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Abstract-Fatty acids (FAs), @- and w-hydroxy acids, qw-dicarboxylic acids and n-alkanes were studied 
in a 200 m sediment core taken from Lake Biwa, Japan. FAs showed bimodal distribution with peaks at 
Cl6 and C22-C28. Their distribution patterns clearly changed with depth from lower molecular weight (C,,- 
C19) predominance to higher molecular weight (C2&r2) predominance in the upper 20 m interval. Analyses 
of related compounds (@- and w-hydroxy acids and qodicarboxylic acids) suggest that @- and o-oxidative 
degradation of Ci2-Cr9 FAs has occurred in the sediments. 

The ratio ofbound C&Z,+ to un~und FAs increases with depth in the upper O-l m sediments. suggesting 
that unbound FAs are more labile. However, the ratio varies significantly in deeper sections and may be 
associated with water temperature. 

in the sediments deeper than 20 m in depth, C1&Iu FAs gradually decrease. On the other hand, higher 
molecular weight FAs (HFAs: C,,,-C& which were probablv derived from terrestrial plants. increase in __ . . . 
concentration from 20 m to 100 m, suddenly decrease at 100 m and show progressively lower concentration 
in deeper sediments. These fluctuations are interpreted in relation to paleolimnological changes of the lake 
and the drainage basin. w-Hydroxy C,&,c acids and Cr0-C3~ cu,w-dicarboxylic acids show -a distribution 
pattern similar to HFAs. Branched chain FAs, w-hydroxv acids and CQ-C,~ a.w-dicarboxvlic acids show a 
major peak around 3-15 m in depth. This peak ibprobably caused by increased bacterial activity in the 
water column and surface sediments in the past, which may be associated with an increase in primary 
production of the lake. 

INTRODUCTION 

IN 197 1, a 200 meter-long sediment core was taken 
by Professor S. Horie and his coworkers from the cen- 
tral part of Lake Biwa (Japan), which is the third oldest 

ancient lake (ca. 5 M yrs) in the world (HORIE, 1972). 
Since then, extensive studies have been carried out by 
a number of investigators in various fields (geophysics, 

geology, biology, geochemists, paleontology and 
palynology). The results of the investigations have ap- 
peared in a series of publications “Paieoiimnology of 
Lake Biwa and the Japanese Pleistocene, Vol. l-9”’ 

(Ed. S. HORIE, 1972-1982). The sediment core sample 
is of great advantage to organic geochemical studies, 
because the core sample is mostly composed of ho- 
mogeneous clay minerals and amorphous materials 
with no sand layers, and because results of the studies 
can be compared with different kinds of results in 

other fields. Table 1 shows organic compounds studied 
in the core sample. 

The studies of fatty acids have revealed that con- 
centrations of n-Cu, and n-Cts acids decrease rapidly 
as a function of depth with respect to concentrations 
of the n-C2,+& species in the upper 5 meter section 
(ISHIWATARI and KAWAMURA, 1978) and that poly- 
unsaturated (linoleic and linolenic) acids exist abun- 
dantly in 0.2, 1-5, 1 I- I5 and I6 m intervals of the 
upper 20 m sediments (~WAMURA and ISHIWATARI, 

.-- 
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198 la). Those results were explained in terms of dia- 
genetic change of organic compounds and of changes 

in primary input of the compounds. In the surface 
sediments, where organic compounds which were in- 
corporated in sediments experience early diagenesis, 
changes in chemical characteristics of organic matter 
is due more to diagenesis than changes in primary 

input. On the other hand, in deeper sediments, such 
variation should be more controlled by the past primary 
input, which is associated with environmental changes 
of and around the lake. 

We have analyzed fatty acids (FAs) in detail 

throughout the 200 m core samples (cu. 0.5 M yrs old) 
of Lake Biwa. The characteristic results were: ( I) con- 
centrations of lower molecular weight FAs (LFAs: n- 

C,2-C,9) continuously decreased with depth in the up- 
per 20 m section and were almost constant in deeper 

layers, and (2) concentrations of higher molecular 
weight FAs (HFAs: n-C&&) increased in the SO-90 
m interval. This paper deals with detailed distribution 
of fatty acids in the core and their diagenetic history. 
The diagenesis of these compounds is facilitated by 
analyses of possible degradation products; ,@- and w- 
hydroxy acids as well as a-o-dicarboxylic acids. In this 
case, initial composition of organic matter was assumed 
to be nearly constant through the sediment core. An- 
alytical data which are difficult to explain in terms of 
diagenesis require additional inte~re~tions. e.g.:., fluc- 
tuation in source materials. This paper also concerns 
vertical variation of HFAs as a result of paleoenvi- 
ronmental changes around the lake, and vertical dis- 
tribution of w-hydroxy acids and a,w-dicarboxylic ac- 
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Table 1. Orqanic compowds studled I!? a 200 rmeter sediment core 
taken from Lake B,wa. 

Compounds References 

N-alkanes 
Aromatic hydrocarbons 
Fatty acids 

Pigments 

stero1s 

Carbohydrates 
Amino acids 

Humlc compounds and 
kerogen 

Ishiwatari (1976a) 
Ishiwatari and Hanya (1975) 
Ishiwatari (1976b) 
lshiwatari and Hanya (1973, 1975) 
Ishiwatari and Kawamura (1978) 
Kawamura and Ishlwatari (198la) 
Handa (1975) 
Hata et al. (1980) 
Ishiwatarl and Hanyd (1973) 
Ogura and Hanya (1973) 
Oqura (1976) 
Handa 11972, 1977j 
Handa (1973) 
Terash,n,a and M,zuno (1974) 
Ishiwatari (1977) 
lshiwdtari and Kawanura (1982) 

ids. N-alkane data are also presented here to discuss 
the input of terrestrial organic matter in the past. 

EXPERIMENTAL 

Description of Lake Biwa 

Lake Biwa is the largest freshwater lake located in the central 
part of Japan (35”04’N; 136’05E), as shown in Fig. 1. and 
its age is estimated to be cu. 5 M yrs old (HORIE, 1972). 
Approximately one-hundred rivers flow into the lake, whose 
drainage area is about 3800 km*. The lake discharges into 
Osaka Bay through the Seta River. Under the bottom of the 
lake, thick sediment layers (cu. 1.5 km) are thought to be 
present. Allubial and terrace deposits, several formations 
(Kobiwako group), and basement rocks lie around the lake. 
In the terrace deposits, paddies and farms are developed 
whereas both needle-leaved and broad-leaved forests are de- 
veloped in the mountain area. Geological and vegetational 
maps of the lake were cited elsewhere (KAWAMLJRA and ISH- 
IWATARI, I98 la). 

Materials 

Forty-two subsamples were taken from the 200 m core 
sample (which had been stored at -20°C) and were analyzed 
in this study. The vertical length of the subsamples was 5 
cm. The remaining subsamples were collected from the ad- 
ditional 5 m core sample which was taken in 1972 at the 
location where the 200 m core had been taken. The 5 m core 
was cut at 5 cm intervals and stored at 4°C prior to analysis. 

The color of the samples was dark grey throughout the 
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FIG. I. A map of Lake Biwa. 

core. X-ray analysis showed presence of quartz, montmoril- 
lonite, illite, kaolinite or chlorite, cristobarite and feldspar in 
the sediment (ISHIWATARI and KAWAMURA, 1982). Although 
the contents of these minerals varied from 25 to 4 1% of dry 
weight sediment, the mineral composition was almost constant 
throughout the core. Quartz was the major mineral present 
and varied from 14 to 25%. Carbon and nitrogen analysis 
were also made (KAWAMURA and ISHIWATARI, 1981a). 

Analysis qf:firtty acids and related compound.c 

For the upper 20 m sediment samples, unbound and bound 
lipids were separated as follows. A wet sample (5-8 g) was 
extracted three times with benzene/methanol (6:4) by using 
a homogenizer. The extracts (unbound lipids) were separated 
by filtration (Whatman GF/A), combined, concentrated by 
a rotary evaporator and then saponified with 5 ml 0.5 N 
KOH/methanol (80°C 2 hrs). The extracted sediment was 
saponified with 50 ml 0.5 N KOH/methanol solution con- 
taining 5% water. The saponified lipids (bound) were separated 
by filtration and concentrated. 

The sediment samples (5-10 g) at depth of 20-200 m were 
directly saponified with 50 ml 0.5 N KOH/methanol solution 
containing 5% water to separate unbound plus bound lipids. 
The extracts were filtered and concentrated. 

Neutral components were separated from these extracts 
(to which IO ml water was added) with n-hexanelethyl ether 
(9: I), and were divided into three subfractions: (I) aliphatic 
hydrocarbons, (2) aromatic hydrocarbons. and (3) alcohols, 
on a silica gel column with n-hexane, n-hexanelbenzene (9: 1) 
and benzene/ethyl acetate ( I : I). respectively. Acidic com- 
ponents were extracted three times from the remaining so- 
lution with n-hexanelethyl ether (9: I) after the solution was 
acidified with hydrochrolic acid (which was treated with n- 
hexane). This fraction was then methylated using 14% meth- 
anolic BF,. The mono-carboxylic acid ester fraction and di- 
carboxylic acid and hydroxy acid ester fraction were eluted 
on a silica gel column with n-hexanelbenzene (9: I) and ben- 
zene/ethyl acetate (1: I), respectively. The former fraction was 
further separated into saturated and unsaturated fractions by 
means of AgNO,-silica gel column chromatography (KA- 
WAMURA d al., 1980). The latter fraction was treated with 
TMS-BA reagent (Tokyo Kasei, Japan) to derive TMS ethers 
of hydroxy acid methyl esters prior to GC analysis. 

Saturated mono-carboxylic acid methyl esters were analyzed 
with a Shimadzu GC-4BM or GC-6A gas chromatograph and 
a Shimadzu-LKB 9000 GC-MS on a 2 m X 3 mm glass 
column packed with 1.5% OV-I on Chromosorb W (AW, 
DMCS). The quantification was performed by comparing the 
peak height of gas chromatogram with that of authentic stan- 
dards (normal C14, C16. Ci8, CZO, CZZ and Cz., fatty acid methyl 
esters). fi- and w-Hydroxy acid methyl ester TMS ethers and 
n,w-dicarboxylic acid methyl esters were analyzed with the 
GC-MS under identical conditions. Hydroxy acids were 
quantified by comparing the peak height of gas chromatogram 
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(total ion current monitor) with that of authentic standards 
(fl-hydroxy C,,, Cl6 and Cis acid and w-hydroxy Ci6 methyl 
ester TMS ethers). o,w-Dicarboxylic acids were quantified by 
comparing the peak height of mass fragmentogram at m/z 
98 with that of authentic standards (C,,, Cij, Ci4, Cl6 and 
Cls ol,w-dicarboxylic acid methyl esters). Aliphatic hydrocar- 
bons were analyzed by CC and were quantified using normal 
Clb-C3,, alkane standards. Fatty alcohols were analyzed by 
mass fragmentography at m/z M-15 after the alcohols were 
treated with TMS-BA reagent. Authentic alcohols (straight 
chain C14-CzI() were used as external standards for the quan- 
tification. 

RESULTS 

Table 2 gives analytical results for total organic carbon and 
total nitrogen, fatty acids, fl-hydroxy acids, w-hydroxy acids 
and u,w-dicarboxylic acids in the 200 m sediment core. 

As shown in Fig. 2, total organic carbon content first in- 
creases with depth showing a maximum around at 3-10 m. 

Below this depth it decreases until cu. 25 m. Then, the con- 
centration of organic carbon gradually increases until a second 
maximum is reached at 95 m. Constant concentrations are 
found in deeper sediments. These fluctuations have probably 
been caused by variations in the amount of organic matter 
supplied to sediments in the past rather than by diagenesis. 
The peak at the 3-10 m intervals can be explained in terms 
of an increase in primary production in the past because a 
good correlation was found between total organic carbon and 
diatom remains in the upper 20 m sediments (KAWAMURA 
and ISHIWA~ARI, 198 I a). 

As reported in previous papers (ISHIWATARI and HANYA, 
1973; ISHIWATARI and KAWAMURA, 1978) normal C,Z-C32 
saturated FAs were found throughout the 200 m core. Their 
distribution shows bimodal pattern with maxima at Cl6 and 
CZ2 to CZ8 and even-numbered predominance. Their con- 
centrations ranged from 2 I .8 to 1 I3 Fg/g dry sediment. The 
total FAs comprised 0.15 to 0.35% of total organic matter 
(TOM = TOC X I .67). Figure 3 gives typical distribution of 
normal saturated FAs in the 200 m core. Characteristically. 

Table 2. Analytical results for carbon, n~troqen, fatty acids. d-h,vdroxy acids, n-hydroxy acids and 
,,m.I-dlcarboxyllc acids in a 200 m sediment core taken from Lake BIW 

NO. 

l-1 
l-3 
l-5 
1-7 
1-9 
l-11 
1-21 
2-l 
2-11 
2-21 
3-9 
3-19 
4-i 
4-17 
4-21 
9-7 

11-Z 
14-2 
17-2 
ia-2 
21-7 
23-2 
25-2 
26-Z 
27-7 
20-2 
31-7 
33-2 
35-2 
37-2 
40-2 
47-2 
65-2 
72-I 
81-1 
86-I 
95-2 

103-I 
107-l 
113-2 
120-l 
129.) 
143-1 
160-Z 
172-1 
181-l 
190-I 
198-Z 
211-l 
224-2 
244-l 
255-l 
269-l 
336-l 
379-2 
438-I 
498-l 

9.66 1.34 

c N 

7.21 

C/N 

(w/q) 

13.2 1.47 R.YR 
10.5 

11.5 

1.30 

1.83 

R.OR 

6.30 

10.3 1.28 8.05 
10.2 1.77 

8.82 1.35 

8.03 
9.73 

6.51 

1.16 8.39 
10.5 1.17 8.97 
15.9 

8.94 1.48 

1.13 

6.04 

9.19 
16.7 1.90 6.79 
17.0 

10 8 

2.01 

1.63 

8.46 
18.1 

6.60 

2.10 8.62 
21.0 2.34 u.9: 
21.1 

12.1 

2.35 

1.77 

X.YR 

7.n4 

21.6 2.41 8.96 
21.2 2.47 8.5R 
11.6 2.43 8.89 
21.4 2.70 7.93 
20.1 2.77 7.26 
21.1 2.56 R.24 
18.1 2.08 8.70 
14.7 1.79 8.21 
20.0 2.43 8.23 
15.0 1.84 8.15 
18.5 2.05 9.02 
17.3 1.89 9.15 
18.R 2.04 9.72 
13.6 1.81 7.51 
12.0 1.59 7.55 
11.4 1.51 7.51 
14.6 1.4, 10.4 

9.72 
10.5 1.51 6.86 

lat:y ac,ds .-Hydrnxy ac,ds 

L H 

3.03 2.24 
4.01 4.21 

ac,ds 

4.09 
2.12 
1.37 
3.71 
1.81 
0.42 
2.54 
2.27 
1.11 
3.02 
3.03 
3.x 
6.91 
4.69 
I.80 
5.72 
8.40 
6.45 
6.05 
3.68 
5.86 
4.02 
4.88 
2.36 
4.32 
4.89 
4.09 
2.84 
0.87 

7.37 
2.18 
1.97 
2.06 
2.28 
2.24 
3.49 
2.47 
1.85 
1 02 
2.71 
1.20 
1.46 
1.54 
1.81 
2.03 
1.74 
2.45 
1.62 
0.76 
1.21 
0 0, 
0.01 
1 0: 
0.35 
0.51 

L P 

1.92 0 23 
1.29 0.54 
1.55 0.46 
3.00 1.83 
2.11 0.61 

5.6, 9.64 
El2 0 76 

4.44 0 72 
4.25 0 66 
3.33 2.14 
7.69 1.49 
4.24 0.90 
4.77 1.13 
4.68 9.45 
4.55 6.06 
2.83 1.90 
2.36 3.04 
I 89 3.13 
3.44 6 20 
1.90 3 23 
2.66 7.77 
1.59 2.45 
1.96 7.04 
2.72 7.38 
2.77 6 35 
1.49 3 30 
1.16 2.56 

1.57 4.67 
3.38 5.61 
1.81 4.11 
2.22 5.35 
2.68 7.37 
2.24 5.57 
1.93 6.18 
1 71 5 86 
1.56 7.05 
1.68 3.03 
4.31 7 07 

2.10 4.52 
4.37 5.26 
2.28 i.R2 
3.06 7.14 
3.62 7.65 
2 20 5.48 
1.39 8.30 
!.34 6.56 
0.92 5.93 
0.59 1 74 
0.46 1 78 
2.86 3 47 

0.35 1 40 

nt “H Br 

51.1 27.4 6.13 0 
01 
1: 2 
0.3 
0.4 
C 5 
10 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 
4.5 
4.7 
6.6 
7.7 
9.5 

11.2 
11.7 
12.5 
13.4 
14.6 
15.2 
Ii.8 
16.3 
17.1 
17.5 
lR.5 

19.5 
21.0 
22.8 
30.1 
32.5 
35.1 
37.5 
40.7 
42.8 
45.2 
47.8 
50.4 
56.3 
59.8 
65.1 
69.7 
74.8 
79.:: 
P'4.7 
R9.O 
95.0 

102.ir 
105.4 
110.9 
136.3 
152.5 
176.1 
197.5 

17.7 15.; 3.63 
20 3 l?.? 3.92 
15.4 16.2 3.73 
15.5 15.9 3.53 
26.5 16.8 4.13 
26.4 46.C 5.12 

3.99 4 81 
4 97 4.68 
3.08 3.27 
2.111 2.88 

10 7 13.7 
5.62 2.07 21.7 17.5 3.96 

29.2 36.9 4.98 
34.5 36.1 5.47 
20.5 35.3 3.30 
34.2 39.3 5.58 
21.1 33.0 4.19 

8.611 9.88 
9.111 8.42 

13.7 11.6 
8.511 10.5 

14.0 14.9 
9.9, 10.3 30.2 43.0 5.09 

26.4 43.8 4.66 
23.7 40.8 7.03 
24.9 35.9 8.72 
22.0 37.6 6.93 
19 0 29.0 4.43 
12.4 71.2 4.02 

11.4 10 7 
21.7 19.1 
8.51 14.6 
6 4,! 6.07 
6.87 9.95 
3.68 8.24 
7.56 11.9 19.1 30 2 5.43 

16.1 ?O.il 1.37 6.41 13.4 
15.5 35.2' 2.70 11.3 36.0 
15.0 32 ' 2.89 9.13 18 9 
16.0 36.3 3.52 !0.6 40.5 
14.0 27.6 2.89 ?1.2 23.9 
10.1 17.0 1.65 16.5 25.2 

13.7 18 R ?.7? 25.h 2.13 
7.21 14.6 0.96 

16." 76.4 3.00 
12.3 4R.C 

10.8 12.1 

8.41 57.2 2.83 

8.lh 

4 83 14.8 

31.4 2.09 7.5’1 8.1, 
12.0 60.0 1.76 16.6 12.5 
6 74 35.: 1.79 6.6? 8.72 
6.1'1 72.8 1.62 7.27 lfl.1 
7.14 50.6 1.71 9.81 13 4 

17.7 60.? 3.39 6.42 13 6 
10.8 1.70 6.38 
10.4 1.59 6.51 
11.0 1.58 6.96 
9.59 1.37 7.00 

14.1 1.77 7.97 
11.2 1.85 6.06 
12.4 1.84 6.76 
13.2 1.79 7.37 
12.7 1.91 6.65 
13.9 1.99 6.99 
14.0 1.87 7.49 
17.0 2.27 7.48 
9.41 1.61 5.84 

10.3 1.17 5.84 
8.91 1.52 5.811 

10.7 1.42 7.54 
I".5 1.85 5.65 
10.7 1.75 6.11 
11.5 1.45 7.90 
8.42 1.63 5.17 

8.66 64.0 3.49 
12.1 66.‘ 3.81 
7.83 41.4 2.17 

l5.2 9i.8 3.13 
7.51 33..' 0.77 
6.4'3 73.0 1.55 

6.3! 17 6 
1.65 8 31 
9.63 10.1 

?6.3 21.4 
4.07 7.37 
8.75 in.4 

29.4 13 7 8.611 61.1 2.07 
IO.11 61.5 2.85 12.5 15.0 
10.3 84.1 2.68 17.9 27.5 
9.311 ii.1 2.20 78.4 21.5 

10.3 82.0 2.21 9.27 6.17 
R.02 93.1 1.23 9.77 28 4 
8.7, 61.5 3.08 9 02 13.0 
5.Ci 42.2 2.10 
4.59 36.1 1.19 
7.91 43.5 2.60 
5.02 45.8 1.37 
5.71 21.1 0.46 
3.54 33.2 1.18 

4.28 4.R4 
4.53 3.60 
4.40 0.37 

25.9 5.12 
7.89 2.&3 
2.02 2 67 
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FIG. 2. Vertical profile of total organic carbon (TOC) in a 
200 m sediment core taken from Lake Biwa. Age dating is 
from HORIE et al. (1971), NISHIMURA and YOKOYAMA (1973) 
and YAMAMOTCI et al. (1974). 

LFAs are major components in the surface sediment samples 
but they become relatively minor constituents in deep samples. 
On the other hand, HFAs, which are minor in surface sediment 
samples, become major components in deep samples. 

Figure 4 shows vertical profiles of LFA and HFA concen- 
trations in a 200 m sediment core. LFAs show highest con- 
centration in a top surface sediment and then decrease at 
subsurface sediment. Generally, concentration decreases with 
depth in the upper 20 m interval, showing a peak around the 
2- 10 m depths. The peak is probably the result of an increase 
in primary production of the lake. Since LFAs are charac- 
teristic constituents of microorganisms like algae and bacteria, 
the above idea is reasonable. However, general decreasing 
trend for LFAs with depth is probably caused by microbial 
and chemical degradation during early diagenesis, as discussed 
later. On the other hand, the concentration of HFAs increase 
with depth until 100 m in depth, showing a small peak around 
2-10 m interval. This vertical trend will be discussed from 
two view points: diagenesis and changes in primary input. 

Iso and anteiso C,,. CL5 and CL7 FAs were also detected 
in the O-200 m sediments. Their conc~n~tions ranged from 
0.46 to 8.7 jzg/g dry sediment. As shown in Fig. 5, the con- 
centrations of branched FAs seem to decrease with depth 
showing a peak at the 6-10 m interval. Since branched FAs 
are characteristic of bacterial lipids (KANEDA, 1967) this peak 
is probably associated with an increase of microbial activity 
in the past. Such an increase in the activity could have been 
caused by enhanced primary production of the lake in the 
past, as stated earlier. In sediments deeper than 20 m, iso 
and anteiso Ci4, Ci5 and Ci, acid concentrations are consid- 
erably less than those found at more shallow depth. 

Monounsaturated fatty acids (palmitoleic: C16:, and oleic: 
C,,,,) were detected in the sediment samples deeper than 20 
m as well as in the upper sediments (KAWAMURA and ISHI- 

WATARI, 1981a). However, their concentrations were low 
(0.22-0.88 tip/g dry sediment for palmitoleic acid and 0.19- 
0.79 rg/g dry sediment for oleic acid), relative to those in the 
O-20m interval (KAWAMURA and ISHIWATARI, 1981a). 
Polyunsaturated fatty acid (finoleic: CLsz2), which exist abun- 
dantly in the upper ~diments(~~~~~~ and ISHIWATARI, 
198 I a), was also detected in some sediment samples at con- 
centrations less than 0.20 pg/g dry sediment. This result in- 
dicates that, although most of the unsaturated FAs are de- 
graded during diagenesis, small portions can be preserved in 
the 200 m sediments (ca. 0.5 million yrs old, the age deter- 
mination is from YAMAMOTO et al.. 1974). 

Figure 6 shows a typical gas chromatogram of the hydroxy 
acid methyl ester TMS ethers and a mass fragmentogram of 
the Lu,w-dicarboxylic acid methyl esters at m/z 98 for Lake 
Biwa sediment sample. &Hydroxy C&& acids were detected 
in the sediments. The concentrations ranged from 0.01 to 
8.4 rg/g dry sediment. The C&J,8 acids are major com- 
ponents throu~out the core whereas C&& acids are only 
minor except for a few sediment sections (f .O, 6.6, 7.7, I 1.2, 
12.5 and 17.1 m in depth). The distribution of fl-hydroxy 
acids showed that the even carbon numbered acids are mostly 
straight chain whereas odd carbon ones are mostly iso/anteiso. 
A similar distribution has been reported for bound fi-hydroxy 
acids from algal mat sediments (CARDosO rt al., 1977) and 
for both (unbound plus bound) and tightly bound &hydroxy 
acids in a surface sediment of Lake Biwa (KAWAMURA and 
ISHIWA’~ARI, 1982). 

The w-hydroxy acids (C,2-Cj0) were detected in a range of 
4.7 to 51 Kg//g dry sediment. These acids showed bimodal 
distribution patterns with two maxima, one at C,6 and the 
second in C22 to Cz8 range, throughout the sediment core. 
Figure 6 shows that these acids are strongly dominated by 
even-num~red species. A similar feature was observed in a 
iacustrine sediment (CRANWELL, 1977) and an intertidal sed- 
iment (VOLKMAN er a/.. 1980). 

C&3o cr,w-Dicarboxylic acids were detected at concentra- 
tions of I .8 to 16 pg/g dry sediment. These acids show a 
distribution pattern similar to the w-hydroxy acids and fatty 
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FIG. 3. Typical distribution of normal fatty acids in Lake 
Biwa sediment. 
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FIG. 4. Vertical profile of normal fatty acids (LFAs and HFAs) in a 200 m sediment core of Lake Biwa. 

acids: namely, bimodal distribution with maxima at Cl6 and 
C22-Cz8 and even-numbered predominance. However, the de- 
gree of even/odd predominance for the diacids was lower 
than that found in w-hydroxy acids and fatty acids (see Figs. 
3 and 6). 

Figure 7 shows the vertical distributions of w-hydroxy acids, 
8-hydroxy acids and qwdicarboxylic acids in the 200 m 
sediment core. The concentrations for each compound class 
fluctuate with depth. The w-hydroxy CIz-C18 acids show higher 
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FIG. 5. Vertical profile of branched fatty acids in a 200 m Since vertical profile of FAs (Fig. 4) presented by 

sediment core of Lake Biwa. absolute concentration (kg/g dry sediment) is involved 
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concentrations around 3-7 m, 15-18 m, 56-85 m and 152 
m in depth whereas the CzO-CzO acids show large peaks around 
1 S- 18 m and 45- 102 m sediments. However, in deeper sed- 
iments, the concentrations of the CzO-C~o acids are low. These 
may be related with past changes in the input of various 
source materials, a topic which will be discussed later. The 
(3-hydroxy acids show a major peak around 3- I5 m in depth. 
This peak seems to correspond to the maximum concentra- 
tions of organic carbon (see Fig. I) and branched fatty acids 
(see Fig. 5). Since fl-hydroxy acids are characteristic constit- 
uents of bacterial biomass (MOSS et ul., 1973; BOON ef al., 
1977a; MAYBERRY, 1980), their concentration is probably 
associated with bacterial activity, which may depend on pri- 
mary productivity of the lake. The C9-C19 cu,w-dicarboxylic 
acids show a fluctuation similar to those of the fi-hydroxy 
acids. In contrast, the Cz0-C,0 qodicarboxylic acids have a 
different distribution pattern from that of C9-C19 acids. The 
C20-C30 diacids increase with depth from surface to 40 m in 
depth and have peaks at 1.0 m, 6.6 m and 12-I 7 m. In the 
40-100 m interval their concentrations seem to be almost 
constant, concentration levels suddenly decrease, however, 
around 100 m sediments. The overall vertical distribution of 
the Czo-C,O qwdicarboxylic acids resembles that of the w- 
hydroxy C&Y,,, acids. 

N-alkunes 

N-C& to Cj5 alkanes were detected in the 200 m core. 
Figure 8 shows a typical molecular distribution of n-alkanes 
in Lake Biwa sediments. They showed a strong odd-numbered 
predominance with a peak at Cz9 or C3,, as reported in a 
previous paper (ISHIWATARI, 1976). A similar distribution 
was reported in bottom sediments of other lakes (CRANWELL, 
1973; BRWKS et ol., 1976). Since such a distribution is con- 
sidered to be characteristic of soil organic matter, n-alkanes 
in the Lake Biwa sediments may originate predominantly 
from terrigeneous sources. The concentrations ranged from 
4.5 to 9.7 pg/g dry sediment. Figure 9 gives a vertical profile 
of n-alkanes in the 200 m sediment core. Peaks are seen 
around at 3-5 m, I 1-13 m, 15-17 m and 40-48 m intervals. 

DISCUSSION 

Early diagenesis qffatty acids: Possible degradation 

mechanism ,ftir LFAs 
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FIG. 6. Typical gas chromatogram of /3-, w- and (w-1)-hydroxy acids (A) and mass fragmentogram (m/ 
z 98) of qw-dicarboxylic acids (B) in Lake Biwa sediment (#160-2, 65.1 m in depth). TICM: Total ion 
current monitor. Gas chromatographic conditions; Column: 2 m X 3 mm glass column packed with 1%’ 
OV-1 on Chromosorb W, Column temperature: programmed from 100 to 290°C at S”C/min. 
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sediment core of Lake Biwa. 
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FIG. 8. Distribution of n-alkanes in a Lake Biwa sediment 
(15.2 m in depth). 

with two factors: changes in primary input and dia- 

genesis, it is necessary in a discussion of diagenetic 

effects to reduce or eliminate fluctuations of FA input 

which are caused by past environmental changes of 
the lake and its surroundings. For the present purpose, 

an expression presented by FAs/TOM is more useful 

than absolute concentration, because an increase in 
primary input of organic matter was strongly suggested 

for the sediments of 3-10 m interval (Fig. 2). 
Figure IO shows vertical profiles of representative 

fatty acids (unbound plus bound) in the upper 20 m 

sections of a 200 m core. The concentration is pre- 
sented as relative percentage of total organic matter. 

Clearly, n-C,4-C,8 FAs/TOM values decrease with 
depth in surface sediments. Concentrations of n-Cl0 

and n-C22 seem to be constant through the 20 m in- 
terval. N-C24-C32 FAs/TOM values are also unchanged 
through the core. 

These results clearly indicate that LFAs are less stable 
than HFAs in the sediments, as stated in a previous 
paper (ISHIWATARI and KAWAMURA, 1978). The de- 
crease of LFAs is probably the result of diagenesis, 

related to microbial/chemical degradation. As a pos- 
sible mechanism, these fatty acids may be oxygenated 
and converted to related compounds such as /I- and 
w-hydroxy acids and cu,w-dicarboxylic acids (EGLINTON 

et al., 1968; CARD~SO et al., 1977). Analyses for these 
compounds were made in order to elucidate this pos- 
sibility. 

We discuss here the possible degradation process of 
LFAs and consider n-&, FA and its related compounds 

as representative species. Figure 11 shows comparison 
of vertical distribution of /%hydroxy Cl6 acid, w-hy- 
droxy C16 acid and Cl6 a,w-dicarboxylic acid in relative 

to TOM and concentrations of Clh FA. P-Hydroxy 
Clh acid first decreases with depth in the O-2 m interval. 
Since P-hydroxy acids are bacterial constituents (BOON 

et al.. I977a,b; PERRY et ul., 1979), the decrease of 
[j-hydroxy C,6 acid in the O-2 m sections may be related 
to a change in bacterial populations. According to 
HAYASHI and TAKII (1977), populations of hetero- 
trophic bacteria decrease exponentially from 3.5 X 105 
(0 m) to 6 X lo* (2.3 m) per gram of wet sediment, 
and were not detected in deeper sediments. 

As shown in Fig. 11, @-hydroxy Cl6 acid appears to 
increase with depth in samples deeper than 2 m. Since 
heterotrophic bacteria were not detected in these sec- 

tions (HAYASHI and TAM, 1977), bodies of living bac- 

teria probably do not cause this phenomenon. The 

increase of fi-hydroxy Cl6 acid is possibly due to an 

increase of bacterial contribution from sources other 

than in-situ populations. However, this process is not 

likely because the concentrations of branched FAs 
which are generally abundant in bacteria (KANEDA. 

1967) practically remain constant with depth in these 

sections (Table 1). Therefore, the increase of B-hydroxy 
C,6 acid is probably a result of its formation by p- 

oxidation of Cl6 FA in the sediments. 
The concentrations of w-hydroxy Cl6 acid appear 

to increase with depth in the O-2 m interval as shown 

in Fig. 11. The slight increase of o-hydroxy Clh acid 

may be explained as follows. Since w-hydroxy acids 

are produced by aerobic microorganisms such as yeast 

through oxidation of FAs (STODOLA et al., 1967). it 
is reasonable to consider that Cl6 FA degrade oxida- 

tively at the o-position and produce the corresponding 
w-hydroxy acid in the surficial sediments as well as in 

water column (BOON et al., 1977b). 
The increase of Cl6 a,w-dicarboxylic acid with depth 

in the O-l m interval (Fig. II) may also indicate w- 

oxidative degradation of Cl6 FA, since certain bacteria 
are capable of oxidizing FAs at the w-position to pro- 
duce the corresponding cu,o-dicarboxylic acids (KESTER 

and FOSTER, 1963). The concentration of Clb diacid 
appears to decrease in samples deeper than 3 m in 

depth. This fact suggests that C,, diacid undergoes 
further oxidative degradation. 
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FIG. 9. Vertical profile of n-alkanes in a 200 m sediment 
core of Lake Biwa. 
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CONCENTRATION OF FA ( 10-2% of TOM 1 

FIG. 10. Vertical profiles of representative fatty acids (unbound + bound) in the upper 20 m sections 
of a 200 m core of Lake Biwa. The concentration is presented as relative percentage of total organic matter 
(TOM). TOM was postulated as 1.67 X TOC. 

Thus, the amounts of p- and w-hydroxy C,, acids of FAs may depend on its existing form. CRANWELL 

and Cl6 diacid found in the 2-20 m interval accounts (198 I) found a selective decrease of unbound L.FAs 
for approximately 30% of Cl6 FA lost in this portion relative to bound LFAs in two sections of a lacustrinc 
of the core (Fig. 12). The remaining portion (approx- sediments (O-10 cm and IO-20 cm). VAN VI,EET and 
imately 70%) of the Clh FA originally present in the QUINN (1978) also reported similar results in marine 
surface sediment may have decomposed to COa, al- sediments. Figure 13 shows a vertical variation of the 
though other processes such as incorporation of FA ratio of bound LFAs to unbound LFAs in the upper 
and its degradation products into organic and/or in- 20 m sediments. In the uppermost O-I m sections, 
organic matrices in sediments cannot be excluded. the ratio increases with depth from 0.4 to 1.2. This 
Similar results were also obtained for C,4 and C,* FAs, fact may indicate that unbound LFAs decompose 
suggesting that the oxidative degradation of LFAs occur much more rapidly than bound LFAs. as claimed by 
in sediments of Lake Biwa. VAN VLEET and QUINN (1979) and CRANWELI. (198 I). 

We can calculate apparent degradation rates for 
LFAs in the O-I m sediments from their vertical profile 
based on 14C chronological data (1430 yrs for 0.8 m 
sediment: HORIE et al., 1977). The rates for n-CI1, n- 
Clh and n-C,, FAs are approximately 2 X 10m3 y-‘. 

Unbound and hound.forms Qfjbtty ucids 

It is reasonable to expect that some differences exist 
in the behavior during early diagenesis between un- 
bound and bound species because degradation rates 

However, in the sediments deeper than I m. the 

ratio of bound LFAs to unbound LFAs does not in- 
crease with depth but shows a fluctuation in the range 
of 0.8-2.2 with high values of I. I-1.9 for the I-2 m 
interval, 1.6-I .9 for the 7-8 m interval, 1.7 for the 
12 m interval. 2.1-2.2 for 16-17 m interval. This ver- 
tical fluctuation resembles that of the C18.L FA to Clx ,) 
FA ratio for the same core (KAWAMIJRA and 1st~ 
WATARI, I98 la). According to our previous study, the 
higher C,R:2/C,8:0 ratios are thought to represent periods 
of colder paleoclimate. The above fact suggests that 
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FIG. Il. Vertical profiles of C,, fatty acid, w-hydroxy C6 
acid and C,, ol,w-dicarboxylic acid and fl-hydroxy C16 acid 
in the upper 20 m sections of a 200 m core of Lake Biwa. 
The concentration is presented as the percentage of TOM. 

the degradation of bound FAs and unbound FAs which 
did not experience rapid decomposition in surface 
sediments are subsequently altered very slowly. There- 
fore, the ratios of bound LFAs to unbound LFAs which 
were deposited in the 1 m interval is preserved for a 

considerably long time. Furthermore, the above fact 
suggests that vertical profile pattern of the ratios below 
the 1 m interval sediment is primarily determined by 

the ratios at the time of their synthesis (probably in 
living organisms), which may be affected by environ- 

mental factors such as water temperature. 
As shown in Fig. 13, and Fig. 14, the ratios of bound 

HFAs to unbound HFAs as well as bound branched 
FAs to unbound branched FAs showed the patterns 
similar to those for LFAs. It is of special interest that 
the bound/unbound ratio is similar between LFAs and 
HFAs although their origin is thought to be different: 
LFAs originate mainly from aquatic organisms such 
as algae whereas HFAs are mainly from terrestrial plant 

waxes (ISHIWATARI and HANYA, 1973; CRANWELL, 

1974). This fact suggests that common mechanisms 
act for controlling the bound/unbound ratios for both 
LFAs and HFAs. 

Vertical profile qf HFAs: Marker of terrestrial input 

Although LFAs/TOM values decrease with depth 
in the upper 20 m interval, values for HFAs do not 
decrease with depth (Fig. 10). Figure 15 gives vertical 

profiles of LFAs and HFAs throughout the 200 m 

core. The concentrations of LFAs seem to decrease 

gradually in samples deeper then 20 m in depth, sug- 

gesting that LFAs experience very slow degradation 

in deep sediments. On the contrary, HFAs/TOM values 
increase with depth in the sediments deeper than 20 
m, reach a maximum near 50 m and then decrease 
slightly. From the viewpoint ofdiagenesis, the increase 

of HFAs/TOM could be due to (1) production of HFAs 
by chemical reactions of other organic compounds 

(e.g. oxidation of fatty alcohols), (2) release of tightly 

bound HFAs from sediment matrices. and/or (3) 

greater preservation of HFAs relative to other organic 
matrices. 

Since the presence of phytanic acid in sediments 

has been interpreted as oxidation of the corresponding 
alcohol (phytol) during early diagenesis (IKAN et al., 
1975; ISHIWATARI et al., 1980), it is possible that a 
portion of the HFAs in deeper sediments is generated 

by in situ oxidation of fatty alcohols (ISHIWATARI and 

KAWAMURA, 1978). In order to examine this possi- 
bility, we analyzed fatty alcohols in the 200 m core. 
Figure 16 shows a distribution of the fatty alcohols 

typical of that observed in Lake Biwa sediments. The 
distribution is characterized by even/odd predomi- 

nance with maxima at Cl6 and Cl2 or CZ4. This seems 
to be similar to that observed for the fatty acids. How- 
ever, CZhr CZR and CjO fatty alcohols are relatively minor 

components whereas fatty acids of these chain length 
are major components of the lake sediments (see Fig. 

3). Thus, the distribution of fatty alcohols is not parallel 
with that of FAs. Furthermore, quantitative analysis 
of the fatty alcohols showed that their concentrations 

(CzO-CsO) ranged from 1.2 to 17.7 fig/g dry sediment 

ii 
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FIG. 12. Possible mechanism of oxidative degradation of 
n-C,,, acid in sediments. 
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FIG. 13. Vertical variation on the ratios of bound LFAs to unbound LFAs and of bound HFAs to 
unbound HFAs in the upper 20 m sections of a 200 m core of Lake Biwa. 

in the 200 m core, whereas concentration of the HFAs 
ranged from 14.6 to 97.8 pg/g. These results suggest 
that it is unlikely that a large portion of HFAs in the 
sediments deeper than 20 m were derived from the 

corresponding fatty alcohols. 
It is known that organic solvent-extractable FAs 

(BAEDECKER et al., 1977; HARRISON, 1978) and sa- 

ponification-extractable (unbound plus bound) FAs 
(KAWAMUFU and ISHIWATARI, 1981b) in sediments 
increase on mild heating under laboratory conditions. 

We have termed the FAs which are saponification- 
extractable only after mild thermal treatment to be 
“tightly bound” FAs (KAWAMURA and ISHIWATARI, 
198 lb). During burial, it is possible that “tightly 

bound” HFAs are released from kerogen and/or in- 
organic matrices and become part of the “unbound 
plus bound” HFAs. In order to evaluate this possibility, 
we measured the abundance of “tightly bound” HFAs 
in a surface sample and a deep (2 1 m) sample of Lake 
Biwa by heating the samples at 200°C for 24 hrs under 
nitrogen atmosphere. As shown in Table 3, unbound 
t bound HFAs in the heated samples are 8-20’S higher 
than those in the unheated samples, meaning that those 
sediments contain some tightly bound HFAs (corre- 

sponding to 8-20s of unbound + bound HFAs), which 
can possibly change to unbound and bound HFAs 
during diagenesis. However, these values (8-20s) are 

too small to explain the rate of increase (200-300’S) 
of the unbound + bound HFAs observed for the sed- 
iments deeper than 20 m. 

If organic materials other than the HFAs had de- 
composed more rapidly than HFAs with time, the 
increase of HFAs/TOM with depth in the core could 
be explained. However, it is inconceivable that kerogen 
and humic materials, which are the major components 
of the TOM, should decompose so extensively in the 
early stages of diagenesis (around 20-50 m sediments), 
because they are stable geopolymers. In fact, the vertical 

base line of total organic carbon seem to be almost 
constant (around 10 mg/g dry sediment) in the 200 
m core except for upper 20 m interval (Fig. 1). 

The results discussed above do not support the idea 

that the HFA increase was caused by diagenesis. Thus, 
we may conclude that the vertical increase of HFAs/ 

TOM in the sediments deeper than 20 m is best ex- 
plained in terms of variation of input of source ma- 

terials supplied to the lake in the past. Because HFAs 
are known to be characteristic of higher plant waxes 

(KVENVOLDEN, 1967; ECLINTON and HAMILTON. 
1967; CRANWELL, 1974), higher concentrations of 
HFAs in the sediments deeper than 20 m may indicate 

a large contribution of terrestrial organic matter, which 
may have been caused by increased growth of higher 
plants around the lake in the past. 

BOUND/UNBOUND RATIO 
OF BRANCHED FAs 

FIG. 14. Vertical variations of the ratio of bound branched 
FAs to unbound branched FAs in the upper 20 m sections 
of a 200 m core of Lake Biwa. 
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FIG. 15. Vertical profiles of normal fatty acids (LFAs and HFAs) presented as percentages of TOM in 
a 200 m sediment core of Lake Biwa. TOM: TOC X 1.67. 

Significance of w-hydroxy acids and LY.W- 
dicarboxylic acids 

w-Hydroxy acids have been reported in Recent la- 
custrine sediments (EGLINTON et al., 1968; CRANWELL, 

1977) as well as in marine sediments (BOON et al., 
l977b; VOLKMAN et al., 1980). Their origin was con- 
sidered to be from plant cutin and suberin, microbial 

alteration of geolipids and from sea-grass detritus. a+- 
Dicarboxylic acids have also been detected in Recent 
lacustrine sediments (ISHIWATARI and HANYA, 1975; 

ISHIWATARI et al., 1980; CRANWIZLL, 1977), in marine 

sediments (JOHNS and ONDER, 1975; VOLKMAN et al., 
1980; GILLAN and JOHNS, 1982) and in ancient sed- 

LlL 
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FIG. 16. A typical distribution of fatty alcohols in a Lake 
Biwa sediment (56.3 m in depth). 
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iments (DOUGLAS et al., 1968; HAUC et al., 1967; 

SIMONEIT and BURLINGAME, 1973). These studies 

suggest that the diacids are derived from plant cutin 

and suberin and from in situ formation via oxidation 

of fatty acids and w-hydroxy acids. 
Both w-hydroxy acids and diacids detected in the 

200 m sediments showed a bimodal distribution with 

maxima at C16 and Cl2 to Cz8 (even). They probably 
originate from two sources: (1) autochthonous input 
in the lake related to microbial activity (2) allochthon- 

ous input from plant cutin and suberin. 
The lower molecular weight w-hydroxy acids and 

diacids (Cr2-C18) may be related to microbial activity 
in the water column and surface sediments because 
those compounds can be produced by microorganisms 
such as fungi and bacteria (STODOLA et al., 1967; KES- 

TER and FOSTER, 1963). The higher concentrations of 
the w-hydroxy C12-C18 acids were observed around 3- 
7 m, 15-18 m, 56-85 m and 152 m in depth and 

Table 3. Concentrations of 'unbound + bound' fatty 

aC>ds (C20-C32) I" unheated and heated sedlmenti of 

.dk Biwa (t!g/q dry sediment). 

sampie Unheated Heated Increas1nq 
(200-c) rate ( ) 

s"rf,lce 93.7 114 21 
21 m 50.0 53.6 8 

I~crearlng rate is defined as' 
!"heated' ",,nheated")/"unheated" x 100 f ) 
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might be associated with a significant terrestrial con- 

tribution because these hydroxy acids are present in 

cutin and suberin (HOLLOWAY, 1972a; KOLATTU- 

KUDY, 1980). This consideration is supported by a 

vertical profile of n-C2,-Cx3 alkanes (Fig. 9) which is 
a possible indicator of allochthonous organic matter. 
The profile shows peaks at the 3-5 m interval and the 
15-17 m interval, although no peak was observed 
around 56-85 m and 152 m in depth. 

On the other hand, higher molecular weight w-hy- 

droxy acids (zC~~) probably originate from terrestrial 

plants since these acids are present in plant suberin 
(HOLLOWAY, 1972b; KOLATTUKUDY. 1980). The 

higher molecular weight cY,w-dicarboxylic acids are also 
present in suberin and cutin (LAMBERTON, 1961; 

EGLINTON and HANNEMAN, 1968; HOI.LOWAY, 

I972a.b; KOLATTUKUDY, 1980). Therefore, the CzO- 

C3(, diacids in the sediments probably originate from 
those terrestrial plant tissues. However, they may be 

partly produced by w-oxidation of the corresponding 
w-hydroxy acids and fatty acids during transportation 
from land and/or after deposition (EGLINTON et ul., 
1968: ISHIWATARI and HANYA, 1975). As stated before, 

the degree of even/odd carbon number predominance 
for the diacids is lower than those of the o-hydroxy 
acids and fatty acids. This suggests that there is another 

pathway for the diacids. (w- 1 )-Oxidation of even carbon 
chain length (w-I)-hydroxy acids is a possible mech- 
anism to produce odd carbon numbered diacids. In 
fact, even carbon numbered (w-1)-hydroxy Czh, CIX, 
CjO acids are present in the sediments and Czs, C2, 
and C& diacids are relatively dominant components 
(see Fig. 6). 

Thus, higher molecular weight w-hydroxy acids and 

diacids (Cz,rC30) in this sediment core probably orig- 
inate from terrestrial plants. One application is that, 
together with the HFAs, these molecules can be used 
as possible indicators of variations in the relative con- 
tribution of terrestrial organic matter, as proposed by 
CARDOSO et ul. (1977) CARDOSO and EGLINTON 

(1983) and CRANWELL (1977). Table 4 shows corre- 
lation coefficients derived from linear regression among 
three types of organic compounds higher than Cl0 (FAs, 
w-hydroxy acids and diacids) in the 20-200 m sedi- 
ments of Lake Biwa. The correlation coefficients are 
relatively higher (20.67) suggesting that these three 
compound types originate from the same or similar 

sources (e.g. cutin and/or suberin) and that they behave 
in a similar manner in the aquatic environments. 

Table 4. Correldtlon coefficients among three cowpound 
type* (fatty acids. .-hydroxy acids and u,w-dicarhxylic 
acids) I" the X-200 m sediments of Lake Biwa 

Pultwenvirtmmental information ./torn 
organic analyses 

The organic molecules preserved in a core sample 

of lacustrine sediments can provide information about 
the history of lake environment. Numerous paleoen- 

vironmental studies have been based on analyses of 
lipid components in sediment cores of freshwater lakes 

(CRANWELL, 1973, 1974, 1977; OGURA, 1976, 1978; 

ISHIWATARI et al., 1980; KAWAM~JRA and ISHIWA- 

TARI, 198la; MEYERS et al.. 1980). In this section, we 
decipher a paleoenvironmental information of Lake 

Biwa and its surroundings based on organic analyses. 
The 200 m sediment core of Lake Biwa can be 

divided into three zones on the basis of the concen- 

trations of the three terrestrial compound types (CzO- 

C3* FAs, Cz0-C30 w-hydroxy acids and Czo-Cl0 cy,w- 
dicarboxylic acids): ( 1) Zone C (200-100 m in depth, 
500-250 X 10’ yrs B.P.), (2) Zone B (100-20 m in 

depth, 250-30 X lo3 yrs B.P.) and (3) Zone A (20-O 
m in depth. 30 X lo3 yrs B.P. to present time), as 
shown in Fig. 17. Age dating is based on the 14C (HORIE 

et ul., 197 I) and fission-track methods (NISHIMURA 

and YOKOYAMA, 1973; YAMAM~TO et al.. 1974). 

Zone C is characterized by relatively low concen- 
trations of the three compound types. This suggests 
that terrestrial input to the bottom sediments was low 
at the time these sediments were deposited. This is 
consistent with low concentrations of n-Cz,-C33 alkanes 
(Fig. 9) meaning low terrestrial input. 

Zone B is characterized by the first drastic increase 
in the concentrations of the three compound types at 
100 m and a gradual decrease with decreasing depth. 

This fact may indicate that the contribution of ter- 
restrial materials became large approximately 250 
X IO’ yrs ago and decreased gradually with time. Such 
changes may have been caused by variations in the 
vegetation surrounding the lake. This seems to be 
strongly supported by recent pollen analyses. According 
to F~JJI (I 980) the total numbers of pollen fossils in 
the 200 m sediment core increase sharply from 97 m 
to 90 m in these sediments and gradually decrease in 
the upper sediments (Fig. 18). This indicates that the 
drainage basin feeding this lake was thickly covered 
with higher plants during that period. Positive cor- 
relation was recognized between total numbers of pol- 
len fossils (FUJI, 1980) and the concentration of HFAs 
(correlation coefficient is 0.65). The above consider- 

ations also seem to be supported by an increase in n- 
alkane concentrations from 100 to 90 m interval (Fig. 
9). meaning an increase of terrestrial input U. 250 

X 10’ yrs ago. 
The proposed vegetational change in the past is 

probably related to paleoclimatic variation. According 
to MORI ( 1974), the composition of major fossil dia- 
toms in the 200 m core changed drastically around 
100 m in depth. Stephanodixuxs sp. suddenly dis- 
appeared at I IO m in depth. On the other hand, Ste- 
phanodiscurs carconensis var. pusillu, Stephanodi.scus.s 
rarccwzm.si.s and Melosira solida became suddenly 
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FIG. 17. Vertical profiles of three compound types (HFAs, o-hydroxy C2&Z10 acids and C20-C3u a+- 

di~~xylic acids) in a 200 m sediment core of Lake Biwa and a zoning of the core (A. B and C). Age 
determination is from YAMAMOTO et al. (1974). 

abundant at depths of 110 m, 87 m and 70 m, re- 
spectively, and they were dominant species in the upper 

sediments. These changes are evidences of paleocb- 
matic variation. Based on pollen analysis, FUJI and 
HORIE (1977) suggested that the climate of the lake 
environments changed from cool to temperate during 
the time the 100-90 m sediments were deposited. NA- 
KAI (1972) reported relatively high values of 6°C 

around 90-85 m sediments of the 200 m core of lake 
Biwa. He considered that the higher values may cor- 

respond to warm ages. 
Zone A (20-O m in depth) is characterized by large 

peaks of w-hydroxy acids and diacids around IS 18 

m sediments and a decreasing trend of three compound 
types in the 10-5 m sediment interval with decreasing 
depth. The high concentrations of the w-hydroxy acids 

and diacids observed at a depth of 1 S- 15 m suggests 
an increased input of terrestrial organic matter. This 

is strongly supported by high concentrations of n-CZI - 
C& alkanes at this depth (Fig. 9). However, relatively 
smaller peak of HFAs compared to that of the w- 
hydroxy acids and diacids in these same layers indicates 
that terrestrial organic matter was characterized by a 
greater abundance of w-hydroxy acids and diacids. 
‘These depths also correspond to ages when the paleo- 
climate is thought to have been cold based on poly- 
unsaturated fatty acid (KAWAMURA and ISHIWATARI, 

I98 la). The decreasing trends of three compound types 
in the 5-O m interval may indicate that terrestrial 
inputs have decreased recently. 

AFTER Fwr 11980) 

FIG. 18. Vertical profile of total numbers of fossil poliens 
in a 200 m sediment core of Lake Biwa. 
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CONCLUSIONS 

( I) In the upper 20 m sections of a 200 m sediment 

core taken from Lake Biwa, lower molecular weight 
fatty acids (LFAs: C,2-C,9) decrease with depth by early 
diagenesis whereas higher molecular weight fatty acids 
(HFAs: C20-C32) are stable to early diagenesis. A part 
of the decrease of LFAs was interpreted in terms of 

/3- and w-oxidative degradation, based on the analysis 

of their possible degradation products (@- and w-hy- 
droxy acids and cu,w-dicarboxylic acids). 

(2) The ratios of bound LFAs to unbound LFAs 

increase with depth in the O-1 m interval, suggesting 
that unbound LFAs undergo more rapid degradation 

than bound LFAs during early diagenesis. In deeper 
sediments, however, the ratios of bound LFAs to un- 

bound LFAs showed a fluctuation in accordance with 
that of the ratio of C,8:z to C,8:0 fatty acid already 
reportedbyus (KAWAMURA and ISHIWATARI, 1981a). 

This fact suggests that; 1) FAs which did not undergo 
rapid decomposition near surface sediments degrade 
very slowly in deeper sediments, and 2) the ratios of 
bound LFAs to unbound LFAs in sediments below 1 

m in depth is primarily determined at the time of their 
synthesis probably by living organisms. 

(3) The organic carbon profile showed a large peak 

around 3-l 5 m interval, which was thought to be 
caused by an increase in primary production of the 
lake in the past. In the same sediment interval, con- 
centrations of branched chain FAs, w-hydroxy acids, 
and Cs-C,9 cu,w-dicarboxylic acids showed a major 
peak. Since these compounds probably originate from 
bacterial lipids and microbial alteration of geolipids, 
an increase in primary production of the lake enhanced 
the microbial activity in water column and surface 
sediments. 

(4) HFAs gradually increased with depth in the 20- 
200 m sediments, reached a maximum and suddenly 

decreased around 100 m. They showed lower concen- 
trations in deeper sediments. The vertical profile of 
HFAs can best be interpreted in terms of changing 
input of terrestrial organic matter rather than diagen- 
esis. The possibility of HFA production during dia- 

genesis (e.g. oxidation of fatty alcohols to HFAs and 
release of HFAs from the sediment matrices in deep 
sediments) appear improbable based on the analysis 
of the fatty alcohols and a sediment heating experiment. 
w-Hydroxy C2,,-C3,, acids and C20-C30 cu,w-dicarboxylic 
acids showed profiles similar to that of the HFAs. The 
three compound types are believed to be derived from 

terrestrial plants (cuticular wax and suberin) and pro- 
posed as indicators of terrestrial input of organic matter 
to the lake. The vertical profiles of those compounds 
seem to be consistent with that of n-C2,-Cx7 alkanes, 
except for a few sediment sections. 

(5) Based on vertical profiles of the three compound 
types, paleoenvironmental changes around the lake 
were discussed, as follows. From 500 X 103-250 
X IO3 yrs B.P., input of terrestrial organic matter to 
the sediments of Lake Biwa was probably low. After 

250 X lo3 yrs B.P., the terrestrial input appear to have 

suddenly increased. This may have been caused by an 

increase in vegetation around the lake. Total numbers 

of pollen in the 200 m core (FUJI, 1980), which in- 
creased drastically around the above ages, seem to 

support our inference. The proposed vegetational 
change in the past is probably related to paleoclimatic 
variation, as suggested from fossil diatom composition 
and pollen diagram in the 200 m core. Between 220 

X 10’ and 30 X IO3 yrs B.P., the terrestrial input seems 

to have gradually decreased with time. The concen- 

trations of the three compound types decreased with 
decreasing depth in the 20-O m sediments and showed 

minima at the surface sediment. suggesting that the 
terrestrial input has become relatively small, in recent 
times. 
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