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ABSTRACT 

Kawamura, K., Ishiwatari, R. and Yamazaki, M., 1980. Identification of polyunsaturated 
fatty acids in surface lacustrine sediments. Chem. Geol., 28: 31--39. 

Unsaturated fatty acids (C16:1 , C18:1 , C18:2 and C18:3c0 3 ) were identified and quanti- 
fied in surface sediments of two freshwater lakes (Lake Haruna and Lake Biwa). Their 
concentrations decrease rapidly with depth in both sediments. The decreasing rate con- 
stants are higher in the Lake Biwa sediment (oxic condition) than in the Lake Haruna sedi- 
ment (anoxic condition and diatomaceous ooze). However, in Lake Biwa the ratios of 
C16:1/C16:0 and C18:n/C18:0 (n = 1--3) are almost unchanged whereas in the surface sedi- 
ment of Lake Haruna these ratios decrease with depth. This result indicates that no differ- 
ence exists in the decomposition rates between saturated and unsaturated fatty acids in 
the oxic condition, or that clay mineral plays a role in preventing the selective decompo- 
sition of the unsaturated fatty acids. 

INTRODUCTION 

F r o m  the  s tudies  o f  m o n o - u n s a t u r a t e d  f a t t y  acids in p h y t o p l a n k t o n  and  
sed imen t ,  t he  ra t ios  o f  C16:1/C16:0 and  C18:1/C18:0 ( ca rbon  chain  length:  
n u m b e r  o f  d o u b l e  bonds )  decrease  s ignif icant ly  in the  order ;  living p h y t o -  
p l a n k t o n ,  sur face  s e d i m e n t  and  d e e p e r  s ed imen t  (Parker  and  Leo ,  1965;  
H i t c h c o c k  and  Nichols ,  1971;  B o o n  et  al., 1977;  Fa r r ing ton  et  al., 1977;  
Ma t suda  and  K o y a m a ,  1977) .  This  p h e n o m e n o n  has been  i n t e r p r e t e d  in 
t e rms  o f  the  fo l lowing:  (1) cross- l inking o f  d oub l e  b o n d  wi th  o t h e r  act ive 
g roups  (Abe l son ,  1967) ;  (2) h y d r o g e n a t i o n  o f  u n s a t u r a t e d  f a t t y  acids to  
sa tu ra ted  analogues;  (3) deg rada t i on  and  s u b s e q u e n t  resyn thes i s  o f  s a tu ra t ed  
f a t t y  acids b y  bac ter ia l  or  infunal  ac t iv i ty ;  and  (4) deg rada t i on  to  c a r b o n  
d ioxide .  T h e  processes  (2) - - (4)  were  p o s t u l a t e d  b y  Rhead  et  al. (1971 ,  1972) ,  
and Gaskel l  e t  al. (1976)  based  on  in situ and  l a b o r a t o r y  i n c u b a t i o n  of  radio-  
label led oleic acid in s ed imen t .  

On  the  o t h e r  hand ,  r epo r t s  on  s e d i m e n t a r y  p o l y u n s a t u r a t e d  f a t t y  acids 
are l imi ted  to  r e cen t  sha l low-wate r  s ed imen t s  (Pe terson ,  1967;  Sever and  
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Haug, 1971; Brown et al., 1972; Poltz, 1972; Johnson and Calder, 1973; 
Anderson et al., 1977; Volkman and Johns, 1977; Cranwell, 1978; Thompson 
and Eglinton, 1978) in spite of  their abundant  presence in living aquatic or- 
ganisms such as algae. This evidence suggests that these acids are labile com- 
pounds in water column and sediment, and also indicate that a port ion of 
these acids when supplied into sediment can be preserved (Cranwell, 1978). 
The factors favoring the preservation of  those compounds  might be the highly 
primary productivities (Cranwell, 1978),  shallow water column, anoxic con- 
dition of  the sediment and other features of  the sediment. 

In the present study, anoxic surface sediment of  Lake Haruna (water depth 
13 m) and oxic surface sediment of  Lake Biwa (water depth 70 m) were 
analyzed to obtain information on the presence and the vertical distribution 
of  unsaturated, in particular, polyunsaturated fat ty acids. Discussion on 
their geochemical fate and the environmental factors governing their distribu- 
tion in the sediment is given in this paper. 

EXPERIMENTAL 

Sampling 

A sediment core (3 cm × 20 cm long) was taken with a gravity core sampler 
in the central part of  Lake Haruna. The sample was frozen at --20°C and 
stored until analysis. The lake is a representative mesotrophic lake in Japan 
(altitude 1084 m, area 1.23 km 2, maximum depth 13 m, volume 0.01 km3). 

Another  sample was collected with an Eckman ® dredge from the surface 
sediment near the center of  Lake Biwa (location No. Ie-1). The sample was 
cut horizontally at each 1 cm and stored at 4°C until analysis. The lake is 
oligotrophic and is the largest lake in Japan, with approximately 100 inflow 
rivers (altitude 85 m, area 674.4 km 2, maximum depth 102 m, volume 
27.8 km3). 

Mineral and total organic carbon analysis 

The mineral composi t ion of  sediment samples was analyzed with a 
Rigaku ® X-ray diffraction computer  system. Total carbon content  was mea- 
sured by a Yanagimoto ® MT-2 C,H,N corder. Since carbonate content  is 
negligible in both  lacustrine sediments, total  carbon content  is thought  to be 
nearly equal to total  carbon content .  

Analysis of  fatty acids 

A wet sediment sample (5--10 g) from Lake Biwa was extracted with 80 ml 
benzene--methanol  (6:4) using a homogenizer. The extract was then saponi- 
fled with 0.5 N KOH--methanol .  After removal of  neutrals by extraction with 
n-hexane--ether (9:1), the organic layer was acidified and the fat ty  acids were 
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extracted with n-hexane--ether (9:1) and methylated.  The methyl  esters 
were purified by silica gel column chromatography. Then, saturated fat ty 
acid esters were eluted with n-hexane--benzene (9:1) and unsaturated ones 
were eluted with benzene-ethyl acetate (1:1) on a 10% AgNO3--silica gel 
column containing 5% water. 

The procedures for separation of fat ty acids from Lake Haruna samples 
differed from those for Lake Biwa samples in the following: the sediment 
sample was extracted with chloroform--methanol (2:1) in a Soxhlet appara- 
tus. The extract was transmethylated with 14% BF3--methanol. Fat ty  acid 
methyl  esters were obtained by silica gel column chromatography followed 
by fractionation into saturated and unsaturated fat ty acid esters on a 22% 
AgNO3--silica gel column. 

Saturated fat ty acid methyl  esters were analyzed with a Shimadzu ® GC- 
4BM gas chromatograph on a 2 m X 3 mm glass column packed with 1% 
OV-1 on Chromosorb W ®. The column temperature was programmed from 
100 to 295°C at 5°C/min. Unsaturated fat ty acid esters were analyzed using 
a Shimadzu ® GC-5A gas chromatograph on a 2 m X 3 mm glass column 
packed with 3% DEGS on Chromosorb W v . The column temperature was 
programmed from 120 to 200°C at 3°C/min. The esters were identified with 
a Shimadzu ® LKB 9000 gas chromatograph--mass spectrometer. 

The error in overall procedure of determination of both saturated and un- 
saturated fat ty acids was within 10%. 

RESULTS 

It was fairly easy to identify unsaturated fat ty acids since a good separa- 
tion between unsaturated and saturated ones was achieved by using silver 
nitrate impregnated silica gel column chromatography. The following un- 
saturated acids were found in both sediment samples examined: C14:1, C15:1, 
C16:n (n = 1--3), C17:1 , C18:1 , C18:2, C18:3¢~ 3, C18:3¢~ 6, C20:1, C22:1, and 
C24:1 fat ty acids. The C16:1 , C18:1 , C18:2 and C18:3 w 3 acids were identified 
from the agreement in gas chromatographic retention time and mass spectra 
with authentic standards, respectively. Other acids (involving C18:3 w 6 acid) 
were tentatively identified on the basis of their retention time and mass 
spectra, but their concentration was too low to be quantified. 

Table I shows the analytical results of fa t ty  acids and organic carbon con- 
tent  in both sediments. Total fa t ty  acids account for 0.1--0.3 wt.% of total  
organic matter  for both lakes. The values are similar to those previously re- 
ported for lacustrine sediments (e.g., Matsuda, 1978). The concentration of 
total fa t ty  acids in both sediment is the highest in the uppermost layer and 
gradually decreases with depth. 

The ratios of unsaturated to saturated fa t ty  acids for Lake Haruna decrease 
with depth as shown in Fig. 1. The vertical change is similar to those of mono. 
unsaturated to saturated fa t ty  acids reported by other investigators (Parker 
and Leo, 1965; Farrington and Quinn, 1971; Farrington et al., 1977). The 
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T A B L E  I 

C o n c e n t r a t i o n s  of  f a t ty  acids and  organic  c a r b o n  in the  s ed imen t s  of  Lake H a r u n a  and  
Lake Biwa 

D e p t h  F a t t y  acids (t~g per  gram dry weight  s e d i m e n t )  Organic  

(cm)  16 :0  16 :1  18 :0  18 :1  18 :2  1 8 : 3 w 3  c a r b o n  
(rag/g)  

Lake Haruna: 
0--2 260 280 19 67 24 22 79.4 .1 
2--4 150 90 42 49 19 16 59.3 
4--6 130 40 18 37 9.0 9.5 45.3  
6--8 110 36 13 16 4.0 3.0 50.2 
8 - -10  77 14 14 9.5 2.5 1.0 49.3  

10- -12  32 6.0 7.5 3.5 1.0 0.5 48 .9  
12- -14  89 14 17 10 2.5 1.5 55.5 
14- -16  41 8.5 11 4.0 1.0 0.5 n.a. .2 

Lake Biwa: 
0--1 71,3  49.8  13.1 27.2 6.5 5.5 26.8 
1--2 27.2  19.3 5.2 9.7 2.4 1.7 19.6 
2--3 19.4 12.9 2.8 4.5 1.1 1.0 18.7 
3--4 *3 10.5 7.6 1.5 3.6 0.7 0.6 18.1 
4--5  16.8 11.8 2.3 5.2 1.2 0.9 18.1 
5--6 16.2 7.8 2.4 4.5 0.8 0.6 17.2 
6--7 16.3 9.9 2.6 5.6 1.1 0.9 17.6 

* 1 Organic  c a r b o n  da ta  of  Lake Haruna  were d e t e r m i n e d  f rom a n o t h e r  core.  
*2 n.a. = no t  analyzed.  
*3 The  l ipid sample  was, in par t ,  spilt .  
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Fig. 1. Vertical change in the ratios of unsaturated to saturated fat ty acids in the surface 
sediments of Lake Haruna and Lake Biwa. 

rate of  decrease in the ratio of  C18:3 w 3 /C18:0  is slightly higher than those of  
C18:1/C18:0 and C18:2 /C18 :0 .  On the other  hand, those ratios for Lake Biwa 
sediment show no marked change with depth. 

The results of  clay mineral analysis by  X-ray are shown in Table II. 

TABLE II 

The analytical results of  clay mineral by X-ray: (a) and chemical composit ion;  and (b) of 
the surface sediments of Lake Haruna and Lake Biwa 

(a) Abundance of clay minerals (%) in sediment 

Main mineral Abundance (%) Main mineral Abundance (%) 

Lake  Haruna: Lake  Biwa:  
Gypsum 2.4 Quartz 16.2 
Cristobalite 2.4 Kaolinite (orchlor i te)  12.5 (or 2.3) 
Quartz 1.7 Montmoril lonite 6.5 
Albite 1.5 Albite 2.6 
Total 8.0 Illite 2.1 

Cristobalite 1.3 

Total  41.2 (or 31.0) 

(b) Chemical composition* (expressed as oxides % of dry weight sediment) 

Lake Haruna Lake Biwa 

SiO~ 54.4 (75.4) 56.3 (65.4) 
Al203 7.8 (10.7) 15.6 (18.4) 
Fe203 4.7 ( 6 . 5 )  6.6 ( 7 . 6 )  

( ) = analyzed after combustion.  
*Analyzed by Dr. K. Fukushima. 
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DISCUSSION 

Saijo (1956) reported that 93% of nitrogen in the sediment of  Lake Haruna 
is autochthonous.  Ishiwatari et al. (1977b) estimated that 80% of the surface 
sediment of  the lake is of  diatomaceous origin. The results of chemical and 
X-ray analysis showed that  amorphous silica is a major consti tuent  of  the sedi- 
ment (Table II). It may be reasonable, therefore, to consider that the origin 
of the polyunsaturated fat ty acids in Lake Haruna sediment is mostly phyto-  
plankton, although the contr ibution from bacteria cannot be excluded. 

For Lake Biwa, X-ray analysis indicates that  minerals such as quartz are 
major consti tuents in the sediment (Table II). This fact suggests that a con- 
siderable amount  of  al lochthonous organic matter  would have been transport- 
ed by inflow rivers to the sediment. However, the fat ty acid analysis shows 
that n-C16 and n-C18 saturated acids are far more abundant  than C20 to C30 
acids which are thought  to be derived from higher plants; that is, the ratio of  
(C16+Cls)/E(C20--C30) is ca. 2.0 at the 0--1 cm layer, which is similar to 
that  for the Lake Haruna sediment (1.3). This may indicate that  a major part 
of fat ty acids in the sediment is also of phytoplankton  origin. The contribu- 
tion of polyunsaturated fat ty acids from micro-organisms such as fungus and 
bacteria might be small. For example, analytical results of  fat ty acids in a 
fungus, Actinomyces Biwako-B Strain, taken from the sediment of  this lake 
do not  show the presence of polyunsaturated acids (Kikuchi et al., 1973). 
Johns et al. (1977) reported the presence of polyunsaturated fat ty acids in 
some marine bacteria, but  they are not  major components  except  for C18:4 
acid. 

Early diagenesis 

It is generally known that C16:0 , C18:1 , C18:2 and C18:3 ~ 3 acids are 
major components  of  phytoplankton ,  whereas C18:0 acid is less abundant  
(Hitchcock and Nichols, 1971). The fat ty  acid composi t ion of  the uppermost  
sediment layer of  Lake Haruna resembles that  of  phytoplankton more than 
that of  Lake Biwa. Since the water depth of  Lake Haruna (13 m) is much 
smaller than that of  Lake Biwa (70 m), it is likely that  algal fat ty acids in the 
former lake have deposited faster to sediment, and therefore, with less bacte- 
rial at tack than in the latter lake. 

As shown in Table I, fa t ty  acid contents  decrease rapidly in the upper sur- 
face layers in both  lakes. The thickness of  those layers is 8 cm for Lake 
Haruna, which corresponds to ca. 120 years (Ishiwatari et al., 1977a) and 
3 cm for Lake Biwa, which corresponds to ca. 30 years (Matsumoto,  1975). 
The rate constants of  decrease of  fat ty  acids in sediment can be calculated, 
as shown in Table III, on the assumption that the amount  of  fatty acids sup- 
plied to the sediment is constant  during the periods examined and the de- 
crease of  fat ty  acids obeys  an apparent first-order reaction equation. The re- 
sult shows that the rate constants for Lake Haruna are smaller than those for 



TABLE III 

The apparent decreasing rate constant of fatty acids in the surface sediments of Lake 
Haruna and Lake Biwa (10 -2 yr.-') 
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Fatty acids Lake Haruna Lake Biwa 
(0--8 cm in depth) (0--3 cm in depth) 

16:0 1.0 7.0 
16:1 2.3 6.7 
18:0 1.1 7.5 
18:1 1.6 9.2 
18:2 2.2 9.8 
18:3~3 2.3 8.7 

Lake Biwa. Such differences between the two lakes may be explained in 
terms of redox condition of ' the  sediments, which should profoundly influ- 
ence the bacterial activity on fat ty acids. In Lake Haruna, surface sediment 
is highly reducing (Horie, 1969) where bacterial activity should not be high 
and consequently the rate constants should be small. Whereas, in an oligo- 
trophic lake such as Lake Biwa, dissolved oxygen is present even at the bot- 
tom and bacterial activity must be high. Consequently, the rate constants of 
decrease of fa t ty  acids in surface sediment of Lake Biwa should be relatively 
large. These results are consistent with the report by Cranwell (1976), where 
the amounts of  acidic component  of algal detritus (Oscillatoria agardhii var. 
isothrix) after bacterial attack are more reduced in aerobic condition than in 
anaerobic condition. 

It is of  special interest that  the ratios of unsaturated fat ty acids to satu- 
rated ones for Lake Biwa are practically constant,  whereas those for Lake 
Haruna decrease rapidly with depth,  as shown in Fig. 1, although the de- 
creasing rates of fa t ty  acids are higher in Lake Biwa than in Lake Haruna. 

According to Cranwell (1976), the ratios of alkenoic acids to alkanoic 
acids in incubation experiment of algae are higher in aerobic than in anaero- 
bic condition, although the amounts of individual fa t ty  acids were not  pre- 
sented in his paper. This result seems to be coincident with ours. 

Alternatively, clay minerals in sediments might play a role in protecting 
the double bonds from bacterial attack. Wang et al. (1969) suggested that  the 
bonding in form of a n-electron complex between unsaturated acids and the 
clay fraction of soil is stronger and less liable to be broken. Since a consider- 
able portion consists of clay minerals, as shown in Table II, Lake Biwa sedi- 
ment might prevent the selective decomposit ion of  the unsaturated fat ty 
acids and consequently,  might relatively favor the preservations of  those acids. 

The fact that  the ratios of unsaturated to saturated fa t ty  acids are practi- 
cally unchanged with depth in the surface sediment of  Lake Biwa indicates the 
possibility of preservation of the ratios in deeper layers. In fact, the higher 
ratios (C18:2/C18:0 = 4.0, C18:3w3/C18:0 = 0.5) have been observed at a 
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depth of 2 m in Lake Biwa (K. Kawamura and R. Ishiwatari, unpublished data) 
This phenomenon and the application of the ratios to paleolimnology will be 
presented in detail in another publication (Kawamura and Ishiwatari, in 
preparation). 
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