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A non-destructive photon activation analysis tech-
nique with 30-MeV bremsstrahlung followed by
high-resolution y-spectrometry is applied to multi-
element analysis of two brown algae, Laminaria
religiosa and Sargassum horneri, and one red alga,
Heterosiphoia japonica. This method is quite sim-
ple and gives good, reproducible results.
Elemental abundances of nine elements including
arsenic were determined. Arsenic content in the
above algae are 50.8, 92.1, and 8.3 mgkg™' (dry
weight base), respectively. Arsenic contents in al-
gae indifferent seasons and different locations do
not show a large scatter. The concentration ranges
of arsenic together with other essential main com-
ponents (e.g. sodium, magnesium, phosphorus
and chlorine) in a number of samples are summar-
ized. The mean concentrations for these five ele-
ments are compared with the elemental abundance
of these elements in seawater, and the high enrich-
ment of arsenic and phosphorus is clearly
observed.
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INTRODUCTION

Of the elements commonly found in animal and
plant materials, a number of minor and trace
elements are essential for life processes. Some of
the other elements such as arsenic are known
generally to be toxic, and special attention has
been given to their levels from the environmental
viewpoint. Arsenic is an environmentally ubiqui-
tous Group Va element. During the past 20 years
organic arsenical herbicides have come into
extensive use. In the natural environment, most
arsenicals  degrade to  form  arsenate.
Biotransformations may occur which result in

various organo- and other arsenicals. In studies of
the roles of these elements, multielement analysis
has become increasingly attractive, for it can give
an overall view of elemental patterns which may
be important in living matter.

The impressive potential of activation analysis
for this purpose has prompted a large volume of
work on its application to the determination of
many elements in a variety of biological mat-
erials. Thermal neutron activation followed by
high-resolution y-spectrometry has been success-
fully applied to the nondestructive determination
of many elements in actual samples. With instru-
mental neutron activation analysis, however, the
high activities produced from abundant, readily
activated elements, such as manganese and
sodium, often distort or mask lower activities
from the elements of interest. For example, neu-
tron activation analysis is also a highly sensitive
method for arsenic via ®As(n, y) As, but when
this method is applied to marine biological mat-
erials such as macro-algae, it is impossiblc to
expect reliable results for low levels or arsenic,
due to severe induced radioactivity from alkaline
and halogen elements present. An alternative
nuclear method which can meet various require-
ments for multieclement work is photon activation
analysis, and several reviews of the method are
available.'” In a series of research work, multi-
element photon activation analysis has been
applied to Dbiological*® and environmental
materials.* "

The present paper describes the application of
bremmstrahlung activation analysis to the non-
destructive determination of several elements
including arsenic in biological materials. Marine
macro-algae are chosen as samples. Systematic
and cumulative data on the elemental abundances
of marine macro-algae are not available. In the
present paper the emphasis is placed on elemental
abundances including arsenic in different algae,
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Table 1 Elemental composition of a synthetic multielement
reference material used as comparative standard in photon
activation analysis

Element Content (%)* Element Content (ppm)®
C 41.8 \% 2.87
H 4.1 Cr 0.711
N 2.1 Mn 3.31
O 32.4 Fe 41.1
Co 0.251
Na 3.49 Ni 1.09
Mg 1.14 Cu 1.34
P 0.036 Zn 26.2
S 0.13 As 155
Cl 6.17 Br 2060
K 6.79 Rb 372
Ca 1.51 Sr 538
I 156

9 (100g) ' "mgkg .

and the bias of the arsenic abundance in different
seasons and sampling stations is discussed. The
general range of arsenic abundance is also given.

EXPERIMENTAL
Samples and standard

Marine macro-algae samples, Laminaria religiosa
(Hosomekonbu is the Japanese name),
Sargassum horneri (Akamoku) and Heterosiphoia
japonica (Isohagi) were taken at Onagawa Bay,
Miyagi Prefecture, Japan. To compare the bias of
the elemental abundance within a species,
Laminaria religiosa samples were taken at differ-
ent sampling stations on the Pacific coast side of
the north east of Japan, Hachinohe-Kanahama in
Aomori Prefecture, Sanriku-Kokabehama in
Iwatc Prefecture, and Oshika-Niiyamabama in
Miyagi Prefecture. Immediately after sampling,
these algae samples were washed with filtered
seawater and frozen with dry ice. After complete
freeze—drying in vacuo for 48 h the samples were
powdered in a high-purity alumina ball mill. All
samplcs were dried for 2 h at 85°C before irradia-
tion. A portion (1g) of the dried sample was
compressed to a cylindrical pellet with a diameter
of 10 mm.

The comparative standard is a synthetic one
and this has a similar biological matrix compo-
sition with algae samples and contains known
amounts of the elements of interest.”” The ele-
mental composition of the comparative standard,
which is shown in Table 1, can be adjusted arbi-
trarily; for example, the main components—

hydrogen, carbon, nitrogen, and oxygen—can bc
regulated by changing the mixing ratio of the raw
materials of the two monomers, acrylic acid and
acrylamide. In the preparation of thc present
standard, the main components were regulated to
be of the same order of magnitude as those of an
alga, Laminaria religiosa (C, 34%; H, 4.6%; N,
1.9%). The elemental compositions of other
minor and trace elements were adjusted by
adding a known amounts of thesc elements in the
polymerization reaction starting from the
monomers."

Irradiation and radioactivity
measurement

Bremsstrahiung irradiation was carried out in the
linear electron accelerator of Tohoku University.
The accelerator was operated at 30 MeV, and the
electron beam produced bremsstrahlung in a pla-
tinum convertor with a thickness of 3 mm located
3 ¢cm from the beam exit window. The sample and
thc comparative-standard pellets were wrapped
with high-purity aluminium foil and were stacked
in a silica tube, the standards being placed in front
of and behind the sample for simultancous irra-
diation. The tube was placed in a water-cooled
sample holder and aligned along the beam axis
with the front face of the tube 10-15 cm from the
photon-producing convertor. A typical irradia-
tion was performed for 2h at a dose rate of
10° R min '. The heat generated by the remaining
electrons in the bremsstrahlung tended to cause
chemical decomposition of biological samples,
which therefore could not be positioned close to
the convertor. Under typical irradiation con-
ditions with a 70-uA beam (on average) of
30 MeV electrons, however, no significant damage
was observed over 2 h at a position 10 cm down-
stream from the convertor.

A 33-cm’ lithium-drifted germanium detector
(Ortec Model 8101-0525) was coupled to a 4096-
channel pulse-height analyser (Toshiba Electric
Co. Ltd, Japan). The counting system has a reso-
lution of 2.4 keV for the 1332-keV y-line of “Co.
Counting was done consecutively for increasing
intervals from 2 h to nearly one month. For nuc-
lides with intermediate half-lives, the counting
times were 30-60min and, for long-lived nuc-
lides, the counting times were 5-20 h. In obtain-
ing full-energy peak areas, the total peak counts
were computed and the background contribution
was subtracted. Decay curve analyses were made
to check for interferences.
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RESULTS AND DISCUSSION

The principal products and their nuclear data
from nine elements are given in Table 2. *As has
two y-rays of 596 keV and 635 keV, but the 596-
keV peak was used for determination due to its
higher sensitivity down to 1ug (the detection
limit)* without any interference. The 1369-keV
peak of *Na was used for the magnesium determi-
mination, but this is interfered with by the
»Na(n, y) *Na reaction by a secondary neutron;
hence this interference is corrected by irradiating
a known amount of sodium carbonate. The 881-
keV and 389-keV peaks of "I interfere with the
determination of rubidium (883 keV) and stron-
tium (388 keV), respectively, but the contribution
of I to these two y-ray regions was corrected by
previous knowledge of the three peak ratios at
389 keV, 666 keV and 881 keV for pure 1. A
possibility of loss of arsenic and iodine by vapori-
zation and/or decomposition in the bremmsstrah-
lung irradiation was examined by radioactivity
measurements on the wrapped aluminium foil of
the pellets after irradiation. Only the radioactivity
of 71 was observed but it was as little as under
0.4% of total iodine in the sample or the
standard. No loss of arsenic was observed.
Three different algae were analysed. Analyses
were madc at least in triplicate for ecach alga
sample. Results are summarized in Table 3.
Arsenic in Laminalia religiosa and Sargassum
horneri is determined with a good reproducibility
(relative standard deviation of under 3%), but the
relative standard deviation of Heterosiphoia japo-
nica seems to be higher; this may be due to a
lower arsenic content in this sample. It is very
interesting that brown algae of Laminaria reli-
giosa and Sargassum horneri contain higher
amounts of arsenic of 50.8 ppm (mgkg™') and

Table 2 Radioisotopes and nuclear data used for determi-
nation

Element Nuclear reaction Haif-lifc Energy (keV)
Na *Na(y, n)”Na 2.60y 1275
Mg “Mg(y, p)*'Na 15.0h 1369
Cl BCl(y, ny*mCl 320m 146
Ca HCa(y, p)K 22.2h 618
As BAs(y, n)*As 17.8d 596
Br "Br(y, 2n)"Br 57.0h 239
Rb SRb(y, n)*Rb 32.8d 883
Sr *Sr(y, n)¥™Sr 2.81h 388
I Ty, n)*1 13.0d 389

Table 3 Multiclement photon activation analysis of marinc
macro-algae®

Laminaria Sargassum Heterosiphoia
Element” religiosa horneri japonica
Na (%) 4.49+0.05 3.42+0.10 6.36+0.13
Mg (%) 1.03£0.03 2.46+0.06 1.19+0.01
Cl (%) 13.4x0.1 10.4+0.2 13.2+0.2
Ca (%) 0.955£0.040 1.17+£0.02 1.38+0.05
As (ppm) 50.8:£0.7 92.1+24 83133
Br (ppm} 437110 354410 10700 £+ 200
Rb (ppm) 46814 20.1%£28 <2
St (ppm) 655415 1460 + 90 144+34
I (ppm) 1180+ 10 573122 512424

“Sampling date and station: 4 May 1984; Onagawa bay,
Japan. " Dry weight base; % =g (100 g) ™!, ppm=mgkg .

92.1 ppm respectively, and this must be compared
with the lower content of the red alga
Heterosiphoia japonica of 8.3 ppm. Arsenic con-
tent of these marine macro-algae, however,
seems to be higher compared with that found in
terrestrial plants; for example, orchard leaves
contain 11 ppm and tobacco leaves 1.4 ppm of
arsenic.”

Elemental composition is of course ditferent
between biological species; furthermore, even for
single biological species, the clemental compo-
sition may fluctuate in different sampling seasons
and indifferent sampling areas. Arsenic contents
of Laminaria religiosa taken in different seasons
over six years at the same sampling station in
Onagawa Bay are summarized in Fig. 1, where
each small circle corresponds to an individual
sample. Arsenic contents of multiple samples
taken at the same day are scattered but not by so
large an amount except in one season
{November) which is the last part of the one year
life cycle of Laminaria religiosa. Figure 2 shows
the arsenic content of Laminaria religiosa taken
at different sampling stations on the Pacific coast.
As a reference the range and the standard devi-
ation of the arsenic content of 23 samples of
Laminaria religiosa taken at the same sampling
station (Onagawa Bay) are also shown. The scat-
tering range of the arsenic content of the same
alga taken at different sampling stations is close to
the range of the arsenic content of the same alga
taken at Onagawa Bay, and this shows that the
arsenic content of Laminaria religiosa seems to be
in a limited range (Fig. 2).

Many data were accumluated year by year, and
the arsenic content of Laminaria religiosa taken
in the growing season of this marine algae (May
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Figure 1 Arsenic concentration in Laminaria religiosa taken at different seasons.

to July) is summarized in Table 4, together with
some other elemental contents of essential main
components such as sodium, magnesium, phos-
phorus and chlorine; phosphorus was determined
independently by a-particle activation analysis via
3P(a, n) ¥"CL™ In Fig. 3 the average elemental

Laminaria religiosa are plotted against the ele-
mental abundance of the corresponding elements
in seawater.” In this case the elemental concen-
tration in Laminaria religiosa is shown on a fresh
weight basis. The elemental concentrations of
sodium, magnesium and chlorine of Laminaria

concentrations for these five elements in  religiosa are of the same magnitude as those in
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Figure 2 (a) Arsenic concentration in Laminaria religiosa taken at different locations (see the text). (b) Sketch map showing the
sampling stations in the north-eastern provinces of Japan. 1, Hachinohe; 2, Sanriku; 3, Onagawa; 4, Oshika.



Arsenic and other elemental abundances in marine macro-algae 291

Table 4 Elemental abundances in Laminaria religiosa®

Element" Average Range (n)*
Na (%) 4.13 2.86-5.41 (43)
Mg (%) 1.07 0.879-1.28 (43)
P (%) 0.129 0.0702-0.185 (16)
Cl (%) 12.6 6.79-20.4 (43)
As (ppm) 60.9 45.2-72.7 (43)
"Dry weight base. "%=g(100g)""; ppm=mgkg '

*Number of individual samples. ¢ a-Activation analysis.'
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Figure 3 Comparison of elemental abundances in Laminaria
religiosa and seawater.

seawater, but arsenic and phosphorus are highly
enriched in Laminaria religiosa, even though the
elemental abundances of these trace elements in
seawater at the sampling locations are uncertain.
The accumulation mechanism and the role of
arsenic in marine macro-algae are of considerable

research interests, particularly with regard to the
nature of the arsenic present, which may be in the
organic form in part.
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