaccharides a great number of minor components (nota
b l y deoxy- and 0-methyl monosaccharides) are encountered. These minor compo
nents are considered to o r i g i n a t e from b a c t e r i a . Since s i g n i f i c a n t l y l a r g e r 
amounts of major monosaccharides are encountered i n carbohydrates associated 
with b a c t e r i a l c e l l w a l l s the greater part of the carbohydrate carbon i n these 
sediments i s ascribed to these s t r u c t u r e s . Superimposed on the b a c t e r i a l con
t r i b u t i o n the c h a r a c t e r i s t i c s of the carbohydrates o r i g i n a t i n g from the primary 
producers are recognizable. The r e s u l t s i n d i c a t e that b a c t e r i a l biopolymers 
formed by de novo synthesis i n the sediment should be considered as a p o t e n t i a l 
source f o r the i n s o l u b l e organic matter i n these sediments. 

* I n : Organic Geochemistry ( i n press) 
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INTRODUCTION 

Geochemical studies concerning the presence of carbohydrates i n marine and 
freshwater sediments are r e l a t i v e l y s c a r c e , p a r t l y due to the la c k of adequate 
a n a l y t i c a l techniques. A l i m i t e d number of reports i s known deali n g w i t h the 
a n a l y s i s of carbohydrate compounds i n ancient sediments ranging from Precam-
b r i a n to Cenozoic (Swain and Rogers, 1966; Swain et at., 1967; Swain et at., 
1970), recent sediments (Handa, 1969; Handa and Tominaga, 1969; Handa and 
Yanagi, 1969; Modzeleski et at., 1971; Swain, 1971; Handa and Mizuno, 1973; 
Cranwell, 1976; Hatcher et at., 1977; Mopper, 1977; Boon et at., 1983; Klok et 
at. , 1983) and contemporary marine deposits (Boon et at. ,1983; de Leeuw et at. , 
1983). The minor i n t e r e s t i n carbohydrates i n marine sediments, compared to 
that of carbohydrates i n s o i l s , may a l s o be a consequence of the current con
cept of kerogen formation ( T i s s o t and Welte, 1978; Hunt, 1979; Durand, 1980). 
In t h i s view microbes a l t e r and p a r t l y m i n e r a l i z e the o r i g i n a l biopolymers 
r e s u l t i n g i n monomeric u n i t s which are chemically polymerized i n new polycon-
densed s t r u c t u r e s which are precursor of kerogen. 

I t should be emphasized that b a c t e r i a b i o s y n t h e s i z e new polymers from 
en z y m a t i c a l l y r eleased fragments, which i n t u r n might c o n t r i b u t e to the i n s o 
l u b l e organic matter. I n t h i s respect i t i s worthwhile mentioning that c o n s t i 
tuents of a r c h a e b a c t e r i a l c e l l membranes have been shown to be present i n some 
kerogens (M i c h a e l i s et at., 1979). The decrease i n the amount of hydrolyzable 
carbohydrates with depth i n sediment cores and the observed decrease of the 
0/ 

c o r g r a t i o i n sedimentary organic matter w i t h age does not n e c e s s a r i l y imply 
the simultaneous l o s s of carbon o r i g i n a l l y present as carbohydrate. 

The l a r g e r part of the organic carbon i n the biosphere i s present as c a r 
bohydrates, which can be devided i n t o s t r u c t u r a l and storage components. As a 
consequence of t h e i r f u n c t i o n the storage carbohydrates are h i g h l y s u s c e p t i b l e 
to (auto-)biodegradation and keep p a r t i c i p a t i n g i n the b i o c y c l e of organic 
carbon. The carbohydrates which are s t r u c t u r a l elements, give body, s t a b i l i t y 
and p r o t e c t i o n to the c e l l or to the organism as a whole (e.g. c h i t i n , p e c t i n , 
c e l l u l o s e ) , and are therefore considered to be more s t a b l e . I n many cases 
these carbohydrates occur l i n k e d to e.g. p r o t e i n s ( i n p e p t i d o g l y c a n s ) , l i p i d s 
( i n g l y c o - l i p i d s and l i p o p o l y s a c c h a r i d e s ) , p henolic substances ( l i g n i n ) and 
even minerals ( s i l i c a t e s , phosphates and carbonates). As a r e s u l t they show 
greater r e s i s t a n c e towards b i o l o g i c a l decay, which enhances t h e i r p o t e n t i a l to 
become p a r t of the i n s o l u b l e organic matter i n the sediment. 

The f a t e of carbohydrates, abundant i n organisms and r e l a t i v e l y p o orly 
present as such i n marine sediments seems to be l a r g e l y determined i n the very 
f i r s t stages of diagenesis. For t h i s reason we decided to i n v e s t i g a t e the c a r -
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bohydrates i n recent marine sediments and we chose samples from d i f f e r e n t depo-
s i t i o n a l environments f o r a comparative study. The samples from Solar Lake and 
Sabkha Gavish represent in s i t u b a c t e r i a l deposits of d i f f e r e n t composition and 
the Namibian S h e l f , Black Sea Unit 1 and 2 samples represent sediments under
neath a water column w i t h algae as the primary producers. The l a t t e r three are 
comparable i n so f a r that they are deposited underneath a water column and are 
a l l anaerobic. They d i f f e r , however, as f a r as t h e i r primary input of organisms 
i s concerned (diatoms, coccolithophores and d i n o f l a g e l l a t e s r e s p e c t i v e l y ) . To 
some extent the two Solar Lake samples o f f e r p o s s i b i l i t i e s to study d i a g e n e t i c 
e f f e c t s on the carbohydrates synthesized i n the top mat and a f u r t h e r c o n t r i 
b u t i o n of carbohydrates generated by m i c r o b i a l populations at greater depths. 

The development of a s e n s i t i v e a n a l y t i c a l technique o f f e r s the p o s s i b i l i t y 
of i d e n t i f y i n g both major and minor components i n the complex mixture of mono
saccharides released upon h y d r o l y s i s of sediment samples (Klok et at. , 1983) . 
The monomers are analysed as t h e i r a l d i t o l acetates by c a p i l l a r y gas chromato-
graphy-mass spectrometry (Klok et at., 1981; Klok et at., 1982). 

SAMPLE DESCRIPTION 

Sabkha Gavish 

The Sabkha Gavish depression i s loc a t e d about 15 km north of Sharm e Sheikh 
(Ophira) near Nabq at 400 m from the coast of the S i n a i along the Gulf of Aqaba. 
This environment i s c h a r a c t e r i z e d by extreme c o n d i t i o n s . Due to the constant 
i n f l o w of sea water and the high evaporation r a t e , h y p e r s a l i n e c o n d i t i o n s have 
developed l e a d i n g to p r e c i p i t a t i o n of gypsum at the surface. Occasional r a i n 
f a l l induces mud loaded sheet floods which may reach the depression and cover 
the ecosystem. Despite the extreme c o n d i t i o n s , l i f e p r o l i f e r a t e s under the 
gypsum c r u s t . As a consequence of the v a r i a b l e conditions some niches are do
minated by algae, protozoa, i n s e c t s , others by prokaryotes e.g. cyanobacteria, 
purple sulphur phototrophs and archaebacteria (mainly h a l o p h i l e s ) , which have 
adapted themselves to these c o n d i t i o n s . 

The sample used f o r the carbohydrate component a n a l y s i s was c o l l e c t e d i n 
November 1980 i n the zone permanently covered w i t h water. The m i c r o b i a l mats 
p r e v i o u s l y described by Krumbein et at. (1979) were covered by a ye l l o w brown 
mud l a y e r of about 0.5 cm thickness deposited during the sheet floods i n winter 
1979 - 1980. The sedimentary m a t e r i a l used f o r the a n a l y s i s had a slimy viscous 
nature and represented the decomposed remains of the top of the m i c r o b i a l mat 
before the f i r s t sheet f l o o d (de Leeuw et at. , i n p r e s s ) . 
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Solar Lake 

S o l a r Lake i s a small (140x50 m) lake s i t u a t e d 18 km south of E i l a t on 
the coast of the S i n a i along the Gulf of Aqaba. Samples were c o l l e c t e d i n 
November 1980 (Boon et al. > 1983). 

In t h i s h y p e r s a l i n e , mesothermal lake a continuous sequence of laminated 
c y a n o b a c t e r i a l mats i s present with a t o t a l thickness of about one meter 
(Krumbein et al., 1977). The accumulation of these sediments has continued 
since about 2400 years b.p. (Krumbein and Cohen, 1974). Stable hydrographic 
c o n d i t i o n s throughout the d e p o s i t i o n a l h i s t o r y are the main reason that the 
present day environmental c o n d i t i o n s p r e v a i l i n g i n the photosynthetic commu
n i t i e s at the benthic surface resemble those when m i c r o b i a l mat accumulation 
began (Cohen et al. , 1977). 

From microscopic observations i t became c l e a r that the top few m i l l i m e t e r s 
of the Solar Lake core (SL6) c o n s i s t e d of a lawn of green Microcoleus i n t w i s 
ted bundles of 5-10 f i l a m e n t s , surrounded by a very t h i n e x t e r n a l sheath. 
O c c a s i o n a l l y other cyanobacteria are observed (Chloroflexis, Aphanotheea). The 
625 -658 mm sample of the SL6 core (about 2400 years old) c o n s i s t e d of rock 
fragments, carbonate and c o l o u r l e s s sheath remains, which were much l e s s 
t i g h t l y packed than i n the upper l a y e r s (Boon et al., 1983). 

Namibian Shelf 

The Namibian Shelf ooze samples were c o l l e c t e d on a c r u i s e (December 1968 -
January 1969; Eisma, 1969). The sample i n v e s t i g a t e d comprised the 40-75 cm 
s e c t i o n of core KD6 (22°30'S 14°05.7'E) sampled underneath a water column of 
106 m i n the Walvis Bay area on the c o n t i n e n t a l s h e l f . The Namibian Shelf area 
i s c h a r a c t e r i z e d by the occurrence of upwelling c o l d and n u t r i e n t - r i c h water 
from the A t l a n t i c (Benguela current) which mixes w i t h warm and nut r i e n t - p o o r 
surface water. These conditions induce the development of dense p l a n k t o n i c 
populations. Depletion of c e r t a i n n u t r i e n t s causes massive death r e s u l t i n g i n 
the sedimentation of a l g a l remains. The high primary production leads to a 
r a p i d accumulation of organic matter on the anoxic bottom. The anaerobic con
d i t i o n s preclude the e v o l u t i o n of benthic organisms (Boon, 1978). 

Microscope studies confirm an almost e x c l u s i v e l y diatomaceous i n p u t , since 
mainly f r u s t u l e s of the vegetative stages of Actinodisaus 3 Chaetoaeros, Cosci-

nodiscus and Navicula species and cysts of Chaetoaeros species are observed. 

Black Sea 

The Black Sea samples were c o l l e c t e d from the western abyssal p l a i n 
underneath a water column of about 2000 m during a c r u i s e i n May, 1975. A l g a l 
remains of diatoms, d i n o f l a g e l l a t e s and coccolithophores i n the top two meters 
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of the abyssal Black Sea sediments are t r a c e r s f o r the phytoplankton succes
s i o n during the gradual s a l i n i t y change of the water column over the l a s t 
10,000 years. S p e c i f i c diatoms are good i n d i c a t o r s f o r the freshwater condi
t i o n s which e x i s t e d p r i o r to t h i s p e r i o d , but t h e i r amounts i n the sediments 
are low (Maynard, 1974). Very large amounts of d i n o f l a g e l l a t e cysts and a c r i -
tarchs occur i n the Unit 2 sediment (core 137, sapropel l a y e r , 18-59 cm depth 
below the top sediment, 30°31.5'E 42°43.5'N) which was deposited from 7000 -
3000 years b.p. at the anoxic bottom. Dominant are d i n o f l a g e l l a t e cysts from 
the m o t i l e stages of Gonyaulax polyedra and spinifera and from Peridinium 

trochoideum (Boon, 1978). 
C o c c o l i t h s from Emiliania huxleyi are apparent from 3000 years b.p. and 

c o n s t i t u t e the Unit 1 c o c c o l i t h ooze (core 42/0, top 23 cm of the sediment 
29°42.5'E 43°0'N). The predominance of t h i s c o c c o l i t h and the appearance of 
marine diatoms i n the Unit 1 sample i n d i c a t e that from 3000 years b.p. marine 
conditions have developed i n the surface water of the Black Sea (Degens and 
Ross, 1974). 

A l l samples described above were store d at -20°C u n t i l use. 

EXPERIMENTAL 

Organic carbon 

T o t a l carbon was determined using an automatic P e r k i n Elmer 240 CHN-analy-
ser. Carbonate carbon was determined t i t r i m e t r i c a l l y or by a c i d d i g e s t i o n w i t h 
HC1 combined w i t h g r a v i m e t r i c a n a l y s i s of the CO2 evolved f o l l o w i n g the method 
of P i e t e r s (1948). The amount of organic carbon was c a l c u l a t e d by s u b t r a c t i o n . 

Sample treatment 

An amount of about 0.5 gram of the l y o p h i l i z e d sediment sample or 30 mg 
of p u r i f i e d c o c c o l i t h s ( k i n d l y donated by Dr. E.W. de Jong, De Jong et at. , 

1976) i s t r e a t e d w i t h 0.25M H2SO4 f o r removal of carbonates. A f t e r c e n t r i f u g a -
t i o n of the a c i d suspension the supernatant i s n e u t r a l i z e d w i t h BaC03. The 
p r e c i p i t a t e i s removed by c e n t r i f u g a t i o n , washed w i t h water and the r e s u l t i n g 
s o l u t i o n i s concentrated and added to the corresponding residue. M y o - i n o s i t o l 
i s added as i n t e r n a l standard. The combined f r a c t i o n s are hydrolysed i n 0.25M 
l^SOtt i n sealed ampoules under n i t r o g e n f o r 18 hours at 100°C. A f t e r n e u t r a l i 
z a t i o n w i t h BaC0 3, removal and repeated washing of the p r e c i p i t a t e s , the pH of 
the r e s u l t i n g s o l u t i o n i s r a i s e d to 8 - 9 by adding 10% (v/v) t r i - e t h y l a m i n e 
i n water f o r h y d r o l y s i s of lactones. A f t e r about 30 minutes an excess of s o l i d 
NaBH^ i s added to reduce the released monosaccharides to the corresponding 
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a l d i t o l s . The r e s i d u a l NaBH^ a f t e r 2 hours at room temperature i s decomposed 
by a d d i t i o n of g l a c i a l a c e t i c a c i d . A f t e r effervescence has ceased the s o l u t i o n 
i s evaporated to dryness under reduced pressure. B o r i c a c i d i s removed by r e 
peated a d d i t i o n of methanol and evaporation to dryness. The samples are de
s i c c a t e d in vacuo over KOH. 

A c e t y l a t i o n i s performed i n closed v i a l s i n p y r i d i n e / a c e t i c anhydride (1:1) 
f o r two hours at 100°C. The a c e t y l a t i o n reagent i s evaporated under reduced 
pressure and the r e s u l t i n g sample i s desiccated overnight over P2O5 and KOH in 
vacuo. Subsequently water (4 ml) i s added and the s o l u t i o n i s e x t r a c t e d three 
times w i t h an equal amount of dichloromethane. The combined dichloromethane 
e x t r a c t s are d r i e d on anhydrous I S ^ S O l j and concentrated. 

Gas liquid chromatography and gas liquid chromatography-mass spectrometry 

Gas l i q u i d chromatography of the a l d i t o l acetates on a glass c a p i l l a r y 
column coated w i t h OV-275 (25 m x 0.25 mm I.D., Chrompack, Middelburg, The 
Netherlands) i s c a r r i e d out as described e a r l i e r (Klok et at. , 1981). The 
temperature i s programmed from 165 to 215°C at 2°C/min and f i n a l l y kept i s o 
thermal at 215 C. 

Q u a n t i t a t i o n of the major components (rham n i t o l , f u c i t o l , r i b i t o l , a r a b i -
t o l , x y l i t o l , m annitol, g a l a c t i t o l and g l u c i t o l peracetates) i s achieved by 
peak area i n t e g r a t i o n . Response f a c t o r s f o r the a l d i t o l acetates have been 
assumed equal on a weight b a s i s compared to m y o - i n o s i t o l hexaacetate ( i n t e r n a l 
standard) . 

To o b t a i n an optimum q u a n t i t a t i o n of the greater p a r t of the mono-0-methyl 
a l d i t o l acetates a Carlo Erba Fractovap 4160 gas chromatograph f i t t e d w i t h a 
flame i o n i z a t i o n detector and a non-vaporizing septumless on-column i n j e c t o r 
of the Grob type (Grob and Grob, 1978) i s equipped w i t h a glass c a p i l l a r y co
lumn coated w i t h CPsil88 (25 m><0.32 mm I.D., Chrompack, Middelburg, The Ne
th e r l a n d s ) . Helium i s used as c a r r i e r gas. Samples i n e t h y l acetate are i n j e c 
ted at 100°C, the oven temperature i s then r a p i d l y r a i s e d to 200°C, f u r t h e r 
programmed at 2°C/min to 230°C, and f i n a l l y kept isothermal at t h i s temperatu
r e . Peak areas of the mono-0-methyl a l d i t o l acetates are measured as height 
times width at h a l f height. Since the enantiomeric p a i r 2-/4-0-methyl x y l i t o l 
t e t r a a c e t a t e coelutes w i t h 3-0-methyl x y l i t o l t e t r a a c e t a t e the separate deter
mination of peak areas i s impossible f o r these components on CPs i l 8 8 under the 
conditions used. The r a t i o i n which these d e r i v a t i v e s are present i n the va
ri o u s hydrolyzates i s c a l c u l a t e d from the corresponding peak areas i n the che
mical i o n i z a t i o n mass spectrometry mass chromatograms at m/z 275 (Klok et at., 
1982) on OV-275 as s t a t i o n a r y phase. 

Gas chromatography-mass spectrometry i s c a r r i e d out as described e a r l i e r 
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(Klok et at. , 1982). 
I t should be emphasized that only n e u t r a l monosaccharide d e r i v a t i v e s 

are detected by the a n a l y t i c a l procedures presented here. 

Synthesis of reference compounds 

The p a r t i a l l y methylated a l d i t o l acetates of 8 a l d i t o l s were synthesized 
as described e a r l i e r (Klok et at., 1982). 

5- D e o x y - x y l i t o l t e t r a a c e t a t e i s prepared by red u c t i o n of 5-deoxy-D-xylo-
furanose (Serva, Feinbiochemica, Heidelberg) w i t h NaBHi, and a c e t y l a t i o n as 
described above. 

P a r t i a l l y formylated a l d i t o l acetates (PFAA) are synthesized by performing 
the a c e t y l a t i o n i n 3% (v/v) formic a c i d i n p y r i d i n e / a c e t i c a c i d anhydride 
(1:1) as described above. 

RESULTS 

Since the various g l y c o s i d i c bonds behave d i f f e r e n t l y during a c i d hydroly
s i s and since the vari o u s monosaccharides are degraded by a c i d at d i f f e r e n t 
rates (Dutton, 1973; Mopper, 1977) the h y d r o l y s i s c o n d i t i o n s f o r p o l y s a c c h a r i 
des are i n e v i t a b l y a compromise between incomplete h y d r o l y s i s of the more 
r e s i s t a n t g l y c o s i d i c bonds and p a r t i a l decomposition of the less s t a b l e mono
saccharides. Moreover the r e s u l t s of the q u a n t i t a t i v e determination of the 
released monosaccharides are i n f l u e n c e d by the reduction and a c e t y l a t i o n pro
cedures (Albersheim et at., 1967; T o r e l l o et at. , 1980). I n order to ob t a i n 
comparable r e s u l t s care was taken to ensure maximum r e p r o d u c i b i l i t y during 
treatment of a l l samples. 

The observed a l d i t o l d e r i v a t i v e s are supposed to be mainly derived from 
the corresponding aldoses (or ketoses) although the occurrence of a l d i t o l s as 
such i n nature i s known (Hough and Richardson, 1967a; P e r c i v a l and McDowell, 
1967a; Modzeleski et at., 1971). 

F i g . 1 shows a gas chromatogram of the n e u t r a l monosaccharides obtained 
from the S o l a r Lake ( 0 - 3 mm) sample analysed as t h e i r a l d i t o l acetates. Peak 
numbers correspond to the numbers mentioned i n Table 1. I d e n t i f i c a t i o n i s 
based on r e t e n t i o n data, EI mass spe c t r a (Jansson et at., 1976) and CI mass 
spectra (McNeil and Albersheim, 1977; Laine, 1981; Klok et at., 1982) of 
reference compound: . 

The r e s u l t s of the q u a n t i t a t i v e determination of the major components i n 
the various hydrolyzates are summarized i n Table 2. The percentage of carbohy
drate carbon r e l a t i v e to the t o t a l organic carbon i s given i n the l a s t column 
of Table 2. F i g . 2 shows the g r a p h i c a l r e p r e s e n t a t i o n of these data. 
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Table 1. I d e n t i f i c a t i o n of the alditol acetates indicated in Fig. 1 

peak number i d e n t i f i c a t i o n RRT f peak number i d e n t i f i c a t i o n RRT + 

1 g l y c e r o l 180 35 2-/4-OMe-xylitol 784 
2 2,3,4-tri-OMe-rhamnitolS 234 36 r i b i t o l 784 
3 2,3,4-tri-OMe-fucicol! 297 37 2,6-di-OMe-galactitol5 799 
4 5-deoxy-pentitol§ 319 38 a r a b i t o l 820 
5 2,3-di-OMe-6-deoxy-hexitol§ 354 39 2,6-di-OMe-glucitoli 829 
6 3,4-di-0Me-rhamnitol 383 40 3,6-di-OMe-manni t o i 5 857 
7 2,4-di-0Me-rhamnitol 390 41 6-0Me-manni t o i 865 
8 2,3-di-OMe-rhamnitol5 398 42 3,6-di-0Me-gluci t o i § 871 
9 2 , 4 - d i - O M e - f u c i t o l 425 43 3,6-di-OMe-galactitol§ 875 
10 e r y t h r i t o l 431 44 2 t4-di-OMe-glucitol§ 914 
1 1 2,3-di-0Me-fucitol 459 45 6-0Me-galactitol 918 
12 3,4-di-OMe-fucitol§ 475 46 3,4-di-OMe-mannitol5 951 
13 2,3-di-OMe-arabitoii 493 47 2,3-di-0Me-galactitol§ 989 
14 2,4-di-OMe-arabi t o i 498 48 2,4-di-OMe-galactitolS 994 
15 2 - O M e-rhamnitol 51 1 49 6-0Me-glucitol 995 
16 t h r e i t o l 513 50 x y l i t o l 1000 
17 3,6-dideoxy-hexitol§ 539 SI 2-OMe-mannitol 1035 
18 2-OMe-fucitol 541 52 3,4-di-OMe-mannitol§ 1049 
19 4-OMe-rhamnitol 554 53 2-OMe-galactitol 1098 
20 3-OMe-rhamnitol 589 54 a l l i t o l 1110 
21 3,6-dideoxy-hexitol 589 55 2-0Me-glucitol 1 123 
22 rhamnitol 596 56 3-/4-0Me-mannitol 1 166 
23 4-OMe-fucitol 61 1 57 mannitol 1 170 
24 3-OMe-fucitol 623 58 3-0Me-glucitol 1 188 
25 3 - O M e - r i b i t o l 623 59 a l t r i t o l 1 192 
26 f u c i t o l 625 60 3-/4-0Me-galactitol 1247 
27 2-/4-OMe-ribitol 640 61 g a l a c t i t o l 1249 
28 2-OMe-arabitol 685 62 4-OMe-glucitol 1277 
29 4-OMe-arabitol 707 63 g l u c i t o l 1366 
30 3-OMe-arabitol 714 64 myo-inositol ( i n t . stand.) 1589 
31 6-deoxy-hexitol 744 65 h e p t i t o l 1700 
32 2,6-di-OMe-mannitoii 758 66 2-/6-OMe-heptitol 1760 
33 6-deoxy-glucitol 764 
34 3-OMe-xylitol 768 F mono-0-formyl-hexitoi 

t RRT - r e l a t i v e retention time. The retention time of x y l i t o l pentaacetate i s taken as standard (-1000) 
U enantiomeric a l d i t o l acetates are not separated on 0V-275 
§ tentative i d e n t i f i c a t i o n 

Minor components are determined q u a l i t a t i v e l y and the r e s u l t s are summa
r i z e d i n Table 3. In cases where the presence of c e r t a i n compounds i s not i n d i 
cated t h e i r i d e n t i t y could not be e s t a b l i s h e d from both r e l a t i v e r e t e n t i o n time 
and mass spectrometric data or t h e i r concentration was below the l i m i t of de
t e c t i o n . The l a s t two columns of Table 3 comprise the reported occurrence i n 
eukaryotes and prokaryotes of the minor components encountered i n t h i s study. 

Based upon the assumption of a s i m i l a r s p e c i f i c FID response f o r the va
ri o u s components the minor components are estimated to make up about 5-15% of 
the t o t a l monosaccharides mentioned i n Table 2. 

The r e l a t i v e d i s t r i b u t i o n patterns of the greater part of the mono-0-methyl 
a l d i t o l s are given i n F i g . 3. 

The mono-formyl h e x i t o l peracetates observed i n the gas chromatograms 
(marked "F" i n F i g . 1) are due to the presence of formic a c i d i n the o r i g i n a l 
sediment samples (Klok et at. , i n p r e p a r a t i o n ) . The formation of these d e r i v a 
t i v e s was confirmed by c o n t r o l experiments. P a r t i a l l y formylated a l d i t o l ace
tates (PFAA) show a l a r g e r r e t e n t i o n time than the corresponding a l d i t o l ace
tates on the p o l a r s t a t i o n a r y phases used i n t h i s study. The r e t e n t i o n time 
increases w i t h the degree of f o r m y l a t i o n of the PFAA. The formyl d e r i v a t i v e s 
as shown i n F i g . 1 are mainly g l u c i t o l d e r i v a t i v e s since glucose i s the pre
dominant monosaccharide i n t h i s p a r t i c u l a r hydrolyzate (Table 2). 
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Fig. 1. Gas ahromatogram of the alditol acetates obtained from the hydro-
lyzate of the Solar Lake (0-3 mm) sample. Peak numbers correspond 
to the numbers mentioned in Table 1. 
(for conditions : see Experimental) 
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Table 2. The distribution of neutral monosaccharides in recent marine sediments 
after hydrolysis in 0.5N H^SO^ 

Sample 
zf 

c 
org 

7. 
Rha 

7. 
Fuc 

Z 
Rib 

Z 
Ara 

7. 
Xyl 

% 
Man 

X 
Gal 

7, 
Glu mg/g 

2 carbohyd 
carbon of 

Sabkha Gavish 6.6 5.6 9.9 1.9 6.2 14.9 13.0 18.6 29.8 16.1 9.8 

Solar Lake (0-3mm) 19.5 3.8 4.6 4.6 3.8 10.6 3.6 7.8 61 .3 104.4 21.4 
Solar lake (628-658mm) 4.5 S.O 8.7 2.9 7.0 24.1 11.2 19.1 19.0 7.2 6.4 
Namibian Shelf (KD6) 4.6 15.0 10.7 5.4 6.8 14.3 14.1 19.4 14.2 2.4 2.1 
Black Sea (Unit 1) 6.3 8.9 7.0 9.4 6.9 14.0 14.2 18.9 20.5 5.3 3.4 
Black Sea (Unit 2) 16.4 13.7 10.5 5.4 7.4 10.7 12.8 18.0 21 .4 21.1 5.1 

+ c a l c u l a t e d on dry weight basis 
§ mg ne u t r a l monosaccharides per gram dry sediment 

DISCUSSION 

From F i g . 1 (Table 1) and Table 3 i t i s c l e a r that the hydrolyzates of a l l 
samples i n v e s t i g a t e d e x h i b i t a great v a r i e t y of n e u t r a l monosaccharides. Apart 
from the w e l l known major compounds a multitude of 0-methylated and/or deoxy 
monosaccharides could be i d e n t i f i e d i n lower concentrations. Some of these 
compounds have as yet not been reported to occur i n nature. Table 3 and F i g s . 
2 and 3 show that each sample i s c h a r a c t e r i z e d by a s p e c i f i c d i s t r i b u t i o n . 

Comparison of Sabkha Gavish and Solar Lake 0-3mm samples 

For a b e t t e r understanding of the d i s t r i b u t i o n of monosaccharides we f i r s t 
want to focus on the Sabkha Gavish and S o l a r Lake (0-3 mm) samples. These two 
samples represent a l i v i n g community and the f i r s t stages of decomposition of 
an e x c l u s i v e l y ( c y a n o - ) b a c t e r i a l deposit. Compounds encountered i n these sam
ples therefore o r i g i n a t e from b a c t e r i a . 

The l a r g e carbohydrate c o n t r i b u t i o n to the organic carbon i n these p a r t i 
c u l a r samples (Table 2) -mainly caused by the high glucose content- i s c o n s i 
dered to be i n d i c a t i v e f o r the presence of storage polysaccharides. Cyanobac-
t e r i a are known to accumulate cyanophycean s t a r c h under favourable con d i t i o n s 
(Lehmann and Wober, 1976; Smith, 1982). 

Among the monosaccharides encountered i n the hydrolyzates (Table 3) a 
small number of the minor components have been reported to occur i n eukaryotes 
(Table 3). A much l a r g e r number of these components have been reported to occur 
i n cyanobacteria and other gram-negative b a c t e r i a . I n these organisms they 
occur as l i p o p o l y s a c c h a r i d e (LPS) c o n s t i t u e n t s and a l s o i n other l e s s w e l l -
defined carbohydrates associated with c e l l w a l l s (Table 3 ) . The occurrence of 
3,6-dideoxy hexoses has been reported e x c l u s i v e l y i n LPS (Wilkinson, 1977; 
Weckesser et al., 1979; Mikheyskaya et al., 1981; E l k i n et at., 1982). Heptoses 
and 0-methyl monosaccharides are als o c h a r a c t e r i s t i c LPS c o n s t i t u e n t s ( r e f e r e n 
ces i n Table 3). The cooccurrence of these c l a s s e s of monosaccharides i n these 
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Sabkha Gavish 

30 

20-

°/o 

10 

1 2 34 567 8 

Solar Lake(0-3mm) *} 

a 

20H 

% 

101 

1 2 3 4 5 6 7 8 

So l a r Lake (628-658mm) 

2CH 
% 

10 

0 

Namibian Shelf (KD 6) 

1 234 5 6 7 8 

Black Sea (Unit 1 ) 

1 2 3 4 5 6 7 8 

Black Sea (Unit 2 

12 34 5 6 7 8 1 2 3 4 5 6 7 8 
Fig. 2. Diagrams representing the relative aonoentrations of eight mono

saccharides encountered in the hydrolyzates of recent marine sediments 
as presented in Table 2. (Identifications: 1-rhamnose, 2 = fucose, 3-
ribose, 4=arabinose, 5 = xylose, 8=mannose, 7 = galactose, 8 = glucose) 

samples p o i n t s to an o r i g i n from b a c t e r i a l LPS. The d i s t r i b u t i o n of these 
components i n LPS i s s t r a i n s p e c i f i c and i s therefore f r e q u e n t l y used i n the 
chemotyping of b a c t e r i a (Weckesser et al., 1979; Schmidt et al., 1980a; 
Schmidt et al., 1980b). For t h i s reason the observed monosaccharide patterns 
( F i g . 3) are considered as f i n g e r p r i n t s of the b a c t e r i a l communities i n the 
Sabkha Gavish and Solar Lake (0-3 mm) samples. The d i f f e r e n c e s i n the patterns 
are due to the d i f f e r e n c e s i n the m i c r o b i a l populations i n each sample: mainly 
filamentous cyanobacteria i n the Solar Lake top mat vs. coccoid cyanobacteria, 
purple sulphur phototrophs and archaebacteria i n the Sabkha Gavish deposit. 

The n a t u r a l occurrence of the greater part of the 0-methylated monosaccha
r i d e s has not (yet) been described i n l i t e r a t u r e . This may be caused by the 
f a c t that the b a c t e r i a l communities i n sediments c o n s i s t of h i t h e r t o unknown 
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componerle c l a s s component ñame if 

tri-OMe-6-deoxy-hexitol 2,3,4-rha 
2,3,4-fuc 

234 
297 

tri~OMe~pentitol 2,3,4-ara 
2,3,4-xyl 

305 
314 

2,3-? (354) 
3,4-rha 383 
2,4-rha 390 

di-0Me-6-deoxy-hexitol 2,3-rha 398 
2,4-£uc 425 
2,3-fuc 459 
3.4-fuc 475 
2,3-ara 493 

di-OMe-pentitol 2,4-ara 
3,4-ara 

498 
509 

2,3-xjrl 545 
2,6-man 758 
2,6-gal 799 
2,6-glu 829 
4,6-glu 844 
3,6-man 859 
3,6-glu 871 

di-OMe-hexi to l 3,6-gal 875 
2,3-man 883 
2,4-glu 914 
2,4-man 922 
3,4-man 951 
3,4-glu 963 
2,3-gal 989 
2,4-gal 994 
3,4-eal 1049 
2-rha 51 1 
2-£uc 541 

mono-OMe-6-dBoxy-hexzto 1 
4-rha 554 mono-OMe-6-dBoxy-hexzto 1 3-rha 589 
4-f uc 6! 1 
3-£uc 623 
3-rib 623 
2-/4-rib 640 
2-ara 685 

mono-OMe-pentitol 4-ara 707 
3-ara 714 
3-xyl 768 
2-/4-xyl 784 
6-man 865 
6-gal 918 
6-glu 995 
2-man 1035 

mono-OMe-hexi to l 
2-gal 1098 
2-glu 1123 
3-/4-man 1166 
3-glu 1188 
3 - / 4-gal" 1247 

1277 
movo-OMe-heptitol 3-hept 

C 2 - / 6 - h e p t ) , , t 

(1665) 
(1760) 

5-deoxy-pentitol 313 
5-dcoxy-pentitol 319 
5-deoxy-pentitol 340 
5-deoxy-xy1i to1 450 
rhamnitol (uha) 596 

deoxy-alditol f u c i t o l (fue) 
6-deoxy-hexitol 

625 
(744) 

6-deoxy-glucitol 764 
3 , 6-dideoxy-hexitol (498) 
3 , 6-dideoxy-hexitol (516) 
3 , 6-dideoxy-hexitol (539) 
3 , 6-dideoxy-hexitol (589) 
g l y c e r o l 180 
e r y t h r i t o l 431 
t h r e i t o l 513 
r i b i t o l ( r i b ) 784 
a r a b i t o l (ara) 820 
x y l i t o l (xyl) 1000 

alditol a l l i t o l 1 1 10 alditol mannitol (man) 1170 
a l t r i t o l 1192 
g a l a c t i t o l (gal) 1249 
g l u c i t o l (glu) 1366 
h e p t i t o l (1700) 
g l u c o - h e p t i t o l 1880 
h e p t i t o l (2120) 

II III IV V VI VII VIII IX 
(+) 1 
(+) + 
+ 2 
+ (+) 

+ + + 
+ + + + + 3 
+ + (+) + + 3 

(+) + + 4 
+ + + + + + 3 

+ + (+) * + 3 5 
+ + + + + 
+ + + + 
+ + • (+) + 

(+) + (•O 
<+) (+) 

(+) (+) 
w + (+) 

+ + (+) 
+ 

+ + 
(+) (+) + (+) 

+ 
+ 
+ (*•) + + 

(+) 
(+) 
+ 

M + 6 
(+) M (+) + (+) 
+ + + + + 
+ + + + + 3,7,8,9,10 
+ + + + + 3,11 3,5,12 
+ + + + + 
+ + -t- + + + 3 6,9,10,12,13,14,15 
+ + + 3 
* + + + + + 3 S 
(+) (+) 6,9 
+ + + + + 3 
+ + + + + 
+ + + + + + 
+ + + + + + 16 S 

+ + + 4 10,12 
4 + + + 3,11 5,10,12 
+ + + + + 4 10,17 
+ + + + + + 3,18 9 
+ + + + + + 3,19,20 
+ + + + + 5,21 
+ + -t- + + 6 
+ + + + + + 
+ + +• + + 2,3,6,10,12,17,19,20 
+ + -5- 4- + + 22 9,23 
+ + + + + + 3,18 24 
+ + + +• + +• 

+ 5 

(+) ( + ) 
C*) (.*) ( + ) 

+ + + 
(+) + 

+ + + + + + 
+ + + + 
+ + +• + + 

+ + + + + 
+ + +• + + 

C+) 
( + ) 
(+) + + (+) 
+ + + + + + 

+ + + + + 
+ + + * + + 
+ + + + + + 
+ + + + + + 
+ + + + + + 
+ + + + + 
+ + + + + + 

+ + + + 
+ + + + + 
+ + + + + + 
+ + (+) (+) 

(+) 
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Table 3. (opposite page) Neutral mono saccharides identified in the hydrolyza-
tes of recent marine sediments analysed as their a l d i t o l acetates on 
an 0V-27S glass capillary column, (for conditions : see Experimental) 

I r e l a t i v e r e t e n t i o n time (RRT) 
II Sabkha Gavish 
I I I Solar Lake (0-3 mm) 
IV S olar Lake (628-658 mm) 
V Black Sea (Unit I) 
VI Black Sea (Unit 2) 
VII Namibian Shelf (KD6) 
VIII occurrence reported in eukaryotes (references are summarized below) 
IX occurrence reported i n prokaryotes (references are summarized below) 

I: L e c h e v a l i e r , 1977; 2: Schmidt et al. , 1980a; 3: Hough and Richardson, 1967b; 4: Fichtinger-Schepman et al. , 
1979; 5: Schmidt et al., 1980b; 6: Tharanathan et al. , 1978; 7: L i p t a k , 1982b; 8: Cheshire, 1977; 9: Kennedy, 
1980; 10: Weckesser et al., 1979; 11: A s p i n a l l , 1980; 12: Wilkinson, 1977; 13: Weckesser et al., 1974; 
14: Jackson et al., 1982; 15: V i l l i and Gastambide-Odier, 1970; 16: L i p t a k , 1982a; 17: Schrader et al., 1982; 
18: P e r c i v a l and McDowell, 1967b; 19: B a l l o u , 1981; 20: Tonn and Gander, 1979; 21: Kanamura et al., 1982; 
22: Barbier, 1981; 23: Saadat and B a l l o u , 1983; 24: L e c h e v a l i e r and Gerber, 1970 

(RRT) from t h i s p a r t i c u l a r component no standard was a v a i l a b l e f o r i d e n t i f i c a t i o n purposes 
+ i d e n t i f i c a t i o n of the p a r t i c u l a r component i s based on RRT, EI- & Cl-mass spectrum 
(+) i d e n t i f i c a t i o n of the p a r t i c u l a r component i s based on RRT, EI- or Cl-mass spectrum 
t the r e t e n t i o n time of x y l i t o l pentaacetate i s taken as standard (=1000) 
1 enantiomeric a l d i t o l acetates are not separated on 0V-275 
§ occurrence reported as 3-0Me-L-lyxose 
* t e n t a t i v e i d e n t i f i c a t i o n 

or s c a r s e l y s t u d i e d species. For t h i s reason i t i s not (yet) p o s s i b l e to l i n k 
the observed components to i n d i v i d u a l b a c t e r i a l s p ecies. 

Comparison of Solar Lake (0-3 mm) and Solar Lake (628-658 mm) samples 

Since the S o l a r Lake sequences have been deposited under almost i d e n t i c a l 
c o n d i t i o n s f o r at l e a s t 2400 years (Krumbein and Cohen, 1974) the 628-658 mm 
sample represents a l a y e r of the deposit which has undergone m i c r o b i a l i n 
fluences during t h i s p e r i o d . Hence, the d i f f e r e n c e s observed i n the monosac
charide patterns (Table 3, F i g s . 2 and 3) are thought to o r i g i n a t e from a 
s p e c i f i c c o n t r i b u t i o n of m i c r o b i a l populations present i n the sediment column 
and/or s e l e c t i v e biodégradation of the o r i g i n a l carbohydrates. 

The high glucose c o n t r i b u t i o n i n the 0-3 mm sample r a p i d l y decreases w i t h 
depth (Boon et al. , 1983) obviously as a r e s u l t of biodégradation of storage 
carbohydrates. The r e l a t i v e l y large amount of r i b o s e i n the top 3 mm might 
i n d i c a t e the high metabolic a c t i v i t y i n the top mats, since t h i s pentose i s a 
component of many m e t a b o l i c a l l y important molecules (RNA, ATP, NAD(P)H). An 
a l t e r n a t i v e c o n t r i b u t i o n of r i b i t o l moieties from b a c t e r i a l t e i c h o i c acids 
(Rogers et al. , 1980) cannot, however, be precluded. The Solar Lake (0-3 mm) 
sample and l i k e w i s e the 628-658 mm sample and also samples at intermediate 
depth (Boon et al., 1983; Klok et al., submitted), are c h a r a c t e r i z e d by a r e 
l a t i v e l y important c o n t r i b u t i o n of x y l o s e . Microscope observations show that 
the 628-658 mm l a y e r c o n s i s t s almost e n t i r e l y of empty sheaths of Microcoleus, 

w h i l e these sheaths occur abundantly i n the other Solar Lake samples. Xylose 
i s t h e r e f o r e suggested to be a major carbohydrate b u i l d i n g block of t h i s r e 
s i s t a n t sheath m a t e r i a l . 

No increase of the r e l a t i v e c o n t r i b u t i o n of any of the minor monosaccharide 
components i s observed. Therefore i t cannot be concluded whether the dominant 
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components present i n the 628-658 mm l a y e r (E ,H and P , F i g . 3) represent LPS 
c o n s t i t u e n t s o r i g i n a t i n g from m i c r o b i a l populations l i v i n g i n the sediment 
column or that they represent more sta b l e components of the LPS of the primary 
community, which forms the present day top l a y e r of the deposit. 

A more d e t a i l e d i n v e s t i g a t i o n of the hydrolyzable carbohydrates i n the 
Solar Lake sequences w i l l be discussed elsewhere (Klok et art., accepted). 

Comparison of Namibian Shelf and Black Sea samples 

The Namibian S h e l f , Black Sea Unit 1 and Unit 2 sediments represent marine 
deposits underneath a water column i n which diatoms, coccolithophores and dino-
f l a g e l l a t e s were the major primary producers r e s p e c t i v e l y . Although there are 
large d i f f e r e n c e s i n the o r i g i n of the primary input of organic matter, they 
a l l have s i m i l a r i t i e s i n t h e i r sedimentation h i s t o r y . The remains of algae and 
t h e i r predators l i v i n g i n a b r a c k i s h or marine water column migrate to an 
anoxic bottom. In the ( p r e - ) d e p o s i t i o n a l p e r i o d b a c t e r i a s t a r t to decompose the 
organic matter l e a v i n g behind the more r e s i s t a n t s t r u c t u r e s . The decomposed 
organic matter i s u t i l i z e d by b a c t e r i a to b u i l d up t h e i r biomass and to cover 
t h e i r energy requirements. Thus one might wonder to what extent the o r i g i n a l l y 
e ukaryotic biomass i s transformed i n t o p r o k a r y o t i c biomass during the process 
of sedimentation and afterwards. The carbohydrate data obtained f o r these s e d i 
ments are discussed i n t h i s context. The sugar patterns of both major and minor 
components (Table 3, Figs 2 and 3) show s i m i l a r i t i e s . The minor components 
encountered i n the hydrolyzates (notably the 0-methyl monosaccharides, the 3,6-
dideoxy hexoses and the heptoses) i n d i c a t e an o r i g i n from b a c t e r i a l c e l l w a l l 
m a t e r i a l as discussed above. The s i m i l a r i t i e s i n the patterns are not unexpec
ted since the s i m i l a r sedimentation h i s t o r y presumably inv o l v e s the development 
of r e l a t e d b a c t e r i a l populations. Nevertheless, d i s t i n c t d i f f e r e n c e s are obser
ved. When focu s s i n g on the patterns of minor components (Table 3, F i g . 3) the 
Black Sea Unit 1 sediment i s c h a r a c t e r i z e d by the abundance of 3-0-methyl 
xylose (component K i n F i g 3). This p a r t i c u l a r monosaccharide i s reported to be 
a c o n s t i t u e n t of the polysaccharide which forms a s t r u c t u r a l part of the cocco-
l i t h s of Emiliania huxleyi (Fichtinger-Schepman et at., 1979). Moreover, our 
i n v e s t i g a t i o n of a hydrolyzate of c o c c o l i t h s obtained from a c u l t u r e of t h i s 
organism confirmed the abundance of 3-0-methyl xylose. Because these c o c c o l i t h s 
are the main c o n s t i t u e n t s observed m i c r o s c o p i c a l l y i n the Unit 1 ooze, p a r t of 
the 3-0-methyl xylose i s suggested to o r i g i n a t e from the eukaryotic c o c c o l i t h o -
phore. 

The other mono-methyl monosaccharide c o n s t i t u e n t of the c o c c o l i t h p o l ysac
charide, 6-0-methyl mannose (component N i n F i g . 3 ) , Fichtinger-Schepman et at., 

1979) i s a l s o detected i n the Unit 1 ooze. I t s r e l a t i v e c o n t r i b u t i o n compared 
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Fig. 3. Diagrams representing the 
relative concentration of mono-O-
methyl monosaccharides as percentage 
of the total peak area of the cor
responding mono-O-wethyl a l d i t o l 
peracetates subdivided into classes: 
6-deoxy hexoses (A: 2-OMe-Rha, B: 
3-OMe-Rha, C: 4-OMe-Rha, D: 2-OMe-
Fuc, E: 3-OMe-Fuo and F: 4-OMe-Fuc), 
pentoses (G: 2-OMe-Ara, H: 3-OMe-
Ava, I: 4-OMe-Ara, J: 2-/4-OMe-Xyl 
and K: 3-OMe-Xyl) and hexoses (L: 
2-OMe-Man, M: 3-/4-OMe-Man, N: 6-
OUe-Uan, 0: 2-OMe-Gal, P: 3-/4-OMe-
Gal, Q: 6-OMe-Gal, R: 2-OMe-Glu, S: 
4- OMe-Glu and T: 6-OMe-Glu). 

to the Namibian Shelf and Unit 2 
mo no-0-methyl monosaccharides ( F i g . 
3) i s l e s s pronounced than that of 
3-0-methyl x y l o s e . 

S i m i l a r l y one might speculate 
about the o r i g i n of "sediment spe
c i f i c " 0-methyl monosaccharides ob
served i n the Namibian Shelf and 
Unit 2 samples (e.g. components E, 
L and C, F, T r e s p e c t i v e l y i n Fig.3). 
They may be the r e s u l t of d i f f e r e n 
ces i n b a c t e r i a l populations that 
developed during sedimentation and 
afterwards. On the other hand they 
may be suggested to o r i g i n a t e p a r t l y 
from diatoms and d i n o f l a g e l l a t e s r e 
s p e c t i v e l y , superimposed on a bacte
r i a l c o n t r i b u t i o n . Therefore the 
presence or absence of the compo
nents i n diatoms and d i n o f l a g e l l a t e s 
remains to be e s t a b l i s h e d by carbo-A B C D E F G H I J K LMNOPQRST 

hydrate analyses of rele v a n t organisms. 
The occurrence of the minor monosaccharides i n the hydrolyzates and the 

supposed r e l a t i o n w i t h the presence of b a c t e r i a l c e l l w a l l c o n s t i t u e n t s i n the 
samples agrees with the assumption that there i s also a c o n t r i b u t i o n of major 
(and l e s s s p e c i f i c ) monosaccharides from t h i s source. This c o n t r i b u t i o n might 
be as much as an order of magnitude l a r g e r , since the minor monosaccharides 
occur as minor components i n carbohydrates associated w i t h b a c t e r i a l c e l l w a l l s 
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Because of s i m i l a r reasons as described above f o r the minor components the 
composition of the f r a c t i o n s of major monosaccharides show s i m i l a r i t i e s . The 
s t r i k i n g d i f f e r e n c e s i n the major monosaccharide patterns ( F i g . 2) may be cor-
r e l l a t e d with the d i f f e r e n c e s i n the primary producers of the organic matter as 
a d i s t i n c t e u k aryotic c o n t r i b u t i o n superimposed on the b a c t e r i a l c o n t r i b u t i o n . 
The Namibian Shelf and Black Sea Unit 2 sediments show a r e l a t i v e l y large con
t r i b u t i o n of rhamnose and fucose. This i s i n accordance w i t h the f i n d i n g s of 
Degens and Mopper (1976) who also found a s i m i l a r c o n t r i b u t i o n of these 6-deoxy 
hexoses i n comparable samples from the Namibian Shelf and the Black Sea among 
twelve sediment samples i n v e s t i g a t e d . Part of the rhamnose and fucose can be 
considered as a c o n t r i b u t i o n from algae s i n c e these monosaccharides are known 
to be important b u i l d i n g blocks i n a l g a l polysaccharides (Parsons et al. , 1961; 
Handa, 1969; Modzeleski et al., 1971; Handa and Mizuno, 1973; Hecky et al. , 

1973; Myklestad, 1974; Smestad et al. , 1974 and 1975; Mori et al. , 1982). 
S i m i l a r l y an abundance of ribose i n the Black Sea Unit 1 sample, a l s o i n accor
dance w i t h the f i n d i n g s of Degens and Mopper (1976), i s observed. This observa
t i o n p oints to a c o c c o l i t h o p h o r i c o r i g i n since t h i s pentose i s a c o n s t i t u e n t of 
the c o c c o l i t h polysaccharide mentioned above (Fichtinger-Schepman et aZ. ,1979). 
In t h i s case i t i s u n l i k e l y that r i b o s e i s a marker f o r high metabolic a c t i v i t y 
i n the Black Sea Unit 1 ooze, as i s suggested f o r the S o l a r Lake ( 0 - 3 mm) 
sample. 

When the Namibian Shelf sediment sample i s r e f l u x e d w i t h water and the 
water e x t r a c t i s hydrolysed, the same classes of monosaccharides are encounte
red i n s i m i l a r proportions compared to those obtained a f t e r h y d r o l y s i s of the 
t o t a l sediment sample (Klok et al. , 1984). The prolonged exposure of the a l g a l 
remains to water leaching during sedimentation and d e p o s i t i o n , apart from the 
degradative a c t i o n of microbes at the same time, makes these e a s i l y e x t r a c t a b l e 
carbohydrates u n l i k e l y to o r i g i n a t e from algae. An in s i t u biogenesis of p o l y 
saccharides by b a c t e r i a i s suggested to be a more appropriate explanation f o r 
the presence of these polymers. 

In these sediment samples the amount of carbohydrate carbon c a l c u l a t e d from 
the amount of i d e n t i f i a b l e monosaccharide d e r i v a t i v e s observed i n the gas chro-
matograms comprises about 2-5% of the t o t a l organic carbon (Table 2). Apart 
from the incomplete r e l e a s e of monosaccharides these c a l c u l a t i o n s represent 
minimum values since losses of c e r t a i n components during h y d r o l y s i s and d e r i v a -
t i z a t i o n steps must als o be considered. Nevertheless, a s i g n i f i c a n t p a r t of the 
organic matter i s c h a r a c t e r i z e d as carbohydrates. A great v a r i e t y of minor 
monosaccharides has mainly been reported to occur i n carbohydrates associated 
w i t h b a c t e r i a l c e l l w a l l s (compare Table 3, columns V I I I and I X ) . Only some 
s p e c i f i c 0-methyl monosaccharides are found i n phytoplankton, as mentioned 



61 

before. We therefor want to suggest that the presence of minor monosaccharides 
i n the hydrolyzates points to a mainly b a c t e r i a l o r i g i n . Consequently the 
greater part of the major monosaccharides present w i l l a l s o o r i g i n a t e from 
these carbohydrates. Future experiments w i l l have to re v e a l the simultaneous 
presence of a: other s p e c i f i c compounds from b a c t e r i a l c e l l w a l l polymers (e.g. 
S-hydroxy f a t t y a c i d s , aminosugars, 2-keto-3-deoxy-D-manno-octonate) and b_: the 
i n t a c t polymers themselves (e.g. LPS) i n order to confirm the supposed r e l a t i o n 
s h i p . 

When the carbohydrate part of the organic matter mainly o r i g i n a t e s from 
b a c t e r i a i t i s reasonable to suggest that i n these environments an important 
p a r t of the sedimentary organic matter i s of b a c t e r i a l o r i g i n . The present 
f i n d i n g s c o n t r i b u t e to our knowledge about the o r i g i n and diagenesis of the 
organic matter i n recent anoxic marine sediments. In our view biopolymers of 
the primary producers are degraded to a lar g e extent by the a c t i o n of microbes, 
which i n t u r n resynthesize from them t h e i r own biomass. A succession of bacte
r i a l p o p u l a t i o n s , depending on the e c o l o g i c a l conditions at the various deposi-
t i o n a l stages, p a r t l y causes a bioc o n v e r s i o n of the primary eukaryotic organic 
matter. The conversion proceeds u n t i l conditions d e t e r i o r a t e and c o n t i n u a t i o n 
of l i f e i s precluded. 
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CHAPTER 6 

CARBOHYDRATES IN RECENT MARINE SEDIMENTS I I . 
OCCURRENCE AND FATE OF CARBOHYDRATES IN A RECENT STROMATOLITIC 
DEPOSIT : SOLAR LAKE , S I N A I . * 

J . Klok, H.C. Cox, M. Baas, J.W. de Leeuw and P.A. Schenck 

D e l f t U n i v e r s i t y of Technology 
Department of Chemistry and Chemical Engineering 
Organic Geochemistry Unit 
De V r i e s van Heystplantsoen 2 
2628 RZ D e l f t , The Netherlands 

ABSTRACT 

In a study on the diagenesis of carbohydrates i n a recent s t r o m a t o l i t i c 
deposit ( S o l a r Lake , S i n a i ) monosaccharides are quantitated a f t e r m i l d a c i d 
h y d r o l y s i s and gas chromatographic a n a l y s i s as a l d i t o l acetates. From the 
depth p r o f i l e s of the i n d i v i d u a l monosaccharides r e l a t i v e to the t o t a l organic 
carbon three categories of carbohydrates can be d i s t i n g u i s h e d . The behaviour 
of the various categories upon b u r i a l i s discussed i n terms of t h e i r p o t e n t i a l 
to become a part of the organic matter that survives g e o l o g i c a l periods. The 
d i s t r i b u t i o n patterns of e s p e c i a l l y the mono-O-methyl monosaccharides at 
various depths are c h a r a c t e r i s t i c f o r the b a c t e r i a l communities present i n 
the corresponding parts of the sediment column. 

* I n : Organic Geochemistry ( i n press) 
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INTRODUCTION 

In connection w i t h the study on the o r i g i n of carbohydrates i n recent 
marine sediments (Klok et at,, 1984) the present i n v e s t i g a t i o n aims the 
e l u c i d a t i o n of the f a t e of carbohydrates upon b u r i a l . For t h i s purpose we 
s e l e c t e d the recent s t r o m a t o l i t i c deposit i n S o l a r Lake, S i n a i . Due to the 
absence of an i n f l u x of organic matter from the water column an e x c l u s i v e l y 
c y a n o b a c t e r i a l deposit has developed, which represents a s u i t a b l e model system. 

In t h i s h y p e r s a l i n e , mesothermal Solar Lake a continuous sequence of l a m i 
nated c y a n o b a c t e r i a l mats i s present w i t h a t o t a l thickness of about one 
meter (Krumbein et al. , 1977). The accumulation of these sediments s t a r t e d 
about 2400 years b.p. and s t i l l continues (Krumbein and Cohen, 1974). Stable 
hydrographic conditions throughout the d e p o s i t i o n a l h i s t o r y i s the main reason 
that the present day environmental conditions p r e v a i l i n g i n the photosynthetic 
cyano b a c t e r i a l communities at the benthic surface c l o s e l y resemble those when 
m i c r o b i a l mat accumulation began (Cohen et al. , 1977). These parameters make 
the deposit a w e l l defined system and o f f e r the p o s s i b i l i t y of e v a l u a t i n g the 
carbohydrate s t r a t i g r a p h y of these sediments i n terms of processes of degrada
t i o n , t r a nsformation, de novo synthesis and p r e s e r v a t i o n , because the l i v i n g 
generation i n the top mat i s u n d e r l a i d by the debris of s i m i l a r previous gene
r a t i o n s i n various stages of decomposition. In the lower lay e r s a c t i v e carbon
ate p r e c i p i t a t i o n i n t e r f e r e s with b i o l o g i c a l transformation processes and 
presumably leads to an e f f i c i e n t p r e s e r v a t i o n of organic matter (Krumbein 
et al. , 1977). 

Apart from the determination of some bulk parameters (dry weight, organic 
carbon and carbonate carbon) we made a q u a n t i t a t i v e survey of the monosaccha
r i d e s which could be i d e n t i f i e d a f t e r a c i d h y d r o l y s i s of samples from various 
depths. As a r e s u l t of the s p e c i f i c behaviour of the v a r i o u s monomers i n the 
sediment core three categories of carbohydrates could be d i s t i n g u i s h e d , the 
geochemical fate of which w i l l be discussed i n more d e t a i l . 

EXPERIMENTAL 

Site description 

Samples were taken from the shallow benthic c y a n o b a c t e r i a l mats present i n 
S o l a r Lake, a small lake (140 x 50 m) s i t u a t e d 18 km south of E i l a t on the 
coast of the S i n a i desert along the Gulf of Aqaba i n November 1980 (Boon et al. 

1983). Underneath a water column of about 70 cm the dark green top mat, mainly 
representing a lawn of Microcoleus c e l l s i n t w i s t e d bundles of 5-10 filaments 
surrounded by a t h i n e x t e r n a l sheath, was observed. The core f o r t h i s study 
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(code: SL6) was 67 centimeter i n length and showed a continuous sequence of 
laminations. Three major sections could be d i s t i n g u i s h e d : the top s e c t i o n 
(y 1 cm) predominantly o x i c , the intermediate s u l f i d e c o n t a i n i n g s e c t i o n (*v> 1 
-20cm) and the bottom non-reducing s e c t i o n (20 - 67 cm). Microscope observa
tions of the samples taken at various depths revealed the abundance of empty 
sheath remains of Microcoleus of which the 628 - 658 m i l l i m e t e r l a y e r (about 
2400 years i n age) i s c o n s t i t u t e d almost e n t i r e l y . 

A more extensive d e s c r i p t i o n of the s i t e and of the sampling i s given by 
Boon et at. (1983). 

Organic carbon and carbonate carbon 

T o t a l carbon was determined using an automatic P e r k i n Elmer 240 CHN-
analyser. Carbonate carbon was determined by a c i d d i g e s t i o n with HC1 and gra
v i m e t r i c a n a l y s i s of the CO2 evolved f o l l o w i n g the method of P i e t e r s (1948). 
The amount of organic carbon was c a l c u l a t e d by s u b t r a c t i o n . 

Carbohydrate component analysis 

0.2-0.5 gram of the l y o p h i l i z e d sediment sample i s t r e a t e d with 0.25M 
H2SO4 to remove carbonates. The a c i d suspension i s c e n t r i f u g e d . The superna
tant i s removed and n e u t r a l i z e d with BaC03; the r e s u l t i n g p r e c i p i t a t e i s 
removed by c e n t r i f u g a t i o n , washed with water and the r e s u l t i n g s o l u t i o n i s 
concentrated and added to the corresponding residue of the dec a r b o n a t i z a t i o n 
procedure. M y o - i n o s i t o l i s added as an i n t e r n a l standard. The combined f r a c 
t i o n s are hydrolysed w i t h 0.25M H2SO4 i n sealed glass ampoules f o r 18 hours 
at 100°C. A f t e r n e u t r a l i z a t i o n w i t h BaC03, removal and repeated washing of the 
p r e c i p i t a t e s the pH of the r e s u l t i n g s o l u t i o n i s r a i s e d to 8 - 9 by adding a 
10% (v/v) t r i - e t h y l a m i n e s o l u t i o n i n water f o r h y d r o l y s i s of lactones. A f t e r 
about 30 minutes an excess of s o l i d NaBHi, i s added to reduce the released 
monosaccharides i n t o the corresponding a l d i t o l s . At room temperature a f t e r 2 
hours the r e s i d u a l NaBH^ i s decomposed by a d d i t i o n of g l a c i a l a c e t i c a c i d and 
the s o l u t i o n i s evaporated to dryness under reduced pressure. B o r i c a c i d i s 
removed by repeated a d d i t i o n of methanol and evaporation to dryness under 
n i t r o g e n . The samples are desiccated in vacuo over KOH. 

A c e t y l a t i o n i s performed i n closed v i a l s w i t h p y r i d i n e / a c e t i c a c i d anhy
dri d e (1:1) f o r two hours at 100°C. The a c e t y l a t i o n reagent i s evaporated 
under reduced pressure and the r e s u l t i n g sample i s desiccated overnight over 
P2O5 and KOH in vacuo. Subsequently, 4 ml water i s added and the suspension 
i s e x t r a c t e d three times w i t h an equal amount of dichloromethane. The combined 
dichloromethane e x t r a c t s are d r i e d on anhydrous N a 2 S 0 i t and concentrated. 

Gas l i q u i d chromatography of the a l d i t o l acetates on a glass c a p i l l a r y 
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column coated w i t h OV-275 (25 mx 0.25 mm I.D. , Chrompack, Middelburg, The 
Netherlands) i s c a r r i e d out as described e a r l i e r (Klok et at., 1981). The 
temperature i s programmed from 165 to 215°C at 2°C/min and f i n a l l y kept i s o 
thermal at 215°C. Q u a n t i t a t i o n of the components i s achieved by peak area 
i n t e g r a t i o n . Response f a c t o r s f o r the a l d i t o l acetates have been assumed equal 
on a weight basis compared to m y o - i n o s i t o l hexaacetate ( i n t e r n a l standard). 

To enable an optimum q u a n t i t a t i v e survey of the greater p a r t of the mono-
0-methyl a l d i t o l a c e t a t e s , a Carlo Erba Fractovap 4160 gas chromatograph 
f i t t e d w i t h a flame i o n i z a t i o n detector and a non-vaporizing septumless on-
column i n j e c t o r of the Grob-type (Grob and Grob, 1978) i s equipped w i t h a 
glass c a p i l l a r y column coated w i t h C P s i l 88 (25 mx0.32 mm I.D., Chrompack, 
Middelburg, The Netherlands). Helium i s used as c a r r i e r gas. Samples i n e t h y l 
acetate are i n j e c t e d at 100°C, the oven temperature i s then r a p i d l y r a i s e d to 
200°C, f u r t h e r programmed at 2°C/min to 230°C and f i n a l l y kept isothermal at 
t h i s temperature. I n d i v i d u a l peak areas of the mono-0-methyl a l d i t o l acetates 
are measured as height times width at h a l f height. 

Gas chromatography - mass spectrometry i s c a r r i e d out as described e a r l i e r 
(Klok et al. , 1982) . 

I t should be emphasized t h a t , by the a n a l y t i c a l procedures presented here 
only the d e r i v a t i v e s of n e u t r a l monosaccharides are detected. 

RESULTS 

In Table 1 the r e s u l t s of the dry weight, t o t a l carbon and organic carbon 
determinations are summarized. The depth p r o f i l e of the organic carbon 
obtained from these data i s v i z u a l i z e d i n F i g . 1. This f i g u r e a d d i t i o n a l l y 
shows the schematic s e c t i o n i n g of the SL6 core. 

Table 1. Results of dry weight, total carbon, organic carbon determinations 
and of the individual monosaccharide contribution relative to the 
organic carbon in the various Solar Lake samples. 

depth (mm) % dry weight 
% C t o t Z C 

org 
Z. Rha Z. Fuc 1. Rib %. Ara Z. Xyl Z. Man Z.Gal %.Glu %. Others 2 C . I . carbohydr 

0-0.5 29.8 26.6 26.6 11.2 10.5 6.0 3.6 17.7 12.3 20.7 218.1 27.3 34. 1 
0.5-3 25.8 15.8 15.2 9.5 10.7 5.0 3.9 20.2 1 1 .0 18.4 59.4 17.4 15.4 
3-10 21.3 10.3 9.5 5. 1 7.8 13.0 4.2 17.7 1 1 .8 20.2 32.8 13.5 12.5 
10-20 29.0 8.0 4.9 7.2 10.7 5.7 5.7 22.0 24.5 22.8 35.1 19.6 15.2 
115-145 24.4 6.5 4.7 7.5 12.1 3.4 6.8 22.9 13.6 21.3 29.8 13.6 12.9 
265-295 28.2 7.3 5.9 4.5 7.1 2.0 4.7 20.3 8. 1 14.2 18.3 8. 1 8.8 
385-415 27.7 8. I 4.7 4.7 6.5 2.6 4.3 17.9 8.5 1 1. 1 11.9 11.9 7.8 
628-658 30.8 8.3 4.5 5.8 5.8 1 .8 4.4 15.1 7. 1 12.4 12.4 10.7 7.5 

Since the various g l y c o s i d i c bonds behave d i f f e r e n t l y during a c i d hydro
l y s i s and since the various monosaccharides are degraded by a c i d at d i f f e r e n t 
rates (Dutton, 1973; Mopper,1977) and the r e s u l t s of the q u a n t i t a t i v e deter-
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Figure 1. Depth profile of the organic carbon as percentage of the dry weight. 
(I : top oxic section, II : sulfide containing section and III : 
bottom, non-reducing section) 
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Figure Z. Depth profile of hydrolyzable carbohydrate carbon relative to the 
total carbon. 
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mination of the released monosaccharides are inf l u e n c e d by the reduction and 
a c e t y l a t i o n procedures (Albersheim et dl. , 1967; T o r e l l o et dl. , 1980) care 
was taken to ensure maximum r e p r o d u c i b i l i t y during treatment of a l l samples 
to o b t a i n comparable r e s u l t s . The observed a l d i t o l d e r i v a t i v e s are supposed 
to be mainly derived from the corresponding aldoses (or ketoses) although the 
occurrence of a l d i t o l s as such i n nature i s known (Hough and Richardson,1967a). 
F i g . 2 shows a gas chromatogram of the n e u t r a l monosaccharides from the 628 -
658 mm sample analysed as t h e i r a l d i t o l acetates. Peak numbers correspond to 
the numbers mentioned i n Table 2. I d e n t i f i c a t i o n i s based on r e t e n t i o n data, 
EI mass spectra (Jansson et dl. , 1976) and CI mass spectra (McNeil and A l b e r s 
heim, 1977; Lain e , 1981; Klok et dl. , 1982) of reference compounds. 

Table 2. Identifications of the a l d i t o l acetates indicated in Fig. 2. 

peak number i d e n t i f i c a t i o n RRT + peak number i d e n t i f i c a t i o n RRT + 

1 g l y c e r o l 180 33 4,6-di-OMe-glucitol 844 
2 5-deoxy-pentitol 340 34 3,6-di-0Me-mannitoi 857 
3 3,4-di-OMe-rhamnitoli 383 35 6-0Me-manni t o i 865 
4 2,4-di-OMe-rhamnitol 390 36 3,6-di-OMe-glucitolí 87 1 
5 2,4-di-OMe-fucitol 425 37 2,4-di-OMe-glucitol§ 914 
6 e r y t h r i t o l 431 38 6-OMe-galactitol 918 
7 2,3-di-OHe-fucitoi 459 39 2,4-di-OMe-mannitol§ 922 
8 3,4-di-OMe-fucitol 475 40 3,4-di-OMe-gluci t o i 963 
9 2,3-di-OMe-arabitol 493 41 2,3-di-OMe-galactitoli 9 89 
10 2,4-di-OMe-arabitol§ 498 42 2,4-di-OMe-galactitolS 994 
1 1 3,6-dideoxy-hexi t o i 498 43 6-0Me-glucitol 995 
12 3,4-di-OMe-arabitolS 509 44 x y l i t o l 1000 
13 2-OMe-rhamnitol 511 45 2-0Me-mannitol 1035 
14 t h r e i t o l 513 46 3,4-di-OMe-mannitol 1049 
15 2-0Me-fucitol 541 47 2-OMe-galactitol 1098 
16 4-0Me-rhamnitol 554 48 a l l i t o l 1110 
17 3-0Me-rhamnitol 589 49 2-OMe-glucitol 1 123 
18 rhamnitol 596 50 3,6-anhydro-hexi t o i i 1148 
19 4-OMe-fucitol 611 51 3-/4-OMe-manni t o i 1166 
20 3-OMe-fucitol 623 52 mannitol 1170 
21 f u c i t o l 625 53 3-OMe-glucitol 1 188 
22 2-0Me-arabitol 685 54 a l t r i t o l 1192 
23 4-OMe-arabitol 707 55 3-/4-OMe-galactitoll 1247 
24 3-OMe-arabitol 714 56 g a l a c t i t o l 1249 
25 6-deoxy-hexitoi 744 57 4-0Me-glucitol 1277 
26 6-deoxy-gluci t o i 764 58 g l u c i t o i 1366 
27 3-OMe-xylitol 768 59 myo-inositol ( i n t . stand.) 1589 
28 2-/4-OMe-xylitol1 7 84 60 3-OMe-heptitol 1665 
29 r i b i t o l 784 61 heptitol§ 1700 
30 2,6-di-OMe-galactitoli 799 62 2-/6-OMe-heptitoll 1760 
31 a r a b i t o l 820 6 3 glucoheptitolB M 880 
32 2,6-di-OMe-glucitol 829 64 h e p t i t o l 1.2120 

t RRT • r e l a t i v e r e t e n t i o n time. The rete n t i o n time of x y l i t o l pentaacetate i s taken as standard (=1000) 
§ t e n t a t i v e i d e n t i f i c a t i o n 
U enantiomeric a l d i t o l acetates are not separated on 0V-275 

Table 1 also summarizes the r e s u l t s of the q u a n t i t a t i v e determination of 
the observed components. The depth p r o f i l e of the amount of hydrolyzable 
carbohydrate carbon r e l a t i v e to the t o t a l organic carbon as presented i n Table 
1 i s given i n F i g . 3. F i g . 4 shows a g r a p h i c a l r e p r e s e n t a t i o n of the pro rata 

c o n t r i b u t i o n to the organic carbon of the i n d i v i d u a l components as presented 
i n Table 1 . 

The patterns of the r e l a t i v e d i s t r i b u t i o n of the greater part of the mono-
0-methyl a l d i t o l s observed i n the gas chromatograms are given i n F i g . 5. The 
peracetates of the enantiomeric p a i r 2 - / 4 - 0 - m e t h y l - r i b i t o l , of 3-0-methyl-
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Fig. 2. Gas chromatogram of the a l d i t o l acetates obtained from the hydrolyzate 
of the Solar Lake 628-658 mm sample. Peak numbers correspond to the 
numbers listed in Table 2. (For conditions : see Experimental) 
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r i b i t o l and of 3-0-methyl-glucitol coelute w i t h other components when C P s i l 88 
was used as s t a t i o n a r y phase and consequently they were omitted from t h i s 
survey. Since the separate determination of the peak areas of the c o e l u t i n g 
enantiomeric p a i r 2 - / 4 - 0 - m e t h y l - x y l i t o l and 3 - 0 - m e t h y l - x y l i t o l peracetates 
(components J and K) was not p o s s i b l e on t h i s s t a t i o n a r y phase they are 
regarded as a s i n g l e component i n F i g . 5. 

DISCUSSION 

The Solar Lake s t r o m a t o l i t i c environment i s c h a r a c t e r i z e d by the presence 
of a benthic c y a n o b a c t e r i a l p o p u l a t i o n , which i s overgrown by a s i m i l a r new 
one i n an annual c y c l e . As a r e s u l t a laminated deposit has developed i n a 
continuous process f o r 2400 years. The top mat represents the l i v i n g primary 
photosynthetic producer. The underlying l a y e r s represent the successive stages 
of b a c t e r i a l decomposition of the o r i g i n a l organic matter. Each sample i s 
c h a r a c t e r i z e d by the presence of r e s i d u a l organic matter o r i g i n a t i n g from the 
primary producers on the one hand and organic matter (also i n various stages 
of decomposition) which was generated by b a c t e r i a that l i v e and have l i v e d i n 
the p a r t i c u l a r l a y e r on the other hand. 

The mode and degree of decomposition of the organic c o n s t i t u e n t s i s thought 
to be determined mainly by t h e i r b i o d e g r a d a b i l i t y . However, at a c e r t a i n 
stage the biodegradation might be i n h i b i t e d because of l i t h i f i c a t i o n (Boon and 
de Leeuw, 1983). By t h i s l i t h i f i c a t i o n process s t r u c t u r a l components of the 
organisms, notably carbohydrates, might be preserved (Golubic, 1983). 

Bulk parameters 

The t o t a l amount of organic carbon as a f u n c t i o n of depth i n the core 
shows a strong decrease from about 27% to 5% i n the top 10 m i l l i m e t e r s , which 
coincides w i t h the top o x i c part of the deposit (Table 1, F i g . I ) . Underneath 
these 10 m i l l i m e t e r s the changes i n the percentages of organic carbon i n the 
anoxic ( s u l f i d e containing) zone and the lower non-reducing p a r t , s t a r t i n g 
immediately below i t , are minimal. The i n i t i a l l y strong decrease i n the per
centage of organic carbon r e l a t i v e to the t o t a l sedimentary m a t e r i a l i s caused 
p a r t l y by biodegradation under o x i c conditions of organic matter generated i n 
the l i v i n g top mat. The decrease of the r e l a t i v e amount of organic carbon 
coincides w i t h an increase of f i x e d carbonate as a r e s u l t of l i t h i f i c a t i o n , 
which s t a r t s immediately below the l i v i n g top (0.5 m i l l i m e t e r ) mat. Therefore 
not only bicarbonate present i n the pore water but a l s o the carbonate produced 
during b a c t e r i a l m i n e r a l i z a t i o n of organic matter must be considered as a car
bonate source. The l i t h i f i c a t i o n process causes a considerable increase of the 
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i n o r g a n i c sedimentary m a t e r i a l and as a r e s u l t t h i s process i s l a r g e l y 
responsible f o r the observed decrease i n the r e l a t i v e amount of organic carbon 
e s p e c i a l l y i n the top layer s of the deposit. 

Individual monosaccharides 

Monosaccharides present i n the hydrolyzates are d e r i v a t i z e d and analysed 
by GLC. F i g . 2 shows a t y p i c a l example of a gas chromatogram of the a l d i t o l 
acetates. This chromatogram demonstrates the complexity of the d i s t r i b u t i o n 
of common (major) and le s s common (minor) monosaccharides released upon 
h y d r o l y s i s (Table 2). 

F i g . 3 shows the v i s u a l r e p r e s e n t a t i o n of the hydrolyzable carbohydrate 
carbon r e l a t i v e to the t o t a l organic carbon as a f u n c t i o n of depth (Table 1). 
The observed p r o f i l e shows that the r e l a t i v e composition of the organic matter 
changes w i t h depth. The decrease of the r e l a t i v e c o n t r i b u t i o n to the organic 
carbon of hydrolyzable carbohydrates can be i n t e r p r e t e d by suggesting that 
carbohydrates are (bio-)degraded or (bio-)transformed more s e l e c t i v e l y than 
other organic component c l a s s e s . On the other hand i t cannot be precluded that 
t i g h t l y bound or ( m i c r o b i a l l y ) a l t e r e d carbohydrates escape from our analyses. 
The s l i g h t l y , temporary increase of the r e l a t i v e amount of carbohydrates i n 
the s u l f i d e containing zone can be explained by opposite arguments : more 
s e l e c t i v e (bio-)degradation of non-carbohydrate organic components and/or 
b a c t e r i a l biogenesis of carbohydrate-rich organic matter, which i n turn i s 
subjected to degradation at greater depth. The r e l a t i v e c o n t r i b u t i o n to the 
organic carbon of the i n d i v i d u a l monosaccharides w i l l be discussed i n t h i s 
context. 

When the v a r i a t i o n s i n the r e l a t i v e c o n t r i b u t i o n to the organic carbon of 
the various monosaccharides (Table 1, F i g . 4) as a f u n c t i o n of depth are 
s t u d i e d , the monosaccharides can be devided i n t o four c l a s s e s . 

Class A represents glucose. Glucose shows i n i t i a l l y a very strong decrease 
u n t i l about 10 m i l l i m e t e r depth and s t a b i l i z e s at greater depth. The strong 
decrease i s thought to be mainly the r e s u l t of the disappearance of storage 
carbohydrates (cyanophycean starch) synthesized i n the top la y e r of the 
deposit. Cyanobacteria are known to accumulate polyglucose under c e r t a i n con
d i t i o n s (Lehmann and Wober, 1976; Smith, 1982). 

Class B monosaccharides rhamnose and "others". Rhamnose and the l e s s com
mon (minor) monosaccharides making up the group of "others" show a s i m i l a r 
behaviour as glucose although the i n i t i a l decrease i s much le s s d r a s t i c 
(Table 1, F i g . 4). The greater part of the minor monosaccharides are 0-methyl-
ated monosaccharides ( F i g . 2). These compounds are thought to o r i g i n a t e main
l y from gram negative ( c y a n o - ) b a c t e r i a l c e l l w a l l associated carbohydrates 
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(Klok et al., 1984) . Rhamnose and glucose are al s o w e l l known b u i l d i n g blocks 
of these carbohydrates (Hough and Richardson, 1967b; Schmidt et al. , 1980a; 
Weckesser et at., 1979). 

Hence the s i m i l a r i t y i n the i n i t i a l decrease of rhamnose and "others" (and 
p a r t l y of glucose as w e l l ) i n the top 10 m i l l i m e t e r may be i n t e r p r e t e d i n 
terms of a s e l e c t i v e degradation of these c e l l w a l l a s s o ciated carbohydrates 
when compared w i t h other carbohydrates present i n the l i v i n g top mat (except 
cyanophycean s t a r c h ) . The small and temporary increase of the c o n t r i b u t i o n of 
c l a s s B monosaccharides i n the s u l f i d e c o n t a i n i n g zone may be the r e s u l t of 
the genesis of s t r u c t u r a l carbohydrates by sulphate reducing b a c t e r i a , since 
i n t h i s p a r t of the core a completely new population of b a c t e r i a develops, 
which continue to biodegrade the organic matter s t i l l present. 

Class C monosaccharides (fucose, arabinose, x y l o s e , mannose and galactose) 
show a s l i g h t l y i n c r e a s i n g or meandering p r o f i l e ( F i g . 4) i n the top 10 m i l l i 
meter of the deposit. Their c o n t r i b u t i o n maximizes i n the s u l f i d e c ontaining 
zone. Underneath t h i s s e c t i o n the c o n t r i b u t i o n of the c l a s s C monosaccharides 
s t a b i l i z e s or s l i g h t l y decreases ( F i g . 4). This behaviour can be explained by 
suggesting that these monosaccharides mainly are part of carbohydrate s t r u c 
tures o r i g i n a t i n g from the primary (cyanobacterial) producers, w i t h a much 
higher r e s i s t a n c e towards degradation than storage carbohydrates. These more 
r e s i s t a n t carbohydrates are probably p a r t of the sheath m a t e r i a l produced by 
the o r i g i n a l cyanobacteria (Boon et al. , 1983). The environmental change (from 
o x i c to anoxic conditions) which coincides w i t h the development of a new popu
l a t i o n of (sulphate reducing) b a c t e r i a with a molecular composition probably 
enriched i n (these)carbohydrates might account f o r the temporary increase of 
the c o n t r i b u t i o n of c l a s s C monosaccharides. 

Class D comprises only r i b o s e , the c o n t r i b u t i o n of which to the organic 
carbon s l i g h t l y decreases w i t h depth (Table 1, F i g . 4 ) . Only i n 3-10 m i l l i 
meter sample a twofold r e l a t i v e c o n t r i b u t i o n i s observed compared to the two 
samples j u s t above i n d i c a t i n g a very s p e c i f i c source of r i b o s e i n t h i s 
p a r t i c u l a r sample. Ribose i s a c o n s t i t u e n t of many m e t a b o l i c a l l y important 
molecules l i k e RNA, nucleosides and NAD(P)H and i s suggested therefore to be a 
marker f o r the b i o l o g i c a l a c t i v i t y i n the samples. I t cannot be precluded how
ever that r i b i t o l , a c o n s t i t u e n t of b a c t e r i a l t e i c h o i c a c i d s , a l s o c ontributes 
to the amount of r i b o s e determined (Rogers et al., 1980). 

Minor components 

The greater part of the l e s s common monosaccharides grouped as "others" i n 
Table 1 c o n s i s t s of mono-O-methyl monosaccharides. These components present i n 
t h i s environment must o r i g i n a t e mainly from carbohydrates a s s o c i a t e d w i t h bac-
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Fig. 4. Depth profiles of the concentration of the various monosaccharides 
relative to the total organic carbon. 

t e r i a l c e l l w a l l s (Klok et al., 1984). Since these carbohydrates have a s t r a i n 
s p e c i f i c monosaccharide composition, the diagram of the 0-0.5 m i l l i m e t e r 
sample ( F i g . 5 ) , representing the l i v i n g top mat, may be i n t e r p r e t e d as a f i n 
g e r p r i n t of the ( c y a n o - ) b a c t e r i a l p o p u l a t i o n (Klok et al. , 1984). The r e l a t i o n 
of the i n d i v i d u a l minor components w i t h the organisms m i c r o s c o p i c a l l y observed 
i s not c l e a r however, since the n a t u r a l occurrence of the greater part of the 
i d e n t i f i e d monosaccharides has not (yet) been described i n the l i t e r a t u r e . 
A second problem i s the f a c t that the b a c t e r i a l communities present i n these 
sediment samples c o n s i s t of s c a r c e l y s t u d i e d species. The diagram correspon
ding w i t h the samples taken from other parts of the core ( F i g . 5) represent 
the cumulative c o n t r i b u t i o n of b a c t e r i a l populations that l i v e and have l i v e d 
i n the p a r t i c u l a r sample. 

The 0.5-3 m i l l i m e t e r sample represents the f i r s t decompositional stages 
of the c y a n o b a c t e r i a l mats. When the diagram corresponding w i t h the 0-0.5 
m i l l i m e t e r and 0.5-3 m i l l i m e t e r samples are compared ( F i g . 5) a number of 
d i f f e r e n c e s are observed. The d r a s t i c decrease i n the r e l a t i v e c o n t r i b u t i o n of 
component T (6-OMe-glucose) i s most s t r i k i n g . This component therefore must be 
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very s p e c i f i c f o r the organisms l i v i n g i n the top 0.5 m i l l i m e t e r of the mats. 
A poly-6-0-methyl glucose has been described to occur i n gram p o s i t i v e myco
b a c t e r i a i n which i t probably serves as l i p i d c a r r i e r f o r the unusually large 
and m y c o b a c t e r i a - s p e c i f i c f a t t y acids i n the c e l l ( B a l l o u , 1981). The abun
dance of component T i n the top 0.5 m i l l i m e t e r might t h e r e f o r e be r e l a t e d to 
the presence of carbohydrates w i t h s i m i l a r functions i n r e l a t e d organisms. 
Moreover the cyanophycean s t a r c h may a l s o be suggested as a p o s s i b l e o r i g i n , 
s i n c e the decrease i n the r e l a t i v e amount of t h i s component T c o i n c i d e s w i t h 
the decrease i n the amount of glucose storage polysaccharides. 

The other mono-O-methyl monosaccharides a l s o show considerable changes i n 
t h e i r r e l a t i v e c o n t r i b u t i o n s . These changes have to be a s c r i b e d d i r e c t l y to 
the decomposition of the top mat m a t e r i a l . The strong decrease i n the r e l a t i v e 
c o n t r i b u t i o n of the group "others" to the organic carbon (Table 2) c o i n c i d e s 
with these changes. Obviously the s e l e c t i v e decomposition of O-methyl monosac
charide containing carbohydrates s t a r t s immediately below the top 0.5 m i l l i 
meter. They are p a r t l y replaced by s i m i l a r carbohydrates of the newly develo
ped b a c t e r i a l p o p u l a t i o n , which are c h a r a c t e r i z e d by a d i f f e r e n t f i n g e r p r i n t 
of O-methyl monosaccharides. 

The d i f f e r e n c e s between the mono-O-methyl monosaccharide patterns of the 
0.5 - 3 m i l l i m e t e r sample and the next stages of decomposition (3 - 10 m i l l i m e 
t e r sample) as shown i n F i g . 5 are small compared to the d i f f e r e n c e s between 
those corresponding w i t h the upper two samples. The s i m i l a r i t y between the 
patterns i n d i c a t e s that the b a c t e r i a l community r e s p o n s i b l e f o r the degrada
t i o n process does not change s i g n i f i c a n t l y . The s e l e c t i v e degradation of the 
carbohydrates a s s o c i a t e d w i t h the c e l l w a l l s obviously has continued, since 
the r e l a t i v e c o n t r i b u t i o n of the group "others" f u r t h e r decreases (Table 1 , 
F i g . 4). 

The 10 - 20 m i l l i m e t e r sample represents the beginning of the s u l f i d e con
t a i n i n g zone. The increase i n the r e l a t i v e c o n t r i b u t i o n of the minor monosac
charides (Table 1) and a l s o the increase i n the t o t a l amount of hydrolyzable 
carbohydrates r e l a t i v e to the organic carbon (Table. 1, F i g . 3) i n d i c a t e a 
probable increase of the amount of c e l l w a l l associated carbohydrates from the 
newly developed population of sulphate reducing b a c t e r i a . As a r e s u l t the 10 -
20 m i l l i m e t e r mono-O-methyl monosaccharide p a t t e r n ( F i g . 5) shows la r g e d i f 
ferences when compared w i t h a l l the patterns obtained f o r the samples taken i n 
the upper part of the core. I t i s reasonable to suggest that the components 
that show a r e l a t i v e increase compared to the 3-10 m i l l i m e t e r sample (compo
nents A, B, D, E, H, J/K, P and R) mainly o r i g i n a t e from b a c t e r i a that l i v e at 
t h i s depth, since the c o n t r i b u t i o n of the minor monosaccharides ("others") i n 
creased s i g n i f i c a n t l y (Table 1, F i g . 3). The diagram of the 115-145 m i l l i m e t e r 
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sample again d i f f e r s from the pre-
ceeding sample (10-20 m i l l i m e t e r ) , 
from which i t i s separated by an anoxic 
part of about 10 centimeter length. 
This sample represents (cyano-)bac-
t e r i a l remains that have a l s o under
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of a sequence of sulphate reducing 
b a c t e r i a . 
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the non-reducing s e c t i o n . The condi
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p r e t a t i o n of the observed mono-0-me-
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( F i g . 1 and 3) there s t i l l e x i s t s a s i g n i f i c a n t v a r i a t i o n i n the d i s t r i b u t i o n 
patterns of mono-O-methyl monosaccharides ( F i g . 5). 

Since the group of le s s common monosaccharides comprises a great number of 
p o t e n t i a l markers f o r carbohydrate s t r u c t u r e s associated w i t h b a c t e r i a l c e l l 
w a l l s e.g. l i p o p o l y s a c c h a r i d e s (LPS), the v a r i a t i o n s observed i n the mono-0-
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methyl monosaccharide patterns throughout the deposit ( F i g . 5) suggest that 
these carbohydrates are subjected to a r a p i d turnover at a l l depths. Saddler 
and Wardlaw (1980) studied the d i s t r i b u t i o n of autochthonous LPS i n recent 
marine sediments and observed a r a p i d decrease w i t h depth. They als o observed 
that the carbohydrate part of allochthonous LPS incubated i n the sediment was 
r e a d i l y biodegraded. This i s i n accordance w i t h our f i n d i n g s and i t confirms 
our suggestion that b a c t e r i a i n the sediment column are a c t i v e i n transforming 
and/or m i n e r a l i z i n g the carbohydrates associated w i t h c e l l w a l l s o r i g i n a t i n g 
from b a c t e r i a of previous populations. Because i n general only a minor part of 
the LPS c o n s i s t s of O-methylated and other s p e c i f i c monosaccharides and the 
major part i s formed by other n e u t r a l , but l e s s s t r a i n s p e c i f i c , monosaccha
r i d e b u i l d i n g b l o c k s , the l a t t e r must be subjected to a r a p i d turnover a l s o . 

CONCLUSIONS 

From the data discussed above i t i s c l e a r that i n the Solar Lake deposit a 
number of carbohydrate categories may be d i s t i n g u i s h e d . 

Category I carbohydrates comprise the storage carbohydrates, which are ge
nerated i n r e l a t i v e l y large amounts i n the top mat and which are r e a d i l y de
graded. 

Category II carbohydrates comprise the remaining (non-storage), mainly 
s t r u c t u r a l carbohydrates b i o s y n t h e s i z e d i n the top mat. Among t h i s category 
carbohydrates associated with b a c t e r i a l c e l l w a l l s are i n c l u d e d , e.g. l i p o p o -
l y s a c c h a r i d es which appear to be s u s c e p t i b l e to a r a p i d turnover. The more 
r e s i s t a n t part of the category I I carbohydrates o r i g i n a t e s from other s t r u c 
t u r a l carbohydrates as present e.g. i n the sheath of Mierocoleus. This r e s i s 
tance might be enhanced by p r e s e r v a t i o n due to l i t h i f i c a t i o n , henceforth 
i n h i b i t i n g f u r t h e r m i c r o b i a l decomposition. 

Category I I I carbohydrates are the carbohydrates formed by the b a c t e r i a 
that are l i v i n g on the remains of the c y a n o b a c t e r i a l mats. This category com
p r i s e s apart from the carbohydrates c h a r a c t e r i z e d by a r a p i d turnover (e.g. 
l i p o p o l y s a c c h a r i d e s ) also more s t a b l e s t r u c t u r a l carbohydrates. The l a t t e r 
could a l s o be prevented from biodégradation by the p r e s e r v a t i v e l i t h i f i c a t i o n 
process. 

The present data show that carbohydrates i n the s t r o m a t o l i t i c Solar Lake 
deposits represent a s i g n i f i c a n t p art of the organic matter, a l s o a f t e r a 
period of 2400 years. Carbohydrates w i t h a high p o t e n t i a l to become p a r t of 
the organic matter that survives g e o l o g i c a l periods o r i g i n a t e from the r e s i s 
tant s t r u c t u r e s among the categories I I and I I I . Since high amounts of s p e c i 
f i c carbohydrate p y r o l y s i s products are generated from the samples under 
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i n v e s t i g a t i o n (Boon et at., 1983) and a l s o from kerogens derived from f o s s i l 
s t r o m a t o l i t e s (Zumberge and Nagy, 1979; Nagy, 1976; Nagy et al. , 1977; Sklarew 
and Nagy, 1979) these r e s i s t a n t s t r u c t u r e s may be suggested to be precursors 
f o r the carbohydrates thought to be present i n ancient s t r o m a t o l i t e s . 

REFERENCES 

Albersheim P., Nevins D.J., E n g l i s h P.D. and Karr A. (1967) A method f o r the 
a n a l y s i s of sugars i n pla n t c e l l - w a l l polysaccharides by g a s - l i q u i d 
chromatography. Carbohydr. Res. 5_, 340-345. 

B a l l o u C.E. (1981) S p e c i f i c i n t e r a c t i o n of mycobacterial polymethylpolysaccha-
r i d e s w i t h long-chain f a t t y acids and acoyl-coenzyme A d e r i v a t i v e s . 
Pure Appl. Chem. 5_3, 107-112. 

Boon J . J . and de Leeuw J.W. (1983) E a r l y s t r o m a t o l i t e l i t h i f i c a t i o n - Organic 
geochemical aspects. In Biomineralization and Biological Metal Accumula
tion (eds P. Westbroek and E.W. de Jong ) pp. 327-334. R e i d e l . 

Boon J . J . , Hines H., Burlingame A.L., Klok J . , R i j p s t r a W.I.C., de Leeuw J.W., 
Edmunds K.E. and E g l i n t o n G. (1983) Organic geochemical studies of Solar 
Lake laminated c y a n o b a c t e r i a l mats. I n Advances in Organic Geochemistry 
1981 (eds. M. Bjortfy et a l . ) , pp. 207-227. Wiley. 

Cohen Y., Krumbein W.E., Goldberg M. and S h i l o M. (1977) Solar Lake ( S i n a i ) . I . 
P h y s i c a l and chemical limnology. Lirnnol. Oceanogr. 22, 597-609. 

Dutton G.G.S. (1973) A p p l i c a t i o n s of g a s - l i q u i d chromatography to carbohydra
tes : P a r t I . I n Advances in Carbohydrate Chemistry and Biochemistry 
(eds R.S. Tipson and Horton D.) V o l . 28, pp. 12-101. Acad. Press. 

Golubic S. (1983) S t r o m a t o l i t e s , f o s s i l and recent : A case h i s t o r y . In 
Biomineralization and Biological Metal Accumulation (eds P. Westbroek and 
E. W. de Jong) pp. 313-326. R e i d e l . 

Grob K. and Grob K. J r . (1978) On-column i n j e c t i o n on to glass c a p i l l a r y 
columns. J. Chromatogr. 151, 311-320. 

Hough L. and Richardson A.C. (1967a) Penta-, hexa- and higher p o l y h y d r i c a l c o 
h o l s . I n Rodd's Chemistry of Carbon Compounds (ed S. Coffey) V o l . 1, Part 
F, Chap. 22, pp. 1-66. E l s e v i e r . 

Hough L. and Richardson A.C. (1967b) The monosaccharides : pentoses, hexoses, 
heptoses and higher sugars. In Rodd's Chemistry of Carbon Compounds (ed S. 
Coffey) V o l . 1, Part F, Chap. 23, pp. 67-595. E l s e v i e r . 

Jansson P.-E., Kenne L., Liedgren H., Lindberg B. and Lonngren J . (1976) 
A p r a c t i c a l guide to the methylation a n a l y s i s of carbohydrates. Chem. 
Commun. (Stockholm Univ.) No. 8. 

Klok J . , Cox H.C., Baas M. , Schuyl P.J.W., de Leeuw J.W. and Schenck P.A. 
(1984) Carbohydrates i n recent marine sediments I . O r i g i n and s i g n i f i c a n c e 
of deoxy- and 0-methyl monosaccharides. Org. Geochem. i n press. 

Klok J . , Cox H.C., de Leeuw J.W. and Schenck P.A. (1982) A n a l y s i s of s y n t h e t i c 
mixtures of p a r t i a l l y methylated a l d i t o l acetates by c a p i l l a r y gas chroma
tography, gas chromatography-electron impact mass spectrometry and gas 
chromatography-chemical i o n i z a t i o n mass spectrometry. J. Chromatogr. 253, 
55-64 

Klok J . , Nieberg-van Velzen E.H. , de Leeuw J.W. and Schenck P.A. (1981) 
C a p i l l a r y gas chromatographic separation of monosaccharides as t h e i r 
a l d i t o l acetates. J. Chromatogr. 207, 273-275. 



82 

Krumbein W.E. and Cohen Y. (1974) Biogene, k l a s t i s c h e und e v a p o r i t i s c h e S e d i 
mentation i n einem mesothermen monomiktischen ufernahen See (Golf von 
Aqaba). Geol. Rundsch. 63, 1035-1065. 

Krumbein W.E., Cohen Y. and S h i l o M. (1977) Solar Lake ( S i n a i ) 4: S t r o m a t o l i -
t i c c y a n o b a c t e r i a l mats. Limnol. Oceanogr. 22_, 635-657. 

Laine R.A. (1981) Enhancement of d e t e c t i o n f o r p a r t i a l l y methylated 
a l d i t o l acetates by chemical i o n i z a t i o n mass spectrometry. Anal. Bioohem. 
116, 383-388. 

Lehmann M. and Wober G. (1976) Accumulation, m o b i l i z a t i o n and turnover of 
glycogen i n the blue-green bacterium Anacystis nidulans. Arch. Microbiol. 
I l l , 93-97. 

McNeil M. and Albersheim P. (1977) C h e m i c a l - i o n i z a t i o n mass spectrometry of 
methylated h e x i t o l acetates. Carbohydr. Res. 56, 239-248. 

Mopper K. (1977) Sugars and uronic acids i n sediment and water from the Black Sea 
and North Sea with emphasis on a n a l y t i c a l techniques . Mar. Chem. 5, 585-603. 

Nagy B. (1976) Organic geochemistry on the young e a r t h . E v o l u t i o n a r y trends be
tween 3800 m.y. and 2400 m.y. ago. Naturwis sens aha ƒ'ten 6J3, 499-505. 

Nagy B., Nagy L.A., Zumberge J.E., Sklarew D.S. and Anderson P. (1977) I n d i c a 
t i o n s of a b i o l o g i c a l and biochemical e v o l u t i o n a r y trend during the 
Archean and e a r l y P r o t e r o z o i c . Precambr. Res. 5_, 109-120. 

P i e t e r s H.A.J. (1948) Notes on a n a l y t i c a l procedures. I . Determination of 
carbon d i o x i d e . Anal. Chim. Acta 2_, 263-269. 

Rogers H.J., Perkins H.R. and Ward J.B. (1980) A d d i t i o n a l polymers i n b a c t e r i a l 
w a l l s . In Microbial Cell Wall and Membranes. Chap. 7, pp. 215-238. Chapman 
and H a l l . 

Saddler J.N. and Wardlaw A.C. (1980) E x t r a c t i o n , d i s t r i b u t i o n and biodégrada
t i o n of b a c t e r i a l l i p o p o l y s a c c h a r i d e s i n estuarine sediments. Anton. Leeu-
wenhoek J. Microbiol. Serol. 4_6, 27-39. 

Schmidt W., Drews G., Weckesser J.,Fromme I. and Borowiak D. (1980a) 
C h a r a c t e r i z a t i o n of the l i p o p o l y s a c c h a r i d e s from e i g h t s t r a i n s of the 
cyanobacterium Synechocoecus. Arch. Microbiol. 127, 209-215. 

Schmidt W., Drews G., Weckesser J . and Mayer H. (1980b) Lipopolysaccharides i n 
four s t r a i n s of the u n i c e l l u l a r cyanobacterium Synechocystis. Arch. 
Microbiol. J_27, 217-222. 

Sklarew D.S. and Nagy B. (1979) 2,5-Dimethylfuran from 2.7xl0 9 years o l d 
Rupemba-Belingwe s t r o m a t o l i t e , Rhodesia : Oldest p o t e n t i a l evidence f o r 
remnants of carbohydrates. Proa. Natl. Acad. Sci. USA 76_, 10-14. 

Smith A.J. (1982) Modes of cy a n o b a c t e r i a l carbon metabolism. In The Biology of 
Cyanobacteria (eds N.G. K a r r and B.A. Whitton) B o t a n i c a l Monographs V o l . 
19, Chap. 3, pp. 47-85. B l a c k w e l l . 

T o r e l l o L.A., Yates A.J. and Thompson D.K. (1980) C r i t i c a l study of the 
a l d i t o l acetate method f o r q u a n t i t a t i n g small q u a n t i t i e s of hexoses and 
hexosamines i n g a n g l i o s i d e s . J. Chromatogr. 202, 195-209. 

Weckesser J . , Drews G. and Mayer H. (1979) Lipopolysaccharides of photosynthe-
t i c prokaryotes. Ann. Rev. Microbiol. 33, 215-239. 

Zumberge J.E. and Nagy B. (1975) A l k y l s u b s t i t u t e d c y c l i c ethers i n 2300 Myr 
o l d Transvaal a l g a l s t r o m a t o l i t e . Nature 2 5 5 , 6 9 5 - 6 9 6 . 



83 

CHAPTER 7 

THE MODE OF OCCURRENCE OF L I P I D S IN A NAMIBIAN SHELF 
DIATOMACEOUS OOZE WITH EMPHASIS ON THE 8-HYDROXY FATTY ACIDS * 

J . Klok, M. Baas, H.C. Cox, J.W. de Leeuw, W.I.C. R i j p s t r a and P.A. Schenck 

D e l f t U n i v e r s i t y of Technology 
Department of Chemistry and Chemical Engineering 
Organic Geochemistry Unit 
De V r i e s van Heystplantsoen 2 
2628 RZ D e l f t , The Netherlands 

ABSTRACT 

L i p i d s present i n a recent marine sediment sample are e x t r a c t e d , d e r i v a -
t i z e d and analysed by GC and GCMS, without any preseparation. This method 
o f f e r s the p o s s i b i l i t y f o r the simultaneous determination of various classes 
of l i p i d s . By means of s e l e c t i v e treatments p r i o r to the t o t a l l i p i d e x t r a c 
t i o n , we are able to speculate about the mode of occurrence i n the sediment 
and about the o r i g i n of i n d i v i d u a l l i p i d s r e l e a s e d . The s i g n i f i c a n t c o n t r i 
b u t i o n and the s t r u c t u r a l features of the B-hydroxy f a t t y acids among the 
l i p i d s released a f t e r a c i d treatment p o i n t to the presence of b a c t e r i a l c e l l 
w a l l m a t e r i a l i n the sediment sample. This suggestion i s supported by a 
separate i s o l a t i o n of b a c t e r i a l c e l l w a l l l i p o p o l y s a c c h a r i d e . 

*Submitted f o r p u b l i c a t i o n to Organic Geochemistry 
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INTRODUCTION 

As a part of an i n v e s t i g a t i o n on the composition and o r i g i n of the t o t a l 
organic matter i n a recent marine sediment we intend the release and i d e n t i 
f i c a t i o n of a maximum amount of the organic carbon. For t h i s purpose a 
Namibian Shelf diatomaceous ooze sample i s ext r a c t e d subsequently w i t h water 
and a c i d of i n c r e a s i n g concentration. The organic compounds thus released are 
fu r t h e r analysed f o r the presence of component classes e.g. amino a c i d s , 
monosaccharides, v o l a t i l e f a t t y acids and l i p i d s (Klok et at., i n press A). 

L i p i d s present i n residues and e x t r a c t s are analysed separately according 
to the s l i g h t l y modified " t o t a l l i p i d " procedure, p r e v i o u s l y described by 
de Leeuw et at. ( i n p r e s s ) . The a p p l i c a t i o n of t h i s p a r t i c u l a r procedure 
o f f e r s the p o s s i b i l i t y to study simultaneously various classes of l i p i d s 
without the intervenience of TLC or other types of preseparations. I n t h i s 
way one can study the r e l a t i v e q u a n t i t i e s i n which not only the various i n d i 
v i d u a l l i p i d s , but als o the various classes of l i p i d s occur i n a sample. By 
studying the t o t a l l i p i d s present i n both water- and a c i d e x t r a c t s and i n 
residues before and a f t e r e x t r a c t i o n , we are able to speculate about the mode 
of occurrence of i n d i v i d u a l l i p i d s i n the sedimentary m a t e r i a l and consequent
l y about t h e i r o r i g i n . 

In t h i s study a considerable amount of B-hydroxy f a t t y acids i s encoun
tered among the t o t a l l i p i d s r e l e a s a b l e from residues a f t e r a c i d treatment, 
i n d i c a t i n g an amide type l i n k a g e . Since amide bound B-hydroxy f a t t y acids are 
strong i n d i c a t o r s f o r b a c t e r i a l c e l l w a l l m a t e r i a l and because of t h e i r 
cooccurrence with other s p e c i f i c components as s o c i a t e d w i t h these w a l l s e.g. 
O-methylated-, deoxy monosaccharides and heptoses (Klok et at. , i n press B ) , 
we suggest the presence of b a c t e r i a l c e l l w a l l m a t e r i a l i n the sediment sample. 
This suggestion i s supported by a separate i s o l a t i o n of a high molecular 
weight substance, which upon h y d r o l y s i s reveals to c o n s i s t of B-hydroxy- and 
other f a t t y acids and monosaccharides s p e c i f i c f o r b a c t e r i a l c e l l w a l l l i p o -
p olysaccharides. 

EXPERIMENTAL 

Sediment samples from the Namibian Shelf were c o l l e c t e d on a c r u i s e during 
December 1968 - January 1969 (Eisma, 1969). The KD6 core (22°30'S 14°05.7'E), 
sampled underneath a water column of 106 m, was sectioned and stored at -20°C 
u n t i l use. The 40-75 cm s e c t i o n used f o r t h i s study was homogenized and 
l y o p h i l i z e d p r i o r to e x t r a c t i o n as o u t l i n e d i n F i g . 1. A b r i e f summary of the 
e x t r a c t i o n procedure i s given below; d e t a i l s w i l l be published elsewhere (Klok 
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et al. , i n press A ) . The dry s t a r t i n g m a t e r i a l was r e f l u x e d w i t h water during 
69 hours. A f t e r c o o l i n g the suspension was c e n t r i f u g e d during 10 minutes at 
2700 g and the supernatant and se v e r a l washings were f i l t e r e d over a G4 
f i l t e r . The residue (R2) was l y o p h i l i z e d and r e f l u x e d w i t h 2N HC1 during 22 
hours. A f t e r s e p a r a t i o n of the e x t r a c t and s e v e r a l washings w i t h water, the 
residue was l y o p h i l i z e d . S i m i l a r l y residue R3 and a l s o the s t a r t i n g m a t e r i a l 
(Rl) were r e f l u x e d w i t h 6N HC1 during 24 hours and treated as described above. 

Namibian Shelf 
diatomaceous 

ooze 

R l 

lyophilization 

MeOH/ CH2C12 

H2O , reflux 

R2 

2N H C l 

E 2 

reflux 

R 3 

6N HCl 

£ 

E 3 

reflux 6N HCl, 

phenols/water 

RV 

E l 

E1 

reflux 

R4 E i R 5 E 5 

G PC 

Fig. 1. Extraction scheme (R - residue , E = extract , LPS = lipopolysaacharide) 

Total lipids in residues 

The procedure f o r the determination of t o t a l l i p i d s i s sch e m a t i c a l l y pre
sented i n F i g . 2. About 200 mg of the l y o p h i l i z e d s t a r t i n g m a t e r i a l (Rl) and 
residues R2 - R5 each were s a p o n i f i e d i n 4 ml IN KOH i n 96% methanol under 
r e f l u x during 1 hour. A f t e r c e n t r i f u g a t i o n (5 minutes, 3600 g) the supernatant 
was t r a n s f e r r e d i n t o a separatory funnel. The residue was washed w i t h 4 ml of 
2N HCl i n water/methanol (1:1), water/methanol (1:1), dry methanol (two times) 
and w i t h dichloromethane (three times) subsequently. The combined e x t r a c t and 
washings (pH ̂ 3) were phase separated by a d d i t i o n of about 5 ml of a saturated 
s o l u t i o n of NaCl i n water. The dichloromethane la y e r was separated and the 
water l a y e r was washed twice w i t h dichloromethane. The combined dichlorometha
ne e x t r a c t s containing the t o t a l l i p i d s were washed w i t h water, d r i e d on anhy
drous Na2S0it and evaporated to dryness under n i t r o g e n . Free carboxyl groups 
were e s t e r i f i e d w i t h diazomethane i n d i e t h y l ether. Free hydroxyl groups were 
s i l y l a t e d using T r i s i l - Z ( P i e r c e ) . A f t e r d e r i v a t i z a t i o n the l i p i d sample was 
d i l u t e d w i t h cyclohexane/pyridine/HMDS (98:1:1) and chromatographed w i t h t h i s 
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dry 
sample 

IN KOH/96%MeOH, reflux, 1 hour 

Residue Extract 1 

2N HQ/50% MeOH 
Extract 2 Extract 2 

50% MeOH 50% MeOH 
Extract 3 Extract 3 

100% MeOH 
IP 

100% MeOH 
Extract 4 Extract 4 

100% MeOH 100% MeOH 
Extract 5 Extract 5 

C H 2 C l 2 C H 2 C l 2 

Extract 6 Extract 6 

C H 2 C l 2 C H 2 C l 2 

Extract 7 Extract 7 

C H 2 C l 2 C H 2 C l 2 

Extract 8 

phase separation 

(saturated NaCl solution) 

C H 2 C l 2 

layer 

CH 2 N 2 

Trisil-Z 
•GC/MS 

Residue 

Fig. 2. Schematic representation of the procedure for determination of 
total lipids. 

eluent over L i p i d e x 5000 (Packard) i n order to remove very p o l a r compounds. 
The r e s u l t i n g s o l u t i o n was concentrated and analysed by c a p i l l a r y gas chroma
tography and c a p i l l a r y gas chromatography-mass spectrometry. 

Free l i p i d s present i n the s t a r t i n g m a t e r i a l (Rl) were e x t r a c t e d w i t h 
methanol and dichloromethane as described by B l i g h and Dyer (1959). A l i q u o t s 
of the e x t r a c t thus obtained were evaporated to dryness under n i t r o g e n and 
d e r i v a t i z e d a.: as such , b_: a f t e r s a p o n i f i c a t i o n w i t h IN KOH and c\ a f t e r 
h y d r o l y s i s w i t h AN HC1 i n a sealed glass ampoule at 100°C during 6 hours and 
subsequent s a p o n i f i c a t i o n w i t h IN KOH. 

To t a l l i p i d s i n the residue a f t e r phenol/water e x t r a c t i o n (R'') were 
analysed a f t e r steam d i s t i l l a t i o n and l y o p h i l i z a t i o n of t h i s residue p r i o r to 
h y d r o l y s i s w i t h 4N HC1 and s a p o n i f i c a t i o n w i t h IN KOH as described above. 

Total lipids in extracts 

An a l i q u o t of the water e x t r a c t (E2) was l y o p h i l i z e d , s a p o n i f i e d w i t h IN 
KOH i n methanol and d e r i v a t i z e d as described above. A f t e r the pH of the a c i d 
e x t r a c t s E3 - E5 was adjusted to ̂ 3 using NaOH, the l i p i d s were ext r a c t e d w i t h 
dichloromethane (two times). The dichloromethane e x t r a c t was evaporated to 
dryness under n i t r o g e n and s a p o n i f i e d as described above. 

Gas chromatography and gas chromatography-mass spectrometry 

Gas chromatography was c a r r i e d out on a Carlo Erba 4160 instrument 
equipped w i t h a flame i o n i z a t i o n d e t e c t o r , an on-column i n j e c t i o n system 
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(Grob and Grob, 1978) and a glass c a p i l l a r y column coated with SE52 (20 m, 
I.D. 0.32 mm). Helium was used as the c a r r i e r gas. Samples i n dichloromethane 
or e t h y l acetate were i n j e c t e d at 125 °C and the temperature was programmed at 
4 °C per minute to 310 °C. 

Gas chromatography-mass spectrometry was c a r r i e d out using a Varian 3700 
gas chromatograph connected to a V a r i a n Mat 44 quadrupole mass spectrometer 
operated at 80 eV. 

I s o l a t i o n of lipopolysaccharide (LPS) 

The experimental conditions for the i s o l a t i o n and component a n a l y s i s of 
sedimentary LPS were p r e v i o u s l y tested using l y o p h i l i z e d Escherichia coli MRE 
600 c e l l s according to the procedure described by Westphal and Jann (1965) 
with some m o d i f i c a t i o n s . 

5 g of the dry residue R l ' ( F i g . l ) or 0.7 g dry E. c o l i c e l l s were suspen
ded i n 100 ml (30 ml i n the case of E. c o l i ) 45% phenol/water (v/v) at 68 - 70 
°C. The mixture was s t i r r e d v i g o r o u s l y during 25 minutes at t h i s temperature, 
cooled on i c e u n t i l the temperature was below 10 °C and c e n t r i f u g e d at 2700 g 
f o r 30 minutes to o b t a i n optimal phase separation. A f t e r separation of the 
water phase the remaining residue and phenol la y e r were washed with water by 
s t i r r i n g at 68 - 70 °C as described above. The combined water phases were con
centrated at reduced pressure and chromatographed on B i o - g e l P10 (100-200 mesh 
34 cm, I.D. 1.2 cm) using 0.05M NH4Ac b u f f e r (pH 7-8) as eluent. The r e f r a c 
t i v e index of the eluate was recorded using a Waters-R401 RI-detector. The 
high molecular weight f r a c t i o n (mol. w. > 10.000 D) was c o l l e c t e d . A f t e r the 
a d d i t i o n of ^30 ug RNasel (Boehringer), a c t i v a t e d i n 0.9% NaCl f o r 10 minutes 
at 80 °C, the RNA p o s s i b l y present was fragmented during incubation at 37 °C 
f o r 1 hour. The r e s u l t i n g s o l u t i o n was concentrated and chromatographed on the 
B i o - g e l P10 column as described above. The high molecular weight f r a c t i o n was 
c o l l e c t e d and evaporated to dryness under reduced pressure. 

RESULTS 

L i p i d s present i n the residues and e x t r a c t s ( F i g . 1) are analysed by the 
t o t a l l i p i d procedure s c h e m a t i c a l l y presented i n F i g . 2. Based on s i m i l a r i t i e s 
i n the d i s t r i b u t i o n of i n d i v i d u a l l i p i d s and l i p i d d e r i v a t i v e s the chromato-
grams of t o t a l l i p i d s are categorized i n t o three d i s t i n c t types. F i g . 3 shows 
the gas chromatograms of t y p i c a l r e p r e s e n t a t i v e s of each type : s t a r t i n g 
m a t e r i a l (Rl) and residue R2 (Rl shown, F i g . 3a), residues a f t e r a c i d t r e a t 
ment R3, R4 and R5 (R5 shown, F i g . 3b) and the e x t r a c t s E2, E3, E4 and E5 (E3 
shown, F i g . 3c). The d i s t r i b u t i o n of l i p i d s and l i p i d d e r i v a t i v e s obtained 
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a f t e r AN HC1 h y d r o l y s i s of residue R l ' ' i s very s i m i l a r to those obtained from 
the other residues a f t e r a c i d treatment ( F i g . 3b). I d e n t i f i c a t i o n s of the peaks 
i n d i c a t e d i n F i g . 3 are given i n Table 1. 

c 
12 

Fig. 3. Gas chromatograms of total lipids obtained from : a starting material 
Rl, b_ residue R5 and c_ extract E3. Peak numbers correspond to the 
identifications given in Table 1. 

P r i o r to the i s o l a t i o n of l i p o p o l y s a c c h a r i d e s from the sediment sample the 
experimental c o n d i t i o n s are t e s t e d using Escherichia c o l i MRE 600 c e l l s . 
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Table 1. Identifications of the components indicated in Figs. 3 and 4 

nr. i d e n t i f i c a t i o n 1 nr. i d e n t i f i c a t i o n 1 

l' i-C12:0-FA 34 phytanic a c i d 2 

2 n-C12:0-FA 35 n-C18:0-FA 
3 d i h y d r o a c t i n i d i o l i d e 36 n-C16:0-BOH-FA 
4 n-C13:0-FA 37 C16-thiophene 3 

5 n-C10:0-diFA 38 n-C18:0-OH 
6 i-C14:0-FA 39 i-C19:0-FA 
7 i-C12:0-BOH-FA 40 ai-C19:0-FA 
8 n-C14:0-FA 41 p h y t o l 
9 n-C12:0-6OH-FA 42 i-C17:0-B0H-FA 
10 i s o - l o l i o l i d e 43 ai-C17:0-B0H-FA 
1 1 n-C14:0-OH 44 n-C19:0-FA 
12 l o l i o l i d e 45 n-C17:0-BOH-FA 
13 i-C15:0-FA 46 n-C20:0-FA 
14 ai-C15:0-FA 47 n-C18:0-BOH-FA 
15 i-C13:0-B0H-FA 48 n-C21:0-FA 
16 ai-C13:0-BOH-FA 49 n-C20:0-BOH-FA 
17 n-C15:0-FA 50 n-C22:0-FA 
18 n-C13:0-BOH-FA 51 n-C22:0-BOH-FA 
19 hexahydrofarnesylacetone 52 n-C24:0-FA 
20 i-C16:0-FA 53 n-C24:0-BOH-FA 
21 i-C14:0-BOH-FA 54 n-C26:0-FA 
22 n-C16:2-FA 55 cholesta-5,22-dien-3B-ol 
23 n-C16:1-FA 56 n-C28:0-FA 
24 n-C16:0-FA 57 cholest-5-en-3B-ol 
25 n-C14:0-B0H-FA 58 5-a(H)-cholestan-3B-ol 
26 n-C16:0-0H 59 24-methy1cholesta-5,22-dien-3B _ol 
27 i + ai-C17:0-FA 60 24-methylcholesta-5,24(28)-dien-3B-ol 
28 i-C15:0-B0H-FA 61 24-methylcholest-5-en-3B-ol 
29 ai-C15:0-BOH-FA 62 23,24-dimethylcholesta-5,22-dien-3B-ol 
30 n-C17:0-FA 63 24-ethy1cholesta-5,22-dien-3B-ol 
31 n-C15:0-BOH-FA 64 24-ethylcholest-5-en-3B-ol 
32 unknown 65 24-ethyl-5a(H)-cholestan-3B-ol 
33 i-C16:0-BOH-FA 66 4,23,24-trimethylcholest-22-en-3B-ol 
1 a c i d f u n c t i o n s are e s t e r i f i e d w i t h methanol ; h y d r o x y l f u n c t i o n s are 

e t h e r i f i e d w i t h t r i m e t h y l s i l y l groups 
2 t e n t a t i v e i d e n t i f i c a t i o n 
3 t e n t a t i v e i d e n t i f i c a t i o n ; mass spectrum described by van Graas (1982) 

A high molecular weight f r a c t i o n from these c e l l s i s obtained, which upon 
h y d r o l y s i s reveals to c o n s i s t of monosaccharides, f a t t y acids and g-hydroxy 
f a t t y acids as p r e v i o u s l y described by Wilkinson (1977). Since no ri b o s e 
i s detected among the n e u t r a l monosaccharides r e l e a s e d , the RNase d i g e s t i o n 
i s supposed to be e f f e c t i v e . The high molecular weight f r a c t i o n obtained 
the sediment sample a f t e r GPC of the water phase of the phenol/water e x t r a c t 
i s hydrolysed w i t h 0.5N s u l p h u r i c a c i d . The monosaccharides thus released 
are analysed as t h e i r a l d i t o l acetates (Klok et at., i n press B). Rhamnose, 
arabinose, x y l o s e , mannose, ga l a c t o s e , glucose and one heptose are encounte
red. The l i p i d f r a c t i o n of the high molecular weight f r a c t i o n obtained a f t e r 
h y d r o l y s i s i n 4N HC1 and subsequent s a p o n i f i c a t i o n i n IN KOH and d e r i v a t i z a -
t i o n i s shown i n F i g . 4. I d e n t i f i c a t i o n s of major peaks i n d i c a t e d i n t h i s 
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chromatogram are given i n Table 1. Peaks A (n-Cl4:1-FAMe), B (n-Cl4:0-BOH(free) 
FAMe) and C (n-C14:0-B0H(acetyl)-FAMe) are the r e s u l t of p a r t i a l l o s s of water 
or the s i l y l group or e s t e r i f i c a t i o n with a c e t i c a c i d of the abundant n-C14:0-
BOH-FA r e s p e c t i v e l y . Minor f a t t y a c i d s , not i n d i c a t e d i n F i g . 4 but a l s o iden
t i f i e d , are the f a t t y acids n-C14:0 and n-C17:0 and the BOH-fatty acids 
n-C12:0, n-C13:0, n + i + ai-CI 5:0 , n + i - C I 6 : 0 , i + ai-C17:0 and n+i-C18:0. 

The r e s u l t s of the t o t a l l i p i d analyses of residues and e x t r a c t s mentioned 
i n F i g . 1 are b r i e f l y summarized i n Table 2. 

Fig. 4. Gas chromatogram of the lipids obtained from the high molecular 
weight f r a c t i o n isolated from the sediment by extraction with 
phenol /water. Peak numbers correspond to the identifications 
given in Table 1 ; A: n-C14:1-FAMe, B: n-C14:0-&OH(free)-FAMe 
and C: n-C14:0-WB(acetyl)-FAMe. 

DISCUSSION 

As i n most other recent marine sediment samples the major c l a s s e s of 
l i p i d s observed i n the t o t a l l i p i d chromatogram obtained from the Namibian 
Shelf diatomaceous ooze comprise a c i d s , a l c o h o l s and s t e r o l s . A d d i t i o n a l l y 
s e v e r a l l o l i o l i d e type lactones are i d e n t i f i e d (Klok et al., submitted). The 
l i p i d c l asses observed among the t o t a l l i p i d s obtained from the s t a r t i n g 
m a t e r i a l (Rl) and the residue R2 ( F i g . 3a) are al s o observed i n the t o t a l 
l i p i d traces corresponding to the residues a f t e r a c i d treatment (R3-R5, F i g . 
3b). However, ph y t o l and the l o l i o l i d e s , major components among the t o t a l 
l i p i d s derived from the residues before a c i d treatment, have disappeared. 
B-Hydroxy f a t t y a c i d s , not detected i n the gas chromatograms of the t o t a l 
l i p i d s from the residues before a c i d treatment, c o n t r i b u t e s i g n i f i c a n t l y to 
the amount of l i p i d m a t e r i a l e x t r a c t a b l e from the residues a f t e r a c i d t r e a t 
ment ( F i g . 3b). 

25 

t (min)-. 20 10 0 
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Table 2. Overall results of the total lipid analyses of residues and extracts 
mentioned in Fig. 1. 

sample treatments 1 FA 2 0OH-FA3 n-alcohols phytol s t e r o l s l o l i o l i d e s 

Rl (-),IN KOH + + t i + +++ ++ ++ 
R2 (H 20),IN KOH + + tr + +++ ++ ++ 
R3 (H20,2N HC1),IN KOH +'•++• ++ + - ++ + 
R4 (H20,2N HC1,6N HC1),IN KOH + ++ + + + - + -R5 (6N HC1),IN KOH + ++ + + + - + -
Rl ' 1 (MeOH/CH 2Cl 2,phenol/water),4N HCl,IN KOH +-f+ + -
El (-)," + - - - • + +++ 
El £-),IN KOH + + - - +++ + ++ 
El (-),4N HCl, IN KOH - + ++ + 
E2 (H 20),IN KOH + - + - - +++ 
E2 (H 20),4N HC1,IN KOH + - + - - +++ 
E3 (2N HCl),IN KOH + t r tr - - +++ 
E4 (6N HCl),IN KOH + t r - - +++ 
E5 (6N HCl),IN KOH + tr _ - - +++ 
LPS (phenol/water,GPC),IN HCl +++ + - - -
LPS (phenol/water,GPC),4N HCl,IN KOH +++ - - -

1 treatments i n parentheses are i n d i c a t e d i n F i g . I + a r b i t r a r y units (+ = present, ++ = abundant, 
2 FA = f a t t y acids +++ = predominant) 
3 BOH-FA = B-hydroxy f a t t y acids - not detected 
4 encountered as phytadienes t r trace amount detected 

D i h y d r o a c t i n i d i o l i d e , i s o l o l i o l i d e and l o l i o l i d e , stepwise released by 
e x t r a c t i o n w i t h water and a c i d , are recovered from the e x t r a c t s . P h y t o l how
ever i s not recovered as such a f t e r a c i d treatment, n e i t h e r from the a c i d 
e x t r a c t s , nor from the corresponding residues (Table 2). P h y t o l i s therefore 
thought to be dehydrated to form phytadienes and phytadiene polymers (de Leeuw 
1974; L a r t e r et al., 1983) no longer amenable f o r component a n a l y s i s . 

The r e s u l t s of the t o t a l l i p i d analyses summarized i n Table 2 r e v e a l that 
d i h y d r o a c t i n i d i o l i d e and the l o l i o l i d e s are the main free l i p i d s present i n 
the sediment sample, si n c e they are observed as p r i n c i p l e components a f t e r 
d i r e c t e x t r a c t i o n of the s t a r t i n g m a t e r i a l (Rl) with MeOH/CH2Cl2 followed by 
d e r i v a t i z a t i o n . F a t t y acids and s t e r o l s are a l s o encountered among the f r e e 
l i p i d s . 

E s t e r l i n k e d l i p i d s , r e l e a s e d from the residues by s a p o n i f i c a t i o n w i t h 
methanolic KOH, mainly c o n s i s t of phy t o l and other a l c o h o l s , f a t t y acids and 
s t e r o l s . 

Only traces of g-hydroxy f a t t y acids are encountered among the t o t a l 
l i p i d s obtained from the non-acid t r e a t e d samples. A c i d t r e a t e d samples, on 
the contrary show a r e l a t i v e abundance of 8-hydroxy f a t t y acids among the 
t o t a l l i p i d s (Table 2 ) . Previous reports d e a l i n g w i t h the a n a l y s i s of 8-hydro
xy f a t t y acids i n recent sediments mention heating under n i t r o g e n , harsher 
(Kawamura and I s h i w a t a r i , 1982) or prolonged s a p o n i f i c a t i o n w i t h base (Cardoso 
and E g l i n t o n , 1983) or a c i d h y d r o l y s i s (Cranwell, 1981; Parker et al. , 1982) 
preceeding the l i p i d e x t r a c t i o n f o r a b e t t e r recovery of the sedimentary 
6-hydroxy f a t t y a c i d s . This behaviour can be explained by suggesting an amide 
type linkage of these a c i d s , because the amide bond i s more slowly hydrolysed 
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w i t h base. Amide l i n k e d g-hydroxy f a t t y acids are known to occur i n various 
l i p i d c o n t a i n i n g s t r u c t u r e s a ssociated w i t h b a c t e r i a l c e l l w a l l s e.g. l i p o p o l y -
saccharides and o r n i t h i n e c o n t a i n i n g l i p i d s ( L e c h e v a l i e r , 1977; Weckesser et 

at., 1979). The coocurrence of 6-hydroxy f a t t y acids and other s p e c i f i c b u i l 
ding blocks of these b a c t e r i a l c e l l w a l l s t r u c t u r e s i n t h i s sediment sample 
has been n o t i c e d before. I n a previous study we demonstrated the presence of 
O-methylated- and deoxy monosaccharides and heptoses s p e c i f i c f o r l i p o p o l y -
saccharides and o r n i t h i n e and O-methylated monosaccharides s p e c i f i c f o r o r n i 
thine containing l i p i d s (Klok et al. , i n press A). Moreover the r e l a t i v e l y 
high amount of i s o - and anteiso g-hydroxy f a t t y acids p o i n t to a c o n t r i b u t i o n 
to the sedimentary organic matter of b a c t e r i a l o r i g i n (Boon et at., 1977). 

An attempt was made to i s o l a t e l i p o p o l y s a c c h a r i d e (LPS) , a w e l l known c e l l 
w a l l c o n s t i t u e n t of gram negative b a c t e r i a , from the sediment sample as such. 
For t h i s purpose residue R l ' ( F i g . 1) i s e x t r a c t e d w i t h phenol / water according 
to the method described by Westphal and Jann (1965) f o r the i s o l a t i o n of LPS 
from b a c t e r i a . A f t e r phase s e p a r a t i o n the water l a y e r i s concentrated and 
chromatographed over a B i o - g e l column f o r a molecular weight se p a r a t i o n . A high 
molecular weight f r a c t i o n i s obtained. A f t e r h y d r o l y s i s of t h i s f r a c t i o n w i t h 
0.5N H2SOi, s e v e r a l monosaccharides are obtained among which a heptose. Upon 
h y d r o l y s i s w i t h 4N HC1 the t o t a l l i p i d f r a c t i o n contains a v a r i e t y of g-hydro-
xy f a t t y acids and f a t t y acids (g-hydroxy m y r i s t i c a c i d predominating , F i g . 4). 
Saddler and Wardlaw (1980) reported a s i m i l a r predominance among the f a t t y 
acids present i n a phenol/water e x t r a c t a b l e sedimentary l i p o p o l y s a c c h a r i d e . 
The presence of s p e c i f i c elements of b a c t e r i a l LPS (heptoses and amide l i n k e d 
g-hydroxy f a t t y acids) s t r o n g l y suggest that the high molecular weight f r a c t i o n 
comprises b a c t e r i a l LPS. 

In t h i s way we i n d i r e c t l y demonstrated the occurrence of b a c t e r i a l c e l l 
w a l l s t r u c t u r e s i n the sediment sample. The s i g n i f i c a n t presence of g-hydroxy 
f a t t y acids among* the l i p i d s r e l e a s a b l e from the a c i d t reated sediment samples 
(^30% of the t o t a l peak area i n the chromatogram shown i n F i g . 3b) p o i n t s to a 
considerable c o n t r i b u t i o n of b a c t e r i a l o r i g i n to the organic matter present 
t h e r e i n . 
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CHAPTER 8 

LOLIOLIDES AND DIHYDROACTINIDIOLIDE IN A RECENT MARINE SEDIMENT 
PROBABLY INDICATE A MAJOR TRANSFORMATION PATHWAY OF CAROTENOIDS* 

J. Klok, M. Baas, H.C. Cox, J.W. de Leeuw, W.I.C. R i j p s t r a and P.A. Schenck 

D e l f t U n i v e r s i t y of Technology 
Department of Chemistry and Chemical Engineering 
Organic Geochemistry Unit 
De Vries van Heystplantsoen 2 
2628 RZ D e l f t , The Netherlands 

ABSTRACT 

In the course of our i n v e s t i g a t i o n dealing with the composition of the t o t a l 
organic matter i n a recent marine sediment 1 we encountered d i h y d r o a c t i n i d i o -
l i d e , l o l i o l i d e and i s o - l o l i o l i d e among the fr e e l i p i d components present. 
Based on l i t e r a t u r e data and because of the s t r u c t u r a l r e l a t i o n s h i p of these 
compounds with carotenoids we suggest that they are the photo-oxidation 
products of carotenoids o r i g i n a t i n g from marine algae. 

*To be submitted 
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EXPERIMENTAL 

Sediment samples were c o l l e c t e d during a c r u i s e i n December 1968 - January 
1969 2. Core KD6, sampled underneath a water column of 106 meter (22°30'S 14° 
0.57'E) on the Namibian Shelf was sectioned and stored a t -20°C u n t i l use. The 
40 - 75 centimeter s e c t i o n of the core was l y o p h i l i z e d and r e f l u x e d subsequent
l y w i t h water, 2N HC1 and 6N HC1. The s t a r t i n g m a t e r i a l , the intermediate and 
f i n a l residues and a l s o the water and a c i d e x t r a c t s were analysed f o r t o t a l 
l i p i d s . 

o 
A * ° o r- o o 

Fig. 1. Capillary gas chromatogram of total lipids obtained from a) the Nami
bian Shelf sediment and b) the 2N HCl extract. A Carlo Erba Fraatovap 
4160 gas ckr ornato graph equipped with an on-colwnn injection system 
and a 20 m*0.32 mm glass capillary column coated with SE-S2 was used. 
Samples in dichloromethane were in.jected at 125°C and the temperature 
was programmed with 4 C per minute to 310°C. 

T o t a l l i p i d s were released from the l y o p h i l i z e d residues a f t e r s a p o n i f i c a 
t i o n w i t h IN methanolic KOH under r e f l u x . A f t e r 1 hour the mixture was c e n t r i -
fuged and the e x t r a c t was t r a n s f e r r e d i n t o a separatory f u n n e l . The residue 
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was washed subsequently with 2N HCl/50% MeOH, 50% MeOH, 100% MeOH (two times) 
and CH2CI2 (three times). A f t e r adjustment of the pH to ̂ 3 the combined 
ex t r a c t and washings were phase separated by the a d d i t i o n of a saturated 
s o l u t i o n of NaCl i n water. The CH2CI2 l a y e r c o n t a i n i n g the t o t a l l i p i d s was 
dr i e d over anhydrous l S^SOij. The t o t a l l i p i d s thus obtained were d e r i v a t i z e d 
with diazomethane to e s t e r i f y f r e e carboxyl groups and subsequently w i t h 
T r i s i l - Z (Pierce) to s i l y l a t e f r e e hydroxyl groups. The r e s u l t i n g mixture was 
chromatographed over Lipidex-5000 (Packard) to remove very p o l a r compounds. 
The eluate was concentrated and analysed w i t h c a p i l l a r y GC and GC-MS. 

Free l i p i d s present i n the sediment sample were ext r a c t e d with MeOH and 
CH2CI2 and d e r i v a t i z e d i n a s i m i l a r way. The l i p i d s present i n water- and 
a c i d e x t r a c t s were e x t r a c t e d w i t h C H 2 C 1 2 . i n the case of a c i d e x t r a c t s a f t e r 
the pH had been adjusted at ̂ 3 and s a p o n i f i e d and d e r i v a t i z e d as described 
above. 

The i d e n t i f i c a t i o n of d i h y d r o a c t i n i d i o l i d e and l o l i o l i d e are based on 
c a p i l l a r y gas chromatographic and mass spectrometric data. The GC r e t e n t i o n 
times of component A and C ( F i g . 1) are i d e n t i c a l to those of the auth e n t i c 
d i h y d r o a c t i n i d i o l i d e and l o l i o l i d e r e s p e c t i v e l y upon c o i n j e c t i o n on SE-52. The 
EI mass spectra of components A and C and those of the standard d i h y d r o a c t i 
n i d i o l i d e and l o l i o l i d e are shown to be i d e n t i c a l ( F i g . 2). Since no standard 
of i s o - l o l i o l i d e was a v a i l a b l e the i d e n t i f i c a t i o n i s based on the mass spec
t r o m e t r i c fragmentation of the s i l y l d e r i v a t i v e , which i s s i m i l a r to the 
fragmentation p a t t e r n of s i l y l l o l i o l i d e ( F i g . 2). 

RESULTS AND DISCUSSION 

The n a t u r a l occurrence of d i h y d r o a c t i n i d i o l i d e and l o l i o l i d e i s mainly 
reported i n p l a n t m a t e r i a l 3 - 5 . They have become e s p e c i a l l y known as f l a v o u r 
compounds i n t e a 7 and t o b a c c o 8 ' 9 . Some authors suggest that these terpenoid 
f l a v o u r compounds are at l e a s t p a r t l y generated from carotenoid precursors 
during h a r v e s t i n g and/or curing treatments. These compounds are a l s o reported 
to occur i n the animal kingdom. L o l i o l i d e i s i s o l a t e d from the marine mollusc 
Dotabella eaaudata^0, whereas d i h y d r o a c t i n i d i o l i d e i s known as the sexphero-
mone of the red fox Vulpes vulpes11. 

Since d i h y d r o a c t i n i d i o l i d e and the l o l i o l i d e s could al s o be i s o l a t e d from 
the sediment sample by a simple e x t r a c t i o n w i t h MeOH and CH2CI2 without any 
base or a c i d , we beleave that they are not a r t i f i c i a l degradation products of 
carotenoids generated during the e x t r a c t i o n and/or d e r i v a t i z a t i o n procedures. 
The s i g n i f i c a n t presence of these f r e e components i n the Namibian Shelf 
diatomaceous ooze sample (up to ̂ 0.2% of the t o t a l organic matter) suggests an 
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Fig. 2. (Opposite page) Electron impact mass spectra of a) authentic dihydro-
actinidiolide, b) component A, a) component B (isololiolide-TMSi), d) 
authentic loliolide-TMSi and e) component C. Mass spectra were recor
ded using a Varian 3700 gas chromatograph equipped with a 25 m* 0.2mm 
glass capillary column coated with CPsil 5 connected with a Varian Mat 
44 mass spectrometer operated at 80 eV. 

o r i g i n from diatoms and/or d i n o f l a g e l l a t e s . 
D i h y d r o a c t i n i d i o l i d e and l o l i o l i d e s are ge n e r a l l y observed as major pro

ducts of the photo- or chemical o x i d a t i o n of carotenoids depending on the 
f u n c t i o n a l i t y at C - 3 1 2 - 1 6 ( F i g . 3). The absence of an oxygen f u n c t i o n 

B-ca ro tene 

z e a x a n t h m 

lo l iol ide iso - lol iol ide 

violaxanthin 

flavoxanthin 

lo l io l ide 
Hypothesis : 

Fig. 3. Schematic representation of the oxidative transformation of carote
noids and the proposed photo-oxidative degradation of fucoxanthin in 
the marine environment. The numbers underneath the arrows correspond 
with the numbers in the reference list. 

(hydroxyl group or epoxide) at C-5 i s not p r o h i b i t i v e f o r the occurrence of 
t h i s r e a c t i o n . Because of the predominance of fucoxanthin among the carote
noids of diatoms and d i n o f l a g e l l a t e s 1 1 , the p r i n c i p l e primary producers i n 
t h i s environment of d e p o s i t i o n 1 8 , we suggest a d i r e c t formation of the 
l o l i o l i d e s from fucoxanthin i n the o x i c zone of the water column. Dihydro
a c t i n i d i o l i d e may have been formed i n an analogous way from carotenoids not 
f u n c t i o n a l i z e d at C-3 ( F i g . 3). 
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SUMMARY AND CONCLUSIONS 

This t h e s i s comprises the r e s u l t s of an organic geochemical i n v e s t i g a t i o n 
on the composition and o r i g i n of the t o t a l organic matter present i n recent 
marine sediments. This organic matter can be considered as i n an intermediate 
stage between biomass and kerogen. The s t r u c t u r a l e l u c i d a t i o n therefore might 
give valuable information about the " s t a r t i n g s t r u c t u r e s " of the future 
kerogen. The release of biopolymers or b u i l d i n g blocks of biopolymers from 
t h i s recent organic matter, which i s regarded as an accumulation of b i o p o l y 
mers i n vari o u s stages of (bio-)chemical degradation, and t h e i r q u a n t i t a t i o n 
are the main o b j e c t i v e s of t h i s i n v e s t i g a t i o n . To o b t a i n , i n a s p e c i f i c case, 
a complete inventory of the sedimentary organic matter a diatomaceous ooze 
from the Namibian Shelf (S.W. A f r i c a ) was ex t r a c t e d with water and subsequently 
w i t h a c i d of i n c r e a s i n g concentration and/or w i t h organic solvents (Chapter 2). 

Some a n a l y t i c a l techniques f o r the q u a n t i t a t i v e determination of n e u t r a l 
monosaccharides were adapted to make them a p p l i c a b l e to the a n a l y s i s of 
sediment samples. 

The a n a l y t i c a l data obtained r e v e a l major c o n t r i b u t i o n s of carbohydrates, 
p r o t e i n s , l i p i d s and v o l a t i l e compounds to the t o t a l organic matter. The com
ponents released from the sediment sample p o i n t to an a l g a l as w e l l as a bac
t e r i a l c o n t r i b u t i o n to the sedimentary organic matter. On the one hand the 
a l g a l c o n t r i b u t i o n i s demonstrated by the abundance of b u i l d i n g blocks of 
a l g a l polysaccharides among the n e u t r a l monosaccharides quantitated i n a 
sediment hydrolyzate. Moreover some s t e r o l s and the l o l i o l i d e type lactones 
observed p o i n t to an a l g a l source as w e l l . On the other hand a d i s t i n c t bac
t e r i a l imprint i s demonstrated by the cooccurrence of s p e c i f i c monosaccharides 
and l i p i d b u i l d i n g blocks from biopolymers associated w i t h b a c t e r i a l c e l l w a l l s 
e.g. l i p o p o l y s a c c h a r i d e s . 

A major part of the organic matter released by water or a c i d treatment i s 
of high molecular weight. P y r o l y s i s experiments have i n d i c a t e d that t h i s 
m a t e r i a l c o n s i s t s of carbohydrates or carbohydrate d e r i v a t i v e s . 

The r e s i d u a l organic matter i n s o l u b l e i n water, a c i d and/or i n organic 
solvents was f u r t h e r studied using a n a l y t i c a l p y r o l y s i s techniques and showed 
mainly a l i p h a t i c c h a r a c t e r i s t i c s . Aromatic hydrocarbons (probably p a r t l y 
induced by the chemical treatments), a l k y l a t e d thiophenes and p y r r o l e s were 
also observed. The pyrograms of the organic matter i n the ult i m a t e residue 
r e v e a l an a l i p h a t i c , p a r t l y i s o p r e n o i d nature, to some extent comparable to 
that of pyrograms obtained f o r kerogens from ancient sediments. 

Carbohydrates i n recent marine sediment samples were released upon a c i d 
h y d r o l y s i s . The r e s u l t i n g monosaccharides were d e r i v a t i z e d i n t o the c o r r e s -
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ponding a l d i t o l acetates (Chapter 3). Gas chromatographic a n a l y s i s of the 
r e s u l t i n g mixtures revealed the presence of the a l d i t o l acetates of w e l l known 
monosaccharides but al s o of a large number of minor components. For the gas 
chromatographic-mass spectrometric i d e n t i f i c a t i o n of these components 
appropriate standards were synthesized (Chapter 4). Ultimate i d e n t i f i c a t i o n 
showed that p a r t i a l l y methylated mono- and/or deoxy monosaccharides were 
present among the n e u t r a l monosaccharides released from various recent marine 
sediment samples. From a comparative study i t was demonstrated that these 
components might mainly be a t t r i b u t a b l e to b a c t e r i a , since t h e i r n a t u r a l occur
rence i s mainly reported i n carbohydrate s t r u c t u r e s associated w i t h c e l l w a l l s 
of gram-negative b a c t e r i a (Chapter 5 ) . 

The a l d i t o l acetate procedure was also a p p l i e d to a study on the diagenesis 
of carbohydrates i n a recent s t r o m a t o l i t i c deposit (Chapter 6 ) . I t was demon
s t r a t e d that carbohydrates represent the major part of the organic matter i n 
the top few m i l l i m e t e r s of the sediment and that they s t i l l represent a 
considerable part of the organic matter at a depth of 65 centimeter (^2A00 
years b.p.). In t h i s study various types of carbohydrates are d i s t i n g u i s h a b l e , 
each showing a d i f f e r e n t behaviour upon b u r i a l . The s t r u c t u r a l carbohydrates 
of the primary c y a n o b a c t e r i a l producers are suggested to be preserved, probably 
as a r e s u l t of e a r l y l i t h i f i c a t i o n . This enhances t h e i r p o t e n t i a l to become a 
part of the i n s o l u b l e organic matter p r e c u r s i n g kerogen. 

In Chapter 7 a method f o r the a n a l y s i s of i n t e g r a l l i p i d e x t r a c t s from 
sediment samples i s a p p l i e d . By means of d i f f e r e n t chemical treatments p r i o r to 
the l i p i d e x t r a c t i o n the type of l i n k a g e of i n d i v i d u a l l i p i d s or classes of 
l i p i d s i n the sedimentary organic matter from a Namibian Shelf sediment sample 
was determined. Of p a r t i c u l a r i n t e r e s t i s the s u b s t a n t i a l c o n t r i b u t i o n of amide 
bound B-hydroxy f a t t y acids. The mode of occurrence of these acids and t h e i r 
s t r u c t u r a l features and d i s t r i b u t i o n s t r o n g l y i n d i c a t e the presence of bacte
r i a l c e l l w a l l s t r u c t u r e s i n the sediment. This suggestion i s supported by the 
cooccurrence i n t h i s sediment sample of monosaccharides s p e c i f i c f o r carbohy
drates associated w i t h b a c t e r i a l c e l l w a l l s . An attempt was made to i s o l a t e 
l i p o p o l y s a c c h a r i d e s as such from the sediment sample. A f r a c t i o n was obtained, 
which upon h y d r o l y s i s appeared to c o n s i s t of l i p i d s and monosaccharides 
s p e c i f i c f o r the suggested b a c t e r i a l l i p o p o l y s a c c h a r i d e s . 

During the a n a l y s i s of l i p i d e x t r a c t s a s i g n i f i c a n t amount of l o l i o l i d e 
type lactones were encountered among the f r e e l i p i d s . I n Chapter 8 the i d e n 
t i f i c a t i o n of these components i s described. Since these lactones are mainly 
reported as products of (photo-)chemical transformation of carotenoids, t h e i r 
occurrence i n the sediment sample i s i n t e r p r e t e d as a r e s u l t of a p o s s i b l e 
(photo-)chemical transformation of carotenoids i n the marine environment. 
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In view of the r e s u l t s obtained the current concept of kerogen formation 
as described i n Chapter 1 needs some m o d i f i c a t i o n . F i r s t i t should be noted 
that m i c r o b i a l degradation of organic substrates i s g e n e r a l l y accompanied by 
an e f f i c i e n t use of the monomers released. Part of the fragments released i s 
used f o r the m i c r o b i a l energy requirements, another part i s used f o r b i o s y n 
t h e s i s . Therefore i t i s less l i k e l y that m i c r o b i a l l y released monomers should 
randomly polymerize to a polycondensate. Secondly the biomass of b a c t e r i a 
a c t i v e i n transforming the sedimentary organic matter a l s o represents a 
c e r t a i n amount of organic carbon, which, e s p e c i a l l y when e c o l o g i c a l conditions 
d e t e r i o r a t e , might give a s i g n i f i c a n t c o n t r i b u t i o n to the i n s o l u b l e organic 
matter. The presence of d i s t i n c t b a c t e r i a l c e l l w a l l c o n s t i t u e n t s among the 
components released and the separate i s o l a t i o n of a b a c t e r i a l l i p o p o l y s a c c h a -
r i d e support t h i s suggestion. 

The part of the organic matter i n the Namibian Shelf diatomaceous ooze 
u l t i m a t e l y i n s o l u b l e i n water, a c i d and/or organic solvents shows, when studied 
w i t h p y r o l y s i s techniques, mainly a l i p h a t i c c h a r a c t e r i s t i c s comparable to some 
extent to those obtained f o r kerogens from ancient sediments. These f e a t u r e s , 
which h o l d f o r as much as 50% of the t o t a l organic matter i n t h i s recent marine 
sediment, i n d i c a t e that the fate of the greater part of the sedimentary organic 
matter has already been determined i n a very e a r l y stage of diagenesis. 
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SAMENVATTING EN CONCLUSIES 

Dit p r o e f s c h r i f t b e s c h r i j f t de r e s u l t a t e n van een o r g a r i s c h geochemisch 
onderzoek naar de samenstelling en herkomst van het t o t a l e organische materiaal 
aanwezig i n recente mariene sedimenten. Aangezien d i t ovgai i s c h m a t e r i a a l tan 
worden beschouwd a l s z i j n d e i n een stadium tussen biomassa en kerogeen, kan de 
opheldering van de s t r u c t u u r ervan waardevolle informatie opleveren over de 
"be g i n - s t r u c t u u r " van het toekomstige kerogeen. 

U i t d i t recente organische m a t e r i a a l , beschouwd a l s een opeenhoping van 
biopolymeren i n v e r s c h i l l e n d e s t a d i a van (bio)chemische a f b r a a k , z i j n i n d i t 
onderzoek biopolymeren of bouwstenen daarvan vrijgemaakt er k w a n t i t a t i e f 
bepaald. Teneinde i n een bepaald geval t o t een v o l l e d i g e i - v e n t a r i s a t i e van 
de sedimentaire organische k o o l s t o f te komen, werd een sedimentmonster -een 
diatomeeën-slik afkomstig van het co n t i n e n t a l e p l a t voor de kust van Namibië 
(Z.W. A f r i k a ) - geëxtraheerd met water, vervolgens met zuur van toenemende con
c e n t r a t i e en/of met organische oplosmiddelen (hoofdstuk 2). 

Het bleek n o o d z a k e l i j k enige bestaande analysetechnieken voor de k w a n t i f i 
c e r i n g van neutrale monosacchariden aan te passen, zodat ze toepasbaar werden 
voor de analyse van sedimentmonsters. 

De a n a l y s e r e s u l t a t e n geven aan dat koolhydraten, e i w i t t e n , l i p i d e n en 
v l u c h t i g e organische verbindingen b e l a n g r i j k e bestanddelen z i j n van het i n het 
monster aanwezige organische m a t e r i a a l . De organische verbindingen die kunnen 
worden vrijgemaakt en geïdentificeerd, w i j z e n op een b i j d r a g e van zowel algen 
a l s bacteriën. De algenbijdrage wordt d u i d e l i j k u i t de r e l a t i e f hoge concen
t r a t i e van monosaccharide-bouwstenen voorkomend i n algen polysacchariden en 
u i t de aanwezigheid van s t e r o l e n en van l o l i o l i d e - a c h t i g e lactonen. Anderzijds 
b l i j k t een d u i d e l i j k e bacteriële b i j d r a g e u i t de g e l i j k t i j d i g e aanwezigheid 
van s p e c i f i e k e monosaccharide- en lipide-bouwstenen van biopolymeren, die met 
celwanden van bacteriën z i j n geassocieerd (b.v. l i p o p o l y s a c c h a r i d e n ) . 

Het b e l a n g r i j k s t e gedeelte van het i n water en zuur opgeloste organisch 
m a t e r i a a l b l i j k t hoogmoleculair te z i j n en op grond van pyrolyse-experimenten 
te bestaan u i t koolhydraten, dan wel koolhydraat d e r i v a t e n . 

Het organisch m a t e r i a a l dat n i e t oplosbaar b l i j k t i n water, zuur en/of i n 
organische oplosmiddelen i s eveneens bestudeerd met a n a l y t i s c h e pyrolyse tech
nieken. Daarbij i s een h o o f d z a k e l i j k a l i f a t i s c h k a r a k t e r aan het l i c h t gekomen. 
Bovendien z i j n aromatische k o o l w a t e r s t o f f e n (die g e d e e l t e l i j k kunnen z i j n ont
staan a l s een gevolg van de chemische behandelingen), alkyl-thiophenen en 
a l k y l - p y r r o l e n aangetoond. De pyrogrammen van het organisch m a t e r i a a l i n het 
u i t e i n d e l i j k e r e s i d u vertonen een a l i p h a t i s c h , g e d e e l t e l i j k i s o p r e n o i d , karak
t e r e n i g s z i n s v e r g e l i j k b a a r met dat aanwezig i n pyrogrammen van kerogenen u i t 
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oude mariene sedimenten. 
Koolhydraten aanwezig i n recente mariene sedimentmonsters z i j n vrijgemaakt 

d.m.v. zure hydrolyse. De d a a r b i j ontstane monosacchariden z i j n vervolgens 
gereduceerd en g e d e r i v a t i s e e r d t o t de overeenkomstige a l d i t o l acetaten (hoofd
stuk 3 ) . Gaschromatografische analyse van de verkregen mengsels toont de aan
wezigheid aan van a l d i t o l acetaten van de bekende n e u t r a l e monosacchariden, 
maar ook van een groot a a n t a l , u i t k w a n t i t a t i e f oogpunt minder b e l a n g r i j k e , 
andere componenten. Om deze l a a t s t e te kunnen i d e n t i f i c e r e n m.b.v. gaschroma
tograf ie-massaspectrometrie z i j n een aa n t a l standaarden gesynthetiseerd (hoofd
stuk 4). De u i t e i n d e l i j k e i d e n t i f i c a t i e heeft aangetoond, dat onder de neutrale 
monosacchariden i n de hydrolysaten van v e r s c h i l l e n d e recente mariene sedimenten 
p a r t i e e l gemethyleerde mono- en/of deoxy monosacchariden voorkomen. In een v e r 
g e l i j k e n d e s t u d i e wordt aannemelijk gemaakt, dat deze verbindingen hoofdzake
l i j k z i j n toe te s c h r i j v e n aan bacteriën, aangezien het voorkomen ervan i n de 
natuur voornamelijk gerapporteerd i s i n de k o o l h y d r a a t - s t r u c t u r e n , d i e z i j n 
geassocieerd met celwanden van gram-negatieve bacteriën (hoofdstuk 5 ) . 

De a l d i t o l acetaat methode i s eveneens toegepast b i j een s t u d i e van de 
diagenese van koolhydraten i n een s t r o m a t o l i t i s c h e a f z e t t i n g (hoofdstuk 6 ) . Er 
i s aangetoond dat koolhydraten de grootste b i j d r a g e leveren aan het t o t a a l 
aanwezige organisch m a t e r i a a l i n de bovenste m i l l i m e t e r s van deze a f z e t t i n g en 
dat ze nog steeds een s i g n i f i c a n t e b i j d r a g e leveren aan het organisch m a t e r i a a l 
op ca. 65 centimeter diepte (ca. 2400 j a a r oud). U i t deze s t u d i e b l i j k t dat 
v e r s c h i l l e n d e typen koolhydraten kunnen worden onderscheiden, die ieder een 
v e r s c h i l l e n d gedrag vertonen naarmate ze dieper i n de sedimentkolom terecht 
komen. Verondersteld wordt dat de s t r u c t u r e l e koolhydraten van de pr i m a i r e 
cyano-bacteriën worden gepreserveerd, vermoedelijk a l s gevolg van l i t h i f i c a t i e 
i n een zeer vroeg stadium. De kans wordt daardoor vergroot dat z i j deel gaan 
uitmaken van het organisch m a t e r i a a l dat u i t e i n d e l i j k t o t kerogeen l e i d t . 

In hoofdstuk 7 wordt een methode toegepast voor de analyse van i n t e g r a l e 
l i p i d e e x t racten van sedimentmonsters. D.m.v. v e r s c h i l l e n d e chemische behande
l i n g e n voorafgaande aan de e x t r a c t i e kan de aard van de bin d i n g van i n d i v i d u e l e 
l i p i d e n of k l a s s e n l i p i d e n i n het sedimentaire organisch m a t e r i a a l van een 
sedimentmonster van het Namibische c o n t i n e n t a l e p l a t worden bepaald. Van b i j 
zonder belang i s de substantiële b i j d r a g e van amide-gebonden 6-hydroxy vetzuren. 
De w i j z e van voorkomen van deze verbindingen i n het sediment, alsmede hun 
st r u c t u u r en ver d e l i n g s p a t r o o n , vormen een sterke aanwijzing voor de aanwezig
h e i d van bacteriële celwand s t r u c t u r e n i n het sediment. Deze i n t e r p r e t a t i e 
wordt nog gesteund door het g e l i j k t i j d i g voorkomen van monosacchariden, die 
s p e c i f i e k z i j n voor koolhydraten geassocieerd met deze celwanden. Er i s een 
poging ondernomen om l i p o p o l y s a c c h a r i d e n a l s zodanig u i t het sediment te i s o -
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leren. Daarbij i s een f r a k t i e verkregen, die na hydrolyse bleek te z i j n samen
gesteld u i t l i p i d e n en monosacchariden, die s p e c i f i e k z i j n voor bacterié'le 
1ipopolys acchariden. 

Tijdens de analyse van de l i p i d e extracten i s een s i g n i f i c a n t e hoeveelheid 
l o l i o l i d e - a c h t i g e lactonen aangetroffen onder de l i p i d e n die v r i j i n het s e d i 
ment aanwezig z i j n . In hoofdstuk 8 wordt de i d e n t i f i c a t i e van deze verbindingen 
besproken. Aangezien deze lactonen voornamelijk z i j n beschreven a l s de (foto-) 
chemische omzettingsproriukten van carotenoiden, wordt hun voorkomen i n het se
dimentmonster geïnterpreteerd als het r e s u l t a a t van een mogelijke (foto-)chemi
sche omzetting van carotenoiden i n het mariene m i l i e u . 

In het l i c h t van de verkregen r e s u l t a t e n i s het o . i . noodzakelijk het 
gangbare concept van de kerogeenvorming, zoals dat in hoofdstuk 1 i s geschetst, 
enigszins te herzien. In de eerste plaats dient men te bedenken dat microbiële 
afbraak van organische structuren i n het algemeen gepaard gaat met een e f f e c 
t i e f gebruik van de vrijgemaakte monomeren. Een gedeelte van de vrijgemaakte 
fragmenten wordt gebruikt voor de energiebehoefte van het micro-organisme ; een 
ander gedeelte wordt gebruikt voor biosynthese. Daarom i s het minder waar
s c h i j n l i j k dat de langs microbiële weg vrijgemaakte monomeren z u l l e n bijdragen 
tot de vorming van een polycondensaat. In de tweede plaat s vertegenwoordigt de 
biomassa van bacteriën, die bezig z i j n het i n het sediment aanwezige organisch 
materiaal om te zetten, een zekere hoeveelheid organisch m a t e r i a a l , d i e , zeker 
wanneer de ecologische condities extreem worden, een b e l a n g r i j k e bijdrage zou 
kunnen leveren aan het onoplosbare organische materiaal. De aanwezigheid van 
d u i d e l i j k a l s bouwstenen van bacteriële celwanden te kenmerken componenten i n 
de sedimentextracten en een a f z o n d e r l i j k e i s o l a t i e van b a c t e r i e e l l i p o p o l y -
saccharide ondersteunen deze gedachtengang. 

Het gedeelte van het organisch materiaal van het sedimentmonster van het 
Namibische continentale p l a t dat u i t e i n d e l i j k onoplosbaar b l i j k t i n water, zuur 
en organische oplosmiddelen, vertoont b i j studie met pyrolysetechnieken voorna
mel i j k een a l i f a t i s c h karakter en l e v e r t pyrolyseprodukten tot op zekere hoogte 
v e r g e l i j k b a a r met die van kerogenen u i t oude sedimenten. Deze eigenschap, die 
k a r a k t e r i s t i e k i s voor ongeveer 50% van het organische materiaal i n d i t recente 
mariene sediment, geeft een aanwijzing dat het " l o t " van het grootste deel van 
het sedimentaire organisch materiaal a l i s bepaald i n een zeer vroeg stadium 
van de diagenese. 
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