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Abstract—A new technique has been developed for the comprehensive analysis
of arsenic speciation in aquatic systems. The technique is based on solvent
extraction with diethylammonium diethyldithiocarbamate and then hydride
generation followed by atomic absorption spectrometry. This procedure enabled
measurement of trivalent organoarsenicals in aquatic systems for the first time.
Arsenic speciation, which is constituted by arsenate (As(V)), arsenite (As(11l)),
monomethylarsonic acid (MMAA(V)), monomethylarsonous acid (MMAA(I1)),
dimethylarsinic acid (DMAA(V)) and dimethylarsinous acid (DMAA(III)), was
determined in waters taken from Lake Biwa and Tosa Bay. The results clearly
indicated a seasonal variation of arsenic speciation. The effect of eutrophication
on the speciation is also discussed.

INTRODUCTION

Determining speciation of trace elements in aquatic systems is essential to under-
stand the biogeochemistry of the elements. The organic forms of elements are
specially important to know, since they are closely related with biological processes.
However, it is usually difficult to determine the elemental composition and chemical
structures of the organic forms. Arsenic is one of the trace elements that has been
intensively studied because of its toxicological properties. The organic forms of
arsenic are dominated by o-bonded organometallic species. Since they contain ki-
netically inert arsenic-carbon bonds, their structures can be determined unambigu-
ously. Arsenic-containing ribofuranosides are ubiquitous in algae, and arsenobetaine
is the predominant form in marine animals (CULLEN and REIMER, 1989). Formation
of these complex organic forms seems to be a detoxification process (EDMONDS and
FRANCESCONI, 1987). Arsenic-containing ribofuranosides and arsenobetaine are
essentially harmless for organisms (ANDREAE, 1986). In natural waters, these
compounds are not present at a measurable concentration. Monomethylarsonic acid
(CH3AsO(OH)2; MMAA(V)) and dimethylarsinic acid ((CH3)2AsO(OH);
DMAA(V)) have been determined as major organic species. Arsenic is pentavalent
in the above mentioned species. On the other hand, inorganic trivalent arsenite
(As(OH)3; As(IID)) is ubiquitously distributed in aquatic systems, whereas it is
thermodynamically much more unstable than arsenate (AsO(OH)3; As(V)) under
aerobic conditions (ANDREAE, 1986).

Arsenic speciation in natural waters has been usually studied by hydride
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generation followed by atomic spectrometry (HG-AS; BRAMAN et al., 1977,
ANDREAE, 1977). We have improved the technique and determined
monomethylarsonous acid (CH3As(OH),; MMAA(III)) and dimethylarsinous acid
((CH3),AsOH; DMAA(II)) in addition to As(V), As(IlI), MMAA(V) and DMAA(V).
We report here the technique and the field data obtained by using the technique.

METHODS

Arsenic(III) and arsenic(III+V) species were determined in separate aliquots.
For the analysis of As(IIT), MMAA(III) and DMAA(III), 500 ml of a sample was
placed in a Teflon separatory funnel, and 30 ml of 102 M diethylammonium
diethyldithiocarbamate (DDDC) in carbon tetrachloride was added. The pH of the
aqueous solution was adjusted to 5 by adding acetic acid-sodium acetate buffer.
Arsenic(I1l) species were extracted into the organic phase and back-extracted into 30
ml of 0.1 M sodium hydroxide. Fifty ul of sodium hypochlorite (available chlorine
5%) and 5 ml of 5 M hydrochloric acid were added to the aqueous phase, and the
solution was heated at 100°C for 25 min in a Teflon beaker to remove DDDC and its
degradation products. The solution was taken to a reaction vessel, into which 5 ml
of 0.1 M EDTA and 5 ml of 5 M hydrochloric acid were added. After the removal
of oxygen by bubbling helium gas, 10 ml of 3% sodium borohydride was injected
with the continuously stripping arsines which were carried by helium. The arsines
were collected in a U-trap that was immersed in liquid nitrogen. Five min later, the
U-trap was taken out from the liquid nitrogen and was heated with Nichrome wire.
The arsines were carried into a quartz cell which was mounted on the acetylene-air
burner of an atomic absorption spectrometer. The atomic absorption of the arsenic
species was recorded as a chromatogram.

Tomeasure As(II1+V), MMAA(III+V) and DMAA(I11+V), 50 ml of the sample
was placed in the reaction vessel, followed by addition of 5 ml of 0.1 M EDTA and
5 mlof 5 Mhydrochloric acid. The concentrations of arsenic(III+V) were determined
in a similar manner to that described above, and the concentrations of arsenic(V)
were obtained by the difference of arsenic(I1I+V) and arsenic(III).

The present procedure was applicable to both sea and fresh waters. As(V),
As(III), MMAA(V), MMAA(III), DMAA(V),and DMAA(III) have been determined
by this method. Detection limits were 13—17 pM and reproducibility was 3—6 % for
the trivalent species. Details of the present technique was described in another paper
(HASEGAWA et al., 1994).

RESULTS
Total arsenic in natural waters

To determine the total arsenic concentration (T-As), the organoarsenicals were
converted into As(V) by alkaline persulfate oxidation in a Teflon digestion bomb.
The cleavage of the arsenic-carbon bonds in MMAA(V), DMAA(V), phenylarsonic
acid (PhAA(V)), and arsenobetaine was confirmed using standard solutions. The T-
As values agreed closely with the sums of As(III+V), MMAA(III+V), and
DMAA(III+V) for the natural water samples analyzed by us. These results were
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similar to those of most previous studies (CULLEN and REIMER, 1989). Recently,
HOWARD and COMBER (1989) reported that ultraviolet irradiation of coastal waters
prior to HG-AS gave a large increase in the concentrations of As(V), MMAA(V) and
DMAA(V). BETTENCOURT and ANDREAE (1991) claimed that species undetectable
by HG-AS constituted a significant fraction of the arsenic in estuarine waters and that
they were also refractory to alkaline digestion. We are now studying the cause of
these discrepancies in the speciation.

Speciation of arsenic in Lake Biwa

Figure 1 shows the vertical profiles of arsenic species at station N1 (35°13’ N,
135°59" E) in the northern basin of Lake Biwa. Seasonal variation of arsenic
speciation was clearly observed in 1993 when there was an unusually cool summer.
The seasonal variation was characteristic in the euphotic zone above the thermocline.
While more than 90% of the dissolved arsenic was As(V) in winter, As(V)
concentration depleted in the euphotic zone from spring to autumn. As(III) increased
in spring and became dominant early in May. In the beginning of summer, the
concentration of As(III) decreased and that of DMAA(III+V) increased.
DMAA(III+V) built up and became a primary species during the summer. In the
autumn, DMAA(III+V) decreased and MMAA(II+V) appeared. As(Ill) again
increased and became dominant. Organoarsenicals and As(IIl) diminished in the
winter. We have a few data from 1992, which suggest that the seasonal variation in
1992 roughly resembled that in 1993.

MMAA(II) and DMAA(III) were determined in the samples taken from the
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Fig. 1. Vertical profiles of arsenic species in the northern basin of Lake Biwa (Stn. N1).
O, As(V); @, As(Ill); O, DMAA(III+V); A, MMAA(III+V); M, temperature; O,
chlorophyll a.
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Fig. 2. Vertical profiles of arsenic species in the southern basin of Lake Biwa (Stn. S3).
O, As(V); @, As(11l); O, DMAA; A, MMAA.
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southern basin. Arsenic speciation at station S3 (35°00" N, 135°54" E) during the
summer of 1993 is presented in Fig. 2. The station is in a dragged area (depth 13 m,
surface area 0.5 km x 0.5 km). Although the southern basin, with an average depth
of 3.5 m, is not thermally stratified throughout the year, the dragged area is stratified
from June to September. In 1993, the stratification was weak and occasionally
broken because of low temperature and a large amount of rain water inflow. The
concentrations of As(V) and As(I1I) were comparable. DMAA(V) and MMAA(III)
increased through the period. The concentration of MMAA(V) was lower than the
detection limit (0.18 nM). Hence, trivalent species accounted for a high percentage
of the MMAA(III+V), while DMAA(III) was 10-25% of DMAA(III+V).

Figure 3 shows the seasonal change of As(III+V), MMAA(III+V) and
DMAA(III+V) in the surface waters of Lauke Biwa. Total concentration of arsenic in
the southern basin was higher than that in the northern basin. The concentration
increased in summer. However, the seasonal variation of species was similar in both
basins. As(IlI+V) decreased and DMAA(III+V) increased in summer. A slight
amount of MMAA(III+V) appeared in autumn. The percentage of organoarsenicals
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Fig. 3. Seasonal variation of arsenic speciation in surface waters of Lake Biwa. (a), (b)
variation in arsenic species. B, As(II[+V); O, DMAA(III+V); A, MMAA(III+V); O, ZAs.
(c) variation in percentage of organic arsenicals. @, the northern basin (Stn. N1); V, the

southern basin (Stn. S3).
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Fig. 4. Vertical profiles of arsenic species in Tosa Bay (Stn. Y, September 20, 1993).
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is also shown in Fig. 3. Based on nutrient concentrations, the northern and southern
basins seem to be a mesotrophic lake and a shallow eutrophic lake, respectively
(FUJINAGA and HORI, 1982; SUGIYAMA et al., 1992). Dissolved total phosphorus
was 0.08 £ 0.03 uM at N1 and 0.12 + 0.03 uM at S3, and transparency was 5.4 + 1.8
m at N1 and 1.8 £ 0.6 m at S3 in 1993. Chlorophyll a was usually higher in the
southern basin during our observation. However, the organoarsenical percentage
tended to be higher in the northern basin.

Speciation of arsenic in Tosa Bay and Uranouchi Inlet

Figure 4 shows the arsenic concentration profiles for station Y (33°09' N,
133°31' E) in Tosa Bay on September 20, 1993. As(V) slightly depleted in euphotic
surface waters. Concentrations of MMAA(V) and DMAA(V) had maxima in these
waters and decreased in deep waters. DMAA(V) was the dominant organoarsenic
compound, accounting for about 10% of the total dissolved arsenic. MMAA(III) and
DMAA(III) were present from the surface to 180 m. These concentrations gradually
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Fig. 5. Percentage of organoarsenicals (bar) and concentration of chlorophyll @ (O) in surface
waters of Uranouchi Inlet.






