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The risks of radioactive wastewater release

A fisherman in Okuma, Japan,
ishes from a sea wall built

r the tsunami in 2011

ed to meltdown of the

arby Fukushima Daiichi

~ nuclear plant.

The wastewater release from the Fukushima Daiichi nuclear plant is expected to have
negligible effects on people and the ocean

By Jim Smith?, Nigel Marks?, Tony Irwin®

n 2011, the east coast of Japan suffered
an earthquake and tsunami that resulted
in the meltdown of three of the reac-
tors at the Fukushima Daiichi nuclear
plant. This led to an uncontrolled re-
lease of large amounts of radioactive
material to the surrounding land and to the
Pacific Ocean. More than 10 years later, new
releases of radioactive wastewater to the
Pacific Ocean from the Fukushima plant have
started. The historical ocean contamination
from Fukushima included large quantities
of long-lived radioactive cesium-137 (*Cs),
so there is widespread concern over these
new wastewater discharges. However, these
releases will result in much lower total radia-
tion doses to people and aquatic ecosystems
than the contamination caused by the acci-
dent (7-3). Furthermore, aquatic ecosystems,
including those around the Chernobyl disas-
ter site, have been shown to be remarkably
resilient to radiation (4-7). Thus, the new
Fukushima releases are not expected to cause
substantial effects on seafood consumers or
the marine ecosystem.
The highest-activity radioactive contami-
nant in the Fukushima wastewater is tritium
(*H), in the form of tritiated water (HTO).
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This molecule cannot be separated from the
wastewater because its chemical behavior
is the same as that of nonradioactive water.
Like other radionuclides [such as natural car-
bon-14 (*C) and anthropogenic ¥’Cs], which
emit high-energy -y rays and 3 particles when
they decay, tritium can have biological effects
on organisms, particularly DNA damage (8).
But tritium’s radiotoxicity by ingestion is very
low compared to that of these other radionu-
clides owing to its very weak (3 emission and
relatively short retention time in the body.
Therefore, it is common practice for nuclear
facilities worldwide to discharge wastewater
containing HTO into the sea (see the figure).

The La Hague nuclear facility in France
annually discharges ~10,000 terabecquerels
(1 TBq = 10" Bq; the becquerel is an amount
of a radioactive element that produces one
decay per second) of HTO into the English
Channel, with annual discharges during
1996-2016 ranging between 8000 and 12,000
TBq (9). Radiation doses to people (measured
in sieverts and defined as the amount of en-
ergy deposited in tissue, taking account of the
response of human biology to different radia-
tion types) from the release of HTO from La
Hague are low [<0.01 microsieverts per year
(USv/year) (9), which compares with the 1000
pSv/year recommended limit for members of
the public from nuclear site releases (2)], and
no environmental impacts have been found
or are expected. For example, studies of fish

(fathead minnow, Pimephales promelas) ex-
posed to levels of HTO between 7700 and
21,900 Bg/liter in a river near a Canadian
nuclear site (compared with <50 Bg/liter in
seawater near La Hague) have indicated that
it can induce DNA damage (as measured by
comet assay), but no effects were observed
on the survival of fish or various indices of
health (10).

At Fukushima, 22 TBq of HTO per year will
be released (1, 2), which is a factor of ~450
less than that from La Hague per year. The
planned Fukushima discharge annual limit
is the same as when the facility was an op-
erational electricity-generating boiling water
reactor (BWR). Less tritium is produced in a
BWR than in other types of nuclear reactor,
so the limit was originally set to be low com-
pared with that of some other reactor types.
The very low release limit for the Fukushima
wastewater was selected by the Japanese gov-
ernment owing to societal concerns such as
the reputational impact on the local fishing
industry. The planned releases will therefore
take much longer, ~30 years, than strictly
necessary according to current radiation
safety recommendations.

There will be radionuclides other than tri-
tium in the Fukushima discharge. The waste-
water has been treated by passing it through
a series of columns in which ion-exchange
chemical reactions remove most of the ra-
dioactive elements that the wastewater con-
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tains. It will be treated again before release
if radiation levels are higher than the dis-
charge limits. But tiny amounts of 30 other
radionuclides remain after treatment, in-
cluding *C, %Co, ?°Sr, **’Cs, and Pu isotopes
(1, 2). In this regard, the Fukushima release
is no different from routine releases from
other nuclear sites around the world. For
example, in 2019, the Sellafield nuclear site
in the UK discharged 19 times more HTO,
1600 times more *C, 320 times more %°Co,
180 times more I, and over 1000 times
more Sr, ¥’Cs, and Pu isotopes (I, 1I) than
is planned annually for the Fukushima re-
lease. In 2019, increased radiation doses to
seafood consumers near Sellafield were low
and mainly due to historical discharges of
natural radioactivity from a nearby non-
nuclear site that produced phosphoric acid
from uranium-rich phosphate ores, with
the nuclear site contributing about a third
of the dose of the phosphoric acid manu-
facturer (11).

During discharge, the Fukushima waste-
water is diluted 100 times so that tri-
tium levels will be 2.5% of the Japanese
Government regulatory limit and the sum
of the 30 other relevant radionuclides will
be less than 1% of the limits. The planned
maximum of 1500 Bq/liter of tritium in the
discharge water is ~14% of the 10,000 Bq/
liter that the World Health Organisation
designates as the drinking water limit for
tritium (72).

Monitoring will take place to ensure that
the levels of radiation in the Fukushima
releases are below the regulatory limits (7,
2). This includes analyses of the wastewater
for all 30 radionuclides present, including
tritium, total « and B radiation, and the en-
ergy spectrum of vy-emitting radionuclides.
The process will be independently verified
by the International Atomic Energy Agency
(IAEA) by measuring wastewater, seawater,
and aquatic organisms near the 1-km-long
offshore discharge pipeline during the entire
~30-year discharge period (2). Since the first
release began on 24 August 2023, publicly
available information from Tokyo Electric
Power Company (TEPCO), the TAEA and the
Japanese Ministry for Agriculture, Fisheries
and Food, reveals that tritium levels are neg-
ligible within 3 km of the site. Of 251 seawa-
ter measurements taken by 13 September at
10 sites within 3 km of the Fukushima plant,
only one (10 Bq/1) is above the detection limit
of ~8 Bqg/l. No detectable tritium has been
found in 25 fish at two sites 4 to 5 km North
and South of the discharge point (limit of
detection ~8 Bq/kg). Tritium is likely to be
detectable by more sensitive methods and
when releases are higher than that of the
first batch release (~200 Bq/1 of tritium).

Concerns have been expressed about bio-
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Tritium from the Fukushima Daiichi releases in context

Radioisotopes, both naturally occurring and anthropogenic, exhibit different levels of radiotoxicity [based on
(15)]. Tritium has a small dose coefficient mainly because its radiation is weak. In the Pacific Ocean, tritium
contributes far less total radioactivity than naturally occurring radioisotopes. The planned annual release of
tritium from Fukushima Daiichi is much lower than many releases from elsewhere, and the predicted annual
radiation doses to local seafood consumers are much smaller than other sources of radiation.
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Atomic Radiation, and the International Commission on Radiological Protection.

magnification—the increased concentration
of pollutants in organisms—of tritium and
its potential detrimental effects on marine
life, but these concerns do not correctly
reflect the risk. If, as planned, tritium is
released in the form of HTO, it cannot bio-
magnify because its biological uptake and
distribution follow that of the greater mass
of water (13), which does not biomagnify.
This lack of biomagnification is due to the
chemical similarity of HTO and H,O, which
means that the *H/'H ratio remains essen-
tially unchanged in chemical and biological

processes (13). Indeed, this is the very reason
that HTO cannot be separated from ordinary
water by Fukushima’s water treatment facil-
ity. Tritium can be retained longer in organic
molecules (and thus in organisms) as organi-
cally bound tritium (OBT) (8) when HTO is
digested by aquatic organisms. But even as-
suming long exposure times, the radiation
dose rates are vanishingly small.

Radiation doses of tritium and the
30 other radionuclides in the treated
Fukushima wastewater have been calculated
by independent researchers (3) and the IAEA
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(2) using models that include dispersion in
water, biomagnification, the different ra-
diotoxicities, and longer retention times in
organisms. These calculations result in very
low dose rates (measured in energy depos-
ited in tissue, Gy) to organisms from all ra-
dionuclides in the release: <0.005 uGy/hour
(3) and <0.0001 uGy/hour (2). These levels
are below the 40 uGy/hour dose rate that is
considered to be the limit at which no eco-
system effects from damage to animal and
plant tissues occur (14).

Aquatic ecosystems are surprisingly resil-
ient to radioactive pollution because of the
relatively high doses that are required to
damage an organism’s development and re-
production. Studies in lakes near Chernobyl
and Fukushima found no effect of radiation
on aquatic invertebrate abundance and di-
versity (7), or on developmental and genetic
indicators (4, 5). In perch (Perca fluviatilis),
a slight delay in maturation of female go-
nads was associated with radiation levels in
lakes at Chernobyl, but no effects were seen
in roach (Rutilus rutilus), and fish condition
indices were no different from those of un-
contaminated lakes (6). Moreover, the fish
population in the most contaminated lakes
is diverse (6). Radiation dose rates in wa-
terbodies at Chernobyl are more than 1000
times higher than those expected from the
Fukushima discharges (3, 6).

Radiation doses from the radioactive iso-
topes in the planned Fukushima releases to
people, through all potential pathways in-
cluding seafood consumption and bathing,
are calculated to be less than 1 pSv/year (2,
3). This is thousands of times smaller than
the 2400 pSv/year global average radiation
dose from natural background radiation.
Risks from natural radiation primarily re-
sult from DNA damage by internal expo-
sure to a and 3 radiation and to y radiation
originating inside or outside the body. So,
the mode of action of naturally occurring
radiation can be compared to that of the ra-
dioactivity from Fukushima. Natural radia-
tion doses vary widely—millions of people
worldwide receive doses >10,000 uSv/year.
Current radiation protection models as-
sume that any extra dose could potentially
cause cancer, because all ionizing radiation
could damage DNA. But a radiation dose of
less than 1 pSv/year from the Fukushima
release is not expected to have any public
health consequence compared with, for ex-
ample, natural radiation.

The impact of the Fukushima releases on
the Pacific Ocean can also be understood by
considering radioactivity in the natural envi-
ronment. There is ~860 TBq of tritium in the
Fukushima storage tanks, with 22 TBq dis-
charged to the Pacific Ocean every year. The
Pacific Ocean currently contains 500,000

SCIENCE science.org

TBq of natural and 2,500,000 TBq of an-
thropogenic tritium, the latter almost wholly
from past atmospheric nuclear weapons test-
ing. Furthermore, all tritium contributes just
0.04% to the total radioactivity of 8 billion
TBq in the Pacific Ocean, where most radio-
activity is due to naturally occurring potas-
sium-40 (91%) and rubidium-87 (8.6%). It is
important to note that there has long been
awareness of radioactivity in seawater, but
this has not been considered a health hazard.

Fears of radiation are likely to damage
the livelihoods of Fukushima’s fishing com-
munity, who are still recovering from fishing
bans and reputational damage caused by the
2011 accident. To protect marine environ-
ments in the best possible way, resources
and attention should be focused on key
stressors including climate change, overfish-
ing, and plastic pollution. The radiation pro-
tection science is clear that the Fukushima
wastewater release presents no real threat
to the organisms of the Pacific Ocean or to
Fukushima’s seafood consumers if carried
out as planned. Any substantial deviation
from the release plans would quickly be no-
ticed by monitoring. Governments and re-
searchers from elsewhere are also expected
to closely monitor radioactivity in the Pacific
Ocean during the release. The planned re-
lease at Fukushima is likely to be the most
closely monitored wastewater discharge
from a nuclear site.
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Pregnancy
programs
the brain for
mothering

Progesterone and estrogen
exert separate effects on
the brains of pregnant mice

By Margaret M. McCarthy

regnancy requires extensive physi-

ological remodeling to provide the

energy required for gestating a fetus

and delivering and nurturing a new-

born. Successful mothering requires

an additional finely tuned behavioral
repertoire. In most mammals, this starts
with retrieval to a nest, grooming, and nurs-
ing. Estradiol and progesterone, the same
pregnancy hormones that remodel the body,
also program the brain for mothering, but
precisely how this occurs has been opaque.
On page 76 of this issue, Ammari et al. (1) re-
port the identification of galanin neurons in
the medial preoptic area (MPOA) as the cel-
lular target of steroid programming in mice.
Estradiol and progesterone changed the ac-
tivity of galanin neurons such that the sen-
sitivity to stimuli emanating from the pups
(e.g., odors and vocalizations) was much
stronger. New synapses were also formed
on the galanin neurons. These remarkably
specific changes were sufficient to promote
mothering behavior.

Steroid hormones, such as estradiol and
progesterone, are long-distance signaling
molecules that are produced by endocrine
organs (gonads, adrenals, and the placenta)
and coordinate tissue responses across the
body. Successful pregnancy and parturition
require the orchestration of tissue remodel-
ing of the mammary gland, uterus, and cer-
vix along with construction of a placenta—all
of which are responses to steroid hormones.
However, the new mother also needs to re-
spond to her newborns by providing pro-
tection, warmth, grooming, and nutrients
through lactation. An absence of or a delay in
this response can be catastrophic for species
such as rats and mice, in which newborns
have no capacity for thermoregulation or
mobility. Synthesis of estradiol and proges-
terone is up-regulated during pregnancy, and
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