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In continuous observations of the anoxic, Hふrich floor of the brackish Lake Nakanoum1, ammo-
nia alone was observed to decrease remarkably without a  corresponding decrease of total nitrogen or 
increase of nitrite and nitrate. This newly observed phenomenon cannot be interpreted by conven-
tional physical or biological reactions; it possibly suggests a  new chemical synthesis of particulate 
amino acid on the anoxic lake floor in the presence of hydrogen sulphide. To understand the mecha-
nisms of these results, we carried out some model experiments using hydrogen sulphide as a  reagent 
In these experiments, we found a  new non-biotic synthesis of organic polymers containing amino 
acids from the reaction of hydrogen sulphide and a  mixture of ammonium formate, formaldehyde 
and magnesium chloride in water at room temperature. This reaction is possibly based on the reduc-
tion and dehydration by hydrogen sulphide. This entirely new non-biotic synthesis is an important 
reaction to consider as the first stage of the origin of life. 

I N T R O D U C T I O N  

T h e  m a r i n e  environments o f  coastal regions are characterized b y  their 
physical, chemical a n d  biological p h e n o m e n a .  T h e  relative concentrations o f  
nutrients are significantly influenced b y  location, depth, transportation o f  
water mass, p H ,  planktonic a n d  bacterial activities, etc. 
T o  survey such natural mechanisms, it is important to m e a s u r e  the chemi-

cal c o m p o u n d s  continuously both horizontally a n d  vertically. 
Recently, w e  developed a  n e w  continuous monitoring system for measuring 
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temperature ( W.T.), salinity (Sal.), pH, dissolved oxygen (DO), turbidity 
(Tur.), chemical oxygen demand (COD), phosphate (P04-P), total phos-
phorus (T-P), ammonia (NH4-N), silicate (Si) and chlorophyll a  (Chi.) 
(Fujinaga and Kimoto, 1986). 
In October 1986, a  continuous observation using this system was made at 
the centre of the brackish Lake Nakanoumi. The depth of the measuring site 
was 6.5  m. A  strong halocline was found at a  depth of 4-4.5  m. Salinity below 
the halocline was ~  30°/oo and that above the halocline was ~  20°/oo. In this 
period, the dissolved oxygen increased at the surface to >  100% saturation by 
algal photosynthesis, whereas it decreased at the bottom to almost 0 %  satu-
ration by the biodegradation of organic matter. This anaerobic condition ac-
celerates the entry of phosphate,  silicate and ammonia from the sediments. It 
also generates hydrogen sulphide by bacterial reduction of sulphate. 
Hydrogen sulphide is widespread in the hydrosphere in such places as the 
anoxic sea-floor, hot springs and hydrothermal vents. Also, there is geological 
evidence of hydrogen sulphide in primitive seawater because pyrite (FeS2) is 
found in sediments deposited 3.8 billion years ago. 
However, the roles of the hydrogen sulphide in anoxic seawater, especially 
its contribution to organic reactions, have not been well investigated. 
In this paper w e  describe field observations on an Hふ rich sea-floor and 
some laboratory experiments using hydrogen sulphide for organic synthesis. 

M E T H O D S  

Field observations 

The automated measuring apparatus for inorganic phosphate is based on 
(1) the formation of phosphomolybdate,  (2) preconcentration and separa-
tion of phosphomolybdate by column, and (3) measurement with a  vol tam-
metric detector. Total phosphorus is converted by an acidic persulphate so-
lution to inorganic phosphate in an autoclave at 120°C. 
The ammonia monitor is based on the preconcentration and separation of 
ammonia with a  gas-permeable micro-porous membrane, followed by the 
measurement of the ammonia-enriched acid solution with a  conductivity sen-
sor. Chemical oxygen demand is measured by a  permanganate oxidation 
method in an alkaline solution. Silicate is measured through the formation of 
silicomolybdate and subsequent measurement with a  voltammetric detector. 
Chlorophyll a  concentrations are determined using a  spectrofluorometric 
method.  Temperature, pH, dissolved oxygen, salinity and turbidity are mea-
sured by conventional sensors.  In this system, two 2-kW diesel electric gen-
erators, automatic sampling equipment,  a  wireless telemetry system and a  data 
logger were installed in a  transportable barge of 5.4 m x 2 . 8  m x 2.2  m  (Fig.  
1). A  specially designed automatic washing system for the sampling and 
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measuring equipment overcame the problems caused by the growth of algae 
in the equipment. The sampling intake was automatically controlled and was 
set to definite sampling depths for each 1-h sampling period. 
Sampling was conducted at two depths; I  m  below the surface (Upper; U )  
and I  m  up from the floor (Bottom; B). The depth of the measuring site (Stn. 
4) was 6.5 m. Simultaneous manual observations were performed on water 
temperature, salinity, dissolved oxygen (Winkler method), phosphate (Mo-
lybdate Blue method), nitrite ( N O r N ;  Griess method), nitrate ( N O r N ;  
cadmium reduction - Griess method) and total nitrogen (T-N; Kjeldahl 
method). A  weather station for measuring wind direction ( W.D.), wind speed 
(W.S.) ,  current flow rate at I  m  up from the floor (C.F.), water level ( W.L.), 
ambient temperature and atomospheric pressure was also installed.  
Lake Nakanoumi (35°30'N, 133° IO'E, Shimane Pref., Japan) is con-
nected with the Japan Sea only via the Sakai Channel, which is ~  0.3 k m  wide 
and 7. 5  k m  long (Fig. 2). The lake has a  surface area of 97. 5  k m  2  and total 
storage volume of 5.2 X I  08 m 3  at a  mean water-level of 0.2 m. The mean 
depth of the lake is 5.4 m  and ~  7 0 %  of this area is shallower than 7  m. 
Salinity decreases toward the interior of Lake Nakanoumi from 30-35°/oo 
at Sakai Channel to 5-10°/oo at Ohashi Channel (Oh take et al., 1984). 
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Fig. 2. Map of brackish Lake Nakanoum1 

Laboratory experiments 

Elemental composition was obtained with a  conventional C H N  analyser 
for organic elemental analysis. Appropriate molecular weight (a. m. w.) was 
measured by gel permeation chromatography (GPC) on a  Toyo Soda T S K  
gel G 2 5 0 0 H  with tetrahydrofuran (THF) as the carrier reagent, at a  flow rate 
of 1  ml min - 1. Standard polystyrene was used for the calibration.  Acid hy-
drolysis used a  vacuum hydrolysis tube (Pierce Co., IL, U.S.A. 5-ml volume) 
heated by a  temperature-controlled aluminium heating block. T o  minimize 
the possibility of contamination, only highly purified reagents were used. 
Twice-distilled hydrochloric acid was used. Amino acid analysis were carried 
out by two different methods. O n e  was the conventional Moore-Stein method 
automatic amino acid analyser, with the ninhydrin reaction as the detection 
step. The other method was o-phthaldialdehyde-N-acetyl-L-cysteine (OPA-
N A C )  pre-column derivatization and high-performance liquid chroma to-
graphy (HPLC; Buck and Krummen, 1984; Nimura and Kinoshita,  1986). A  
Toyo Soda model C C P E  H P L C  analyser and 250 X  4.6 m m  Develosil ODS-5 
(C 18) column were used. The mobile phases were: A, 100% methanol; B, 50 
m M  sodium acetate. The column was equilibrated with 100% B. A  gradient 
was set up as follows: 0-15 min:  0-10% A; 15-20 min: 10% A ;  20-45 min: 
10-30% A; 45-75 min: 30-60% A; 75-90 min: 60-100% A. The column ef-
fluent was monitored with a  Jasco model FP-110 Fluorescence H P L C  detec-
tor at an excitation wavelength of 340 n m  and an emission wavelength of 450 

(48)  海洋化学研究 第7巻第2号 平成6年10月



nm. With the O P A - N A C  technique, the enantiomers of amino acids were 
separated. 

R E S U L T S  A N D  D I S C U S S I O N  

Field observations 

Tables I  and 2  show the daily average concentrations and the correlation 
coefficients for data obtained at the upper and the bottom sampling points 
from October 16 to 29, 1986. A  total of 168 hourly samples were taken. 
The production of organic compounds by photosynthesis was very active 
in the surface water, and biodegradation in the bottom water produced re-
markably anoxic conditions (Table I). p H  and dissolved oxygen decreased 
and phosphate, ammonia and silicate were eluted simultaneously. 
The concentrations of phosphate, silicate and ammonia at the bottom were 
correlated inversely with the concentration of dissolved oxygen (Table 2). 
These results also confirm that anoxic conditions accelerate the elution of 
those substances from the sediment. 
Phosphate and silicate have a  high correlation (0.90), whereas the corre-

lation coefficients between the ammonia concentration and that of phosphate 
and silicate respectively were low, at 0.78 (vs. P04-P) and 0.66 (vs. Si) (Ta-
ble 2). This is a  result of a  faster decrease in the ammonia concentration at 
the bottom than for the phosphate and silicate concentrations. 
During the first half of this observation, w e  found some peaks in the con-

centrations of phosphate, silicate and ammonia at the bottom, caused by dif-
fusion from the sediment. However, all of the data indicated that the a m m o -
nia peaks decreased more quickly than those of phosphate and silicate 
(Kimoto et al., 1988). 
T o  investigate the reason for the ammonia decrease, w e  measured the con-
centrations of nitrite, nitrate and total nitrogen vertically by manual methods 
when the ammonia concentration increased at the bottom during the second 
half of the observation period. The results of these observations for nitrogen 
balance are shown in Fig. 3.  The concentrations of nitrogen-containing com-
pounds in Fig. 3  are normalized by the total phosphorus concentration to 
cancel any variations caused by the diffusion; it should be noted that the am-
monia decreased vertically only between 6  m  water depth (within 50 c m  of 
the bottom) and 5  m  water depth (Fig. 3) .  
It has been reported (Seike et al., 1986) that the decrease in ammonia might 

be caused by bacterial nitrification and dinitrification. If these biological re-
actions are the major reason for the decrease, then the nitrite and nitrate con-
centrations should increase or the total nitrogen concentration should de-
crease. In fact, these concentrations changed very little (Fig. 3). 
S o m e  anaerobic chemosynthetic bacteria could also be responsible for the 
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T A B L E  I  

Daily average concentrations from the field observation 
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T A B L E  2  

C orrelation coefficients of each  measuring item 

Upper layer (1-m depth from the  surface) 

W .T. Sal. p H  D O  P04-P T-P NH4-N Si Chi. C O D  Tur. 
W .T  0.5 I  - 0.19 - 0.3 1  
Sal. -0.06 - 0  04 - 0.28 
p H  0.04 -0.19 0.13 - 0.39 
D O  - 0.34 0.64 - 0.50 0.46 0.14 
P04-P 0.09 - 0.72 0.64 - 0.20 - 0.13 
T-P - 0.09  - 0.73 0.51 - 0.15 - 0.09 
N H 4-N  0.30  - 0.46 -0.17 0.25 0.08 
S1 - 0.08 - 0.65 0.38 -0.15 
C hi - 0.10 - 0.74 0.00  0.29 0.20 
C O D  - 0.20 -0.44 0  14 0.42 0  24  
Tur. 0  31 -0.05 - 0.6 1  -0.45 -0.05 

Bottom layer (I m  up from the  floor) 
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Fig.  3.  Vertical nitrogen balance.  

phenomenon. If the ammonia decrease was caused by such biologic reactions, 
the discrepancy  between the total phosphorus and the phosphate concentra-
tion should increase vertically.  However, the discrepancy was too small to 
establish this point;  therefore, w e  thought that this observation might suggest 
a  new route for non-biotic synthesis of nitrogen-containing organic matter, 
and w e  carried out some model experiments using hydrogen sulphide as the 
reagent. 

Laboratory experiments  

T he first experiment (Kimoto and Fujinaga, 1988) involved the reaction 
of 5  M  a m m o n i u m  formate, 0.1 M  formaldehyde and 0.1  M  magnesium chlo-
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ride in water,  and I %  hydrogen sulphide gas which was bubbled through the 
reaction mixture, at ~  20°C  and p H  4.8. 
During the reaction, a  white precipitate was suddenly formed after a  deft-

nite transition period in the vessel. After 24 h, the precipitate weighed 720 
mg. The precipitate contained 25 wt.% carbon, 5  wt.% hydrogen and 8  wt.% 
nitrogen ( C :  H :  N  =25: 5 :  8  wt.%) .  
In the absence of hydrogen sulphide or formaldehyde,  the reaction did not 

produce the precipitate; therefore, the formation of the precipitate is sup-
posed to be the result of reduction of formaldehyde by hydrogen sulphide. 
After hydrolysis by 5. 7  N  hydrogen chloride at I  05 °C  and 24 h, 0.2 11g mg-1 
glycine was found by the Moore-Stein method automatic amino acid analyser. 
A  similar precipitate could be obtained by adding sodium sulphide instead 

of bubbling hydrogen sulphide gas through the reaction mixture.  Although a  
precipitate was formed by the reaction mixture of a m m o n i u m  chloride, form-
aldehyde and sodium sulphide, glycine could not be detected.  
The precipitate was slightly soluble in water ( ~  I  m g  1- 1) and in tetrahy-
drofuran ( ~  IO m g  1- 1). B y  use of G  P C  with the U V  detector at a  wavelength 
of 254 nm, three peaks were found, as shown in Fig. 4. The appropriate mo-
lecular weight of the largest peak was 260 a.m.w .  
Figure 5  shows the O P A - N A C  H P L C  analysis for the reaction mixture of 

0.1 M  a m m o n i u m  bicarbonate, 0.1 M  acetaldehyde,  0.1 M  magnesium chlo-
ride, 1  m M.potassium ferrocyanide and 0.1 M  sodium sulphide at p H  7.0. 
Chromatogram D  was the analytical result of the standard solution con-

taining 25 11M each of DL-serine (DL-Ser), glycine (Gly) and D L-alanine (DL-
Ala) .  These amino acids were determined at retention times of 27 min (L-
~er), 28 min (_o-Ser) ,  40 min (Gly), 4_9_min (o-Ala) _and 50 ~in (L-Al_a) .  
The solutions for analysis were pipetted from the reaction vessel at reaction 

Euvsz
↑e
auueq1osqe>n
a>l}e-aa 

20 
a.m . w  
10 5  2  x l02 

|6  17  18  1'3 
E lut ion  volu m e  Cml l  

20  

Fig. 4. Gel permeation chromatography of the  precipitate 
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times of70 h  (C), 1  50 h  (B) and 300 h  (A). After the hydrolysis, the samples 
were reacted with the O P A - N A C  reagent and were measured by HPLC. 
In this experiment, a  slight amount of the adhesive precipitate was formed, 

and DL-alanine was gradually formed in water (Fig. 5). From the reaction 
mixture in the absence of ferrocyanide, DL-alanine was also formed but the 
amounts were ~  1/10 of those in the presence of ferrocyanide. The concen-
trations of alanine agreed with the analytical results obtained from the Moore— 
Stein method automatic amino acid analyser. 
Figure 6  shows additional experimental results for aliquots (400 ml) of the 

reaction mixture of0.1  M  a m m o n i u m  bicarbonate, IO m M  formaldehyde, 50 
m M  magnesium sulphate, 10 m M  calcium chloride and 20 m M  sodium sul-
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Fig.  6. O P A - N A C  H P L C  analysis o f  the solution a n d  the precipitate.  

phide at p H  5.2 (carbon dioxide made small bubbles on the wall in the reac-
tion vessel). The adhesive precipitate began to form within I  h. After 24 h, 
the amino acids contents were analysed both in the precipitate (the yield of 
the precipitate was 67 mg, C:H:N=33: 10:9 wt.%) and in the solution by 
the O P A - N A C  H P L C  method (Fig. 6). 
Chromatograms A  and B  were the analytical results for the solution without 
hydrolysis (A) and with hydrolysis (B). Chromatogram C  was for the precip-
itate with hydrolysis. Chromatograms D  and E  were for the sample solutions 
which were spiked with 100 μM  glycine before the analysis or hydrolysis ( D  
was for the solution without hydrolysis, and E  for the solution with hydroly-
sis). Chromatograph F  was for the blank solution without hydrogen sulphide. 
From chromatogram A, two unknown peaks (perhaps organic amines) were 
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found at retention times of 30 min (peak l) and 42 min (peak 4). It is clearly 
seen by comparison with chromatogram F  that the reaction with sulphide is 
responsible for these two compounds.  After hydrolysis (chromatogram B), 
although these two compounds were decomposed, new peaks occurred at re-
tention times of 38 min (peak 2) and 40 min (peak 3: glycine). 
Peak 2  in chromatogram D  (spiked with glycine) is ~  4  times larger than 
that in chromatogram A. After hydrolysis (chromatogram E), peak 2  doubled 
in height and peak 3  was diminished (glycine). Peak 2  may be a  derivative of 
glycine and the hydrolysis m a y  stimulate the formation of the peak 2  com-
pounds from glycine 

-2H +20 + O  
- - S02―― 

I+ H 9。
H 2 S 0 3 - -
戸。
H2S04 

It is clearly seen that these reactions depend on the reactivity of hydrogen 
sulphide. It is supposed that this reactivity is based on reduction and dehy-
dration by hydrogen sulphide as follows.  
After the reactions above, aldehydes in the reaction mixture are reduced to 
form the precipitate.  The main reaction to form the precipitate m a y  be simi-
lar to the well-known Formose reaction. However, this reaction has unique 
features because the effects of hydrogen sulphide differ from those of the con-
ventional Formose reaction: the reaction is very fast at room temperature in 
comparison with the Formose reaction and can form a  precipitate below 1  
m M ,  whereas the Formose reaction needs a  high concentration of formalde-
hyde (usually >  I  M). 
T o  consider the net reaction for synthesis of amino acids from the reaction 
mixture of carbonate (or formate), aldehydes and ammonia, reduction and 
dehydration are required, as shown in the following equation: 

r-―7  月 R H H  iH+1 
¥ /  ¥  1, 1  

、f i  - o,  - 2出 0
C  +  C  +  N i  j  

←-I--¥----------t+--------- -:  o- O H  f-".x !  o  H  H,~ 
L - - - - - - - - - - - - - - - - - - - - - - - - . . . J  

t『-［-I)
It can be assumed from these equations that hydrogen sulphide m a y  play 
an important role not only in the formation of the precipitate but also in the 
synthesis of amino acids with support from some catalytic ions such as mag-
nesium ion or ferrocyanide. 
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A  hypothesis of chemical reactions on the primitive Earth 

Recent geochemical assessments of primitive Earth conditions (reviewed 
by Kerr, 1980) suggest that a  primordial atmosphere consisted largely of car-
bon dioxide and nitrogen, in contrast to the hydrogen-rich highly reducing 
atmosphere in which numerous experiments have demonstrated successfully 
the production of pre-biotic organic compounds such as amino acids. In a  
carbon dioxide and nitrogen atmosphere, such pre-biotic organic compounds 
were not formed. 
In the course of our new studies of reactions using hydrogen sulphide, w e  
propose that the chemical evolution began in an H ふ rich primitive seawater 
in mild climatic conditions. 
In the early stages of formation of the Earth (Matsui and Abe, 1986), the 
surface temperature was >  1500 K ,  so that the high-pressure atmosphere con-
sisted of water vapour ( ~  8  x  1022 mo!), carbon dioxide ( ~  5  x  1021  mol), 
nitrogen ( ~  3  X  1020 mol), hydrogen chloride ( ~  9  X  1020 mol), sulphur diox-
ide ( ~  7  x  1019 mol), etc. (These values are rough estimates from abundances 
in the geosphere.) 
It is assumed that when the surface temperature decreased below 650 K, 

the water vapour in the atmosphere suddenly condensed on the surface to 
make the primitive ocean.  At that time, the primitive ocean was highly acidic 
because ・of the water-soluble gases such as hydrogen chloride and sulphur 
dioxide dissolved in it. It is easy to estimate that minerals in the lithosphere 
Atmosphere ・ 

由0, HCI,  S02 

’’’ ， ’ ’ ' ' '  'Acid ra,n  ＇ ' ' '  ’ ’ ’ 

＼＠ 

｀ s  
Temp. >  IOO'C 

Hydrosphere・ HCI, S02Cl)  巨三三］
4S0がll+  4H20 → H斧＋ 3H2SO,
2H' +  Na20 ー→ 2Na +  HzO etc 
Na+, K  +, Ca竺Mg←Fe互Al3'、SIO42-

Lithosphere  ・ Si02 .  Al203. Na20 、
Cao ,  MgO, K20, FeO, 
Fe2応， Ti02, MnO etc 

Fig. 7.  A  hypothesis for the  formation of the primitive ocean 
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Atmosphere 
Photochemical reaction 

出O +  hv → H・ +  H O・
N2, H20 chemistry 
8N2 +'3H・ +'3HO・ → SNH3 +  3HN03 
CO2. H20 chemistry 
CO2+ 2H・ → HCOOH 
SC02 +  N2 +  
→ SHCOOH +  2HN03 

River, Lake 

HCOOH 、HN03

H', HCOOH, N03―匝□団
Na ―, K —, Ca2•, Mg2•, Al3',  Fe2', Sio/' □ Fig.  8. A  hypothesis for the chemical reactions in the primitive atmosphere.  

quickly neutralized the acids and the dissolved sulphur dioxide dispropor-
tionated to form sulphate and sulphide as shown in Fig. 7. 
After these drastic reactions were complete, the atmosphere was mainly 
carbon dioxide, nitrogen and water vapour. The water vapour was photo-
chemically decomposed to hydrogen and hydroxide radicals. Owing to these 
radical reactions with carbon dioxide and nitrogen, formic acid and nitric 
acid would be formed and accumulate on the ground (Fig. 8). 
The composition of the primitive ocean would be similar to the present 
ocean, but the p H  is estimated to be ~  3-5, from the equilibrium of dissolved 
carbon dioxide. Thus, excess metal ions such as calcium ion and ferrous ion 
would be dissolved. 
In the primitive ocean, the following reactions would occur, with sulphur 
compounds as a  reducing and dehydrating energy source (some catalysts might 
accelerate these reactions): 
H N Oげ H 2 S 0 3 → H N O汁 H 2 S 0 4
H N Oけ 3 H 2 S → N H汁 3 S + 2 H 2 0
H 2 C 0 3 + H 2 S  → H C O O H  +  S  +  H 2 0  
H C O O H + Hふ → H 2 C O + S + H 2 0  
H C O O N Hけ S 0 2 → H C O N Hげ H ぷ0 3
H C O N H汁 S 0 2 → H C N + H 2 S 0 3  
H C O N Hげ S O汁 S → H S C N + H 2 S 0 3  

C O N C L U S I O N  

In the course of an environmental study on an anoxic lake floor using a  
newly developed continuous monitoring system, w e  have found an entirely 
new non-biotic organic synthesis by hydrogen sulphide. 
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Although the m e c h a n i s m  o f  this reaction is not well investigated, further 
study of the chemistry o f  the H ふ rich anoxic regions w o u l d  give a  n e w  step-
ping-stone for the evolution o f  organic substances at the Earth's surface. 
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