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Abstract--Prolonged heating (1-248 days) of a recent sediment was conducted under mild conditions (65 
and 83°C) to understand the thermal behavior of extractable (unbound and bound) fatty acids (C~2-C32). 
In the course of the heating, the concentrations of saturated and monounsaturated fatty acids first 
decreased, and then increased. This indicates that extractable fatty acids can be converted to a tightly 
bound form upon heating, before fatty acids are extensively released from sediment matrices. Changes 
in molecular distributions of extractable fatty acids upon heating were also observed. The higher molecular 
weight fatty acids (>  C20 ) are more likely to become tightly bound than are lower molecular weight 
( < C20 ). Monounsaturated fatty acids (CI6: i and Ci8:1) are more easily converted to the tightly bound form 
than polyunsaturated fatty acids (C~8:2 and C~8:3). These differences probably reflect their mode of 
occurrence in sediments, which are closely related to their origin. 
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INTRODUCTION 

The presence of  tightly bound aliphatic carboxylic 
acids, which were previously defined as releasable by 
thermal treatment of pre-saponified sediment, has 
been reported in Recent sediments (Kawamura and 
Ishiwatari, 1981, 1982, 1984a). A large portion of the 
tightly bound fraction in the sediments was consid- 
ered to be the result of bacterial activity during an 
early stage of diagenesis, both in the water column 
and in the surface sediment (Kawamura and 
Ishiwatari, 1984b). 

During a short-period heating experiment 
(24-48 hr) of a recent sediment, Kawamura and 
Ishiwatari (1981, 1984b) found a significant decrease 
in the concentration of extractable fatty acids (in 
both extracts before and after saponification) at 
relatively low tempereatures (80-120°C), however, 
the acids are extensively released from organic and/or 
inorganic matrices of the sediments at higher tem- 
peratures (Baedecker et al., 1977; Harrison, 1978; 
Kawamura and Ishiwatari, 1981, 1984b). These re- 
suits suggested that there exists a stage where a 
portion of the extractable fatty acids are changed into 
a tightly bound form by a non-biological process 
which occurs under mild heating conditions. The 
above mentioned phenomena were not studied fur- 
ther at that time. 

We now have conducted a long-period (1-248 
days) heating experiment of a recent sediment under 
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mild conditions (65 and 83°C) in order to obtain 
further evidence for our hypothesis, that fatty acids 
can be trapped or incorporated into organic and/or 
inorganic matrices of sediments by chemical (non- 
biological) processes at an early stage of thermal 
alteration. 

EXPERIMENTAL 

A surface sediment taken from Lake Biwa, Japan 
(near the center of the lake, water depth: 70 m) was 
homogenized thoroughly with a homogenizer 
(Kawamura and Ishiwatari, 1981). Five gram ali- 
quots of the homogenized wet sediment (water con- 
tent: 60~o, organic carbon content: 2.1% of dry 
sediment) were sealed under nitrogen in a Pyrex tube 
(12mm o.d. × 15cm length) and subjected to the 
heating experiment. Two sets of samples were heated 
at 65 and 83°C for 1-248 days. After the heating, the 
ubes were opened and the samples were analyzed. 

The heated and unheated sediments were saponi- 
fled with 50ml 0.5M KOH/methanol (contain- 
ing 5% water) for 2 hr under reflux. The reaction 
mixture (unbound plus bound lipids) was subjected to 
filtration over a Whatman GF/C filter. The filtrate 
was then concentrated to ca 5 ml. Ten ml of water 
was added and the neutral components were extrac- 
ted with n-hexane/ethyl ether (9: 1). The remaining 
solution was acidified to pH 1 with cone. HC1. The 
acidic components were extracted with n- 
hexane/ethyl ether (9: 1) and then esterified with 14~o 
BF3/methanol. Monocarboxylic acid methyl esters 
were isolated via silica gel column chromatography 
using hexane/benzene (9: 1) as an eluant. Saturated 

197 



198 KIMITAKA K A W A M U R A  a n d  RYOSHI  ISHIWATARI 

f 4O 

2O 

o 

6 0  

o 
LL 
I 

6 0  

4 0  

2 0  

Unheated 

I _ 

6 5 " C  
5 days 

I . . . .  

6 5 " C  
2 4 8  days 

12 14 16 t8 20  22 24 26 28  30 32 

C a r b o n  n u m b e r  

Fig. 1. Molecular distributions of saturated fatty acids in 
unheated and heated (65°C) sediment samples. 

and unsaturated fatty acid fractions were obtained by 
separation on a AgNO3-silica gel column (Kawamura 
et al., 1980). The methyl esters were identified by 
GC-MS and quantified by GC (Kawamura and 
Ishiwatari, 1981). 

Duplicate analysis of the unheated sediment 
showed that relative standard deviation is less than 
4% of the average concentration of total saturated 
fatty acids. 

RESULTS 

Table 1 summarizes the concentrations of extrac- 
table (unbound + bound) fatty acids in the unheated 
and heated sediment samples. As we expected, distri- 
butions of both saturated and unsaturated fatty acids 
changed under mild heating conditions. Figure 1 
shows typical distributions of saturated fatty acids at 
65°C. The unheated sample shows a strong even/odd 
predominance with two maxima at C,6 and at Cn, 
C24, C26, C28 fatty acids. Upon heating, their distribu- 
tion changed. After 5 days, the C~2-Cn fatty acids 
decreased. After 248 days, however, the lower molec- 
ular weight fatty acids such as C14-C~8 had increased 
whereas the higher ones such as Cn-Cn had de- 
creased. 

Figure 2 shows changes in the concentrations of 
lower molecular weight fatty acids (LFAs: Cu-Cig) 
and higher molecular weight fatty acids (HFAs: 
C20-Cn) in the sediments heated at 65°C for 1-248 
days. Concentrations of the LFAs first decrease and 
show a minimum in 1-5 days. With prolonged heat- 
ing, the concentrations increase and reach the initial 
levels in ca 50 days. However, the concentrations of 
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Fig. 2. Concentrations of saturated fatty acids (LFAs and 
HFAs) in the sediments heated at 65°C for 1-248 days. 

the HFAs continue to decrease until 248 days. At 
85°C, on the other hand, neither a minimum nor a 
decreasing trend of concentrations was detected, al- 
though concentrations of both LFAs and HFAs seem 
to decrease in the samples heated for one day (see 
Table 1). 

Figure 3 presents changes in the concentrations of 
the unsaturated fatty acids in the sediments heated at 
83°C for 1-248 days. The concentrations of mono- 
enoic acids ( C i 6 : 1  and C18:~) decrease with time and 
reach a minimum in 10 days. The decreasing rates are 
84% (C16:0 and 96% (C18: 0. With prolonged heating, 
their concentrations increase and reach 69~o (C~6:l) 
and 30% (Cls:]) of the initial amounts in 248 
days. However, polyunsaturated fatty acids (C~8:2 and 
C~8:3) did not show a drastic decrease nor minimum 
in the 5-10 days. Their concentrations were almost 
constant or slightly decreased for C,8:3 (see Fig. 3). 
On the other hand, a decreasing trend or minimum 
could not be obtained for both mona- and poly- 
unsaturated fatty acids in the experiment at 65°C 
(Table 1). 

D I S C U S S I O N  

We clearly detected a decreasing trend in the 
concentration of both saturated and mona- 
unsaturated fatty acids in the present heating experi- 
ment. A similar result was obtained for saturated 
fatty acids in the previous 24 hr-heating experiment 
at 80-120°C (Kawamura and Ishiwatari, 1984a), 
however, a decrease of monounsaturated fatty acids 
has not been reported under mild conditions. Al- 
though we failed to detect the decrease for mona- 
unsaturated fatty acids at 65°C and saturated fatty 
acids at 83°C in this study, the same process has 
probably occurred for these compounds during heat- 
ing. 

Formation of  tightly bound fatty acids 

The decrease in the concentrations of extractable 
fatty acids (FAs, both by organic solvents and by 
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Table 1. Concentrations of extractable (unbound + bound) fatty acids in the unheated and heated sediment 
samples (#g/g dry sediment) 

S a t u r a t e d  fatty acids Unsaturated fatty acids 

Sample Cu-C~9 C2o-C32 Total C]6:L CLs:~ Cis:2 CI8:3 Total 
Unheated* 

(1) 100.1 123.5 223.6 25.1 13.9 3.59 3.47 46.46 
(2) 103.6 132.9 236.5 NM NM NM NM NM 

Heated at 65°C 
1 d 73.3 107.9 181.6 29.2 13.8 3.20 2.46 48.66 
5 d 65.5 98.1 163.6 26.3 14.4 3.74 2.53 46.97 

10 d 82.3 85.6 167.9 28.5 13.7 2.80 2.40 47.40 
22 d 91.6 84.9 176.5 25.8 13.9 4.03 3.02 46.75 
54 d 108.1 82.8 190.9 34.1 17.8 4.62 3.08 59.60 

114 d 82.6 32.7 115.3 26.9 12.0 3.61 2.41 44.92 
248 d 112.9 58.8 171.7 30.4 16.0 4.45 2.74 53.59 

Heated at 83°C 
1 d 90.3 114.1 204.4 17.4 3.22 4.15 3.32 28.09 
5 d 91.0 113.5 204.5 10.1 1.26 3.53 2.90 17.79 

10 d 92.5 111.6 204.1 3.94 0.56 3.26 2.14 9.90 
22 d 88.8 91.2 180.0 13.7 4.17 4.71 2.82 25.40 
54 d 99.9 136.1 235.9 16.1 5.41 3.80 2.53 27.84 

114 d 92.8 106.7 199.5 16.3 4.30 3.31 1.98 25.89 
248 d 95.6 129.9 225.5 17.4 4.19 3.68 2.29 27.56 

NM--not measured; d---day. 
*(1) and (2) are duplicates. 

saponification) could be explained by (1) decom- 
position of extractable FAs, or (2) changes of extrac- 
table FAs into tightly bound form. The first possi- 
bility seems unlikely because of the following reasons. 
If extractable FAs are unstable and decompose under 
the present conditions, their concentrations should 
continuously decrease with prolonged heating and/or 
at higher temperatures. However, the concentrations 
of extractable LFAs increased in longer periods (Fig. 
2). Although concentrations of HFAs did not in- 
crease with prolonged heating at 65°C (Fig. 2), they 
did not decrease at higher temperature (83°C, see 
Table 1). The previous heating experiment showed 
that HFAs first decreased and then increased, as well 
as LFAs, with increasing temperature (Kawamura 
and Ishiwatari, 1984a). Furthermore, there is no 
significant change in the concentration of poly- 
unsaturated fatty acids (Table 1), which are chem- 

3 0 ,  

: 1 0  

% 
\ 
\ 

\ 

\ 
\ 
\ 
\ 
o. 

I 

83°C 

A / o 
\ / 

\ / 

O ~ ....O ~ O ~  \o / / -o C,e: ~ 

- . o  , .-,- ..o- I I I 

6f i ° 4 g---"---- ----'--- - - ~ - - o ~  - -  -~o-- - o - - o  C18 2 
2 ~ e , ~  L - - e - - - e - - - e  C 

I I I 1 j t83 
0 } I 5 10 50 100 300  

Unheated 

Time (days) 
Fig. 3. Concentrations of unsaturated fatty acids in the 

sediments heated at 83°C for 1-248 days. 

ically less stable than saturated and monounsaturated 
fatty acids. This suggest that the decrease of FAs is 
not a result of decomposition under the present 
conditions. 

The second possibility is more likely. It is well 
known that amino acids and carbohydrates are able 
to condense and form polymerized structures (mela- 
noidin) and the condensation rate is accelerated by 
elevated temperature (Hodge, 1953; Ellis, 1959). 
Amino acids and carbohydrates are present in Lake 
Biwa sediments as major organic components 
(Handa, 1972, 1973). These compounds in the sedi- 
ment probably form melanoidin-type polymers upon 
heating. Under those circumstances, fatty acids may 
form adducts (association). Extractable FAs are 
probably trapped or incorporated into the polymer 
structures, as illustrated in Fig. 4. It has been shown 
that straight chain carboxylic acids can be incorpo- 
rated into malanoidins under laboratory heating con- 
ditions (Larter and Douglas, 1980). In addition, some 
extractable FAs may be trapped in the inorganic 
matrices such as clay minerals, which are reported 
to be present abundantly in the sediment studied 

Extractable Extractable 
form form 

~ T r o N  Pn~Corlration /Release 

Tightly bound f o rm  

Increasing temperature or t ime 

Fig. 4. Formation of tightly bound fatty acids upon mild 
heating and release of extractable (unbound + bound) f a t t y  

acids with increasing temperature or time. 
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(Kawamura et al., 1980). Since these trapped fatty 
acids will not be separated by common methods 
(solvent extraction and saponification), they can be 
called a tightly bound form (Kawamura and Is- 
hiwatari, 1981, 1982). 

With prolonged heating or elevated temperature, 
those tightly bound FAs, which have been formed 
under milder conditions, will be released to an extrac- 
table form (Fig. 4). This stage may correspond to a 
release of fatty acids during a heating of an old 
(Holocene) sediment (Harrison, 1978), which may 
have accumulated a tightly bound form abundantly 
during a diagenesis. Although the initial distribution 
of saturated fatty acids was not obtained in this 
heating experiment at 65°C, it should be apparent in 
longer heating periods. In fact, the disappeared satur- 
ated FAs at 80-120°C were recovered at temperatures 
higher than 140°C in the previous 24 hr-heating ex- 
periment (Kawamura and Ishiwatari, 1984a). 

The presence of tightly bound FAs has been re- 
ported in a lacustrine sediment as well as fl- and 
m-hydroxy acids and ~,~o-dicarboxylic acids (Ka- 
wamura and Ishiwatari, 1981, 1982, 1984b). These 
compounds were considered to comprise ca 20~o of 
the total FAs (Kawamura and Ishiwatari, 1981) and 
ca 70~ of total ~-hydroxy acids (Kawamura and 
lshiwatari, 1982) in the surface sediment of Lake 
Biwa. These tightly bound geolipids have been 
thought to be formed during an early stage of 
diagenesis (in water column and surface sediment) 
as a result of microbial alteration of dead algae 
(Kawamura and Ishiwatari, 1984b). However, the 
present experiment indicates that tightly bound geo- 
lipids are also formed by chemical (non-biological) 
processes at an early stage of  thermal alteration. 

Different behavior o f  individual fa t ty  acids 

The molecular distribution of extractable FAs 
changed during mild heating (Fig. 1). Such a change 
indicates that behaviors of individual fatty acids are 
different depending on the chain length. For example, 

LFAs showed a maximum decreasing rate (35~) at a 
heating condition of 65°C for 5 days, whereas HFAs 
showed 53~ at 65°C for 248 days (Fig. 2). This result 
suggests that HFAs are more likely to change to 
tightly bound form than LFAs and that LFAs are 
more easily released than HFAs. The difference in the 
behavior between LFAs and HFAs may be related 
with a difference in their origin. LFAs are of aquatic 
(algal and bacterial) origin whereas HFAs are derived 
mostly from terrestrial higher plants (Kvenvolden, 
1967; Cranwell, 1974). 

As a result of different behaviors of different FAs 
upon heating, L/H ratios (ratios of the concen- 
tration of  LFAs to those of HFAs) change in the 
course of the heating (Fig. 5). The ratios first decrease 
slightly from 0.81 to 0.67 in 1-5 days and then 
increase with prolonged heating at 65°C. With fur- 
ther heating period or elevated temperature, the L/H 
ratios should decrease to the initial values as a result 
of release of trapped and/or incorporated fatty acids 
(tightly bound form). In fact, the previous 24 hr 
heating experiment showed that the L/H ratios grad- 
ually increased from 0.94 (unheated) to 1.59 (112°C) 
and then decreased to the initial value at around 
150°C (Kawamura and Ishiwatari, 1984a). These 
results suggest that molecular distribution of extrac- 
table FAs in sediments can be controlled by both 
elevated temperature and time, thus, by non- 
biological process. 

Monounsaturated fatty acids behaved differently 
from saturated fatty acids during the heating (see 
Figs 2 and 3, Table 1). These differences result in a 
change in the distribution between saturated and 
unsaturated FAs. Table 2 gives the ratios of C~ 6 and 
C18 unsaturated FAs to corresponding saturated 
ones. For example, at 65°C, C16:l/Ci6:0 and Cts:l/C18:0 
ratios increased from 0.38 to 0.63 and from 1.31 to 
2.14 in 5 days, respectively. On the other hand, they 
showed a decrease, at 83°C, from 0.38 to 0.07 and 
from 1.31 to 0.05 in 10 days, respectively. These 
results indicate that unsaturated to saturated ratios of 
extractable fatty acids can be changed by mild heat- 
ing as a result of different behaviors during the 
formation and release of the tightly bound forms. 

Polyunsaturated fatty acids (C1s:2 and Ci8:3) did not 
show a drastic decrease like saturated and mono- 
unsaturated FAs at both 65 and 83°C (Table 1, Fig. 
3). These differences in the behavior may reflect the 
difference in their origin and thus their initial existing 
states, which determine the subsequent chemistry. 
Polyunsaturated FAs are common constituents of 
algal lipids (Hitchcock and Nichols, 1977) but are not 
generally present in bacteria. Monounsaturated FAs 
are present in both algae and bacteria. Bacterial lipids 
may more easily change to TB form than algal lipids. 
Interestingly, fl-hydroxy acids, which are character- 
istic to bacterial cell wall (Boon et al., 1977), dras- 
tically decreased by 53~ in the same sediment heated 
at 68°C for 24 h (Kawamura and Ishiwatari, 1984a). 
Unfortunately, branched chain acids, which are also 
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Table 2. Ratios of unsaturated fatty acids to saturated ones in the unheated and heated 
sediment samples 

Ratios 

Sample CI6:1/CI6:0 Ci8:1/C18:0 Ct8:2/C18:0 Ci8:3/Ci8:0 
Unheated 

0.38 1.31 0.34 0.33 
Heated at 65°C 

I d 0.63 1.60 0.37 0.29 
5 d 0.63 2.14 0.56 0.38 

10 d 0.55 1.62 0.33 0.28 
22 d 0.45 1.62 0.47 0.35 
54 d 0.53 1.63 0.43 0.28 

114 d 0.56 1.81 0.55 0.36 
248 d 0.46 1.58 0.44 0.27 

Heated at 83°C 
1 d 0.32 0.30 0.39 0.31 
5 d 0.18 0.11 0.31 0.26 

10 d 0.07 0.05 0.27 0.18 
22 d 0.25 0.35 0.40 0.24 
54 d 0.27 0.36 0.25 0.17 

114 d 0.29 ' 0.34 0.26 0.16 
248 d 0.29 0.34 0.29 0.18 

d ~ a y .  

character is t ic  of  bacteria,  were no t  measured  in this 
experiment.  

CONCLUSIONS AND SUMMARY 

U n d e r  mild hea t ing  condi t ions  of  a recent  sedi- 
ment ,  concen t ra t ions  of  extractable  fat ty acids first 
decreased and  then  increased with pro longed  heating.  
The  decrease of  extractable  fat ty acids was no t  caused 
by decompos i t ion  bu t  was p robab ly  caused by for- 
ma t ion  of  a t ightly b o u n d  form. These  results indi- 
cates tha t  fo rmat ion  and  release of  t ightly b o u n d  
fat ty acids in sediments  may  be control led  by elevated 
tempera ture  and  time, namely,  non-biological  pro-  

cesses. 
Changes  in cha in- length  d is t r ibut ions  and  un-  

sa tura ted  to sa tura ted  rat ios of  extractable  fat ty acids 
were observed u p o n  heat ing  as a result  of  different 
behaviors .  The  higher  molecular  weight  fatty acids 
(C20-C32) are more  likely to become tightly b o u n d  
than  the lower fat ty acids (Cn-C~9). M o n o -  
unsa tu ra ted  fatty acids (C~6:~ and  C,s:,) are more  
easily changed  to t ightly b o u n d  form than  poly- 
unsa tu ra ted  ones (C,s:2 and  C,s:3). These differences 
p robab ly  reflect their  initial existing states in sedi- 
ments ,  which are closely related to their  origin. 

A l though  the behav ior  of  fat ty acids observed in 
this s tudy have  no t  yet been documen ted  in the 
na tura l  sediment  system, these p h e n o m e n a  are ex- 
pected to occur  in an  early stage of  diagenesis in the 
nature.  Finally,  this s tudy also shows tha t  analysis of  
t ightly b o u n d  fat ty acids in sediments  is necessary to 
ob ta in  a complete  picture  o f  diagenesis of  fatty acids 
in sediments.  
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