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ABSTRACT	

Natural	and	anthropogenic	radionuclides	are	ubiquitous	in	the	marine	biosphere.	They	are	used	to	study	
a	suite	of	environmental	processes,	including	those	related	to	marine	food	webs,	yet	they	also	
potentially	negatively	impact	marine	biota	and	humans.	The	goal	of	this	lecture	is	to	provide	upper	level	
undergraduate	and	graduate	students	with	a	basic	understanding	of	marine	radioecology	and	how	
marine	organisms	bioaccumulate	and	influence	the	cycling	of	radionuclides	in	the	environment.	The	
lecture	begins	with	a	brief	introduction	to	the	methods	and	models	used	to	understand	biological	
radionuclide	uptake	and	loss,	followed	by	how	organisms	biogeochemically	and	physically	transfer	
radioactive	substances	throughout	the	ocean.	The	remaining	lecture	focuses	on	current	methods	for	
assessing	potential	radiological	impacts	on	marine	biota	and	risks	associated	with	contaminated	seafood	
consumption.	This	is	the	last	lecture	of	a	four-part	lecture	series	on	radionuclides	in	the	marine	
environment.		

SLIDES	

1) Title	Page	
2) What	is	Marine	Radioecology	
3) Lecture	Goals	
4) There	are	three	main	sources	of	radionuclides	to	the	environment.	They	are	loosely	classified	as	

the	naturally	occurring	or	primordial	U-Th	series,	cosmogenically	produced	radionuclides,	and	
radionuclides	produced	by	anthropogenic	processes.	Note	that	other	primordial	radionuclides	
exist	as	well,	such	as	40K,	but	are	less	commonly	used	in	marine	applications.	Radioactive	
elements	enter	the	ocean	via	both	point	and	non-point	sources	and	their	distributions	are	
controlled	by	their	biological	and	chemical	reactivity	and	their	half-lives.	See	Lectures	2	
(Radioactivity	in	the	Marine	Environment:	Uranium-Thorium	Decay	Series)	and	3	(Radioactivity	
in	the	Marine	Environment:	Cosmogenic	and	Anthropogenic	Radionuclides)	for	more	
information.	

5) Once	radionuclides	enter	the	marine	environment,	they	undergo	a	variety	of	processes	that	
include	transport	and	dilution	by	currents,	scavenging	by	particles,	and	uptake	by	marine	biota.	
Marine	organisms	acquire	radioactive	elements	during	ingestion	(through	absorption	across	the	
gut	wall	and	into	tissue);	via	contaminated	seawater,	or	consuming	contaminated	food	or	
sediment.	Fish	may	also	be	contaminated	by	radionuclide	adsorption	to	external	surfaces	or	
absorption	through	external	surfaces	(e.g.,	gills	(respiratory	exchange),	skin,	etc.).	Generally	
speaking,	accumulation	of	radionuclides	through	external	passive	adsorption	varies	in	
proportion	to	the	surface	to	volume	ratio	(non	allometric).	For	absorbed	radionuclides	involved	
in	metabolic	pathways,	variations	are	allometric,	i.e.,	proportional	to	body	weight.	
Contaminated	marine	organisms	eliminate	radionuclides	through	excretion	processes,	including	
feces	production.	There	are	many	factors	that	influence	the	magnitude	of	this	bioaccumulation.	
Environmental	factors	include:	Temperature,	salinity,	seawater	composition	(trace	metal	
competition,	oxidation	state	(chemical	form),	organic	complexation),	and	exposure	time.	
Biological	factors	include:	Organism	age,	size,	sex,	reproductive	state,	physiology	and	
metabolism,	food	type,	feeding	mode,	ingestion	and	filtering	rate,	and	even	external	tissue	
composition.	

6) Relative	contributions	(%)	of	the	three	ingestion/uptake	pathways	(sediment,	seawater,	and	
food)	to	the	total	bioaccumulation	of	134Cs	in	marine	organisms.	Note	how	they	differ	across	
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species,	for	instance,	clam	(G.	pectinatum)	and	shrimp	(P.	stylirostris)	consumption	of	food	is	the	
main	uptake	route	of	Cs,	whereas	the	oysters	(I.	isognomum	and	M.	regula)	ingest	a	variety	of	
sources.	In	practice	seawater	includes	sorption	processes.	

7) Terminology.	In	marine	radioecology,	both	the	Concentration	Factor	(CF)	and	the	Transfer	
Factor	(TF)	are	commonly	used	to	quantify	radionuclide	uptake	and	to	assess	the	relative	
bioavailability	of	radioactive	elements	to	a	given	organism.	As	mentioned	earlier,	these	factors	
are	dependent	on	both	environmental	and	biological	influences	and	are	usually	determined	
under	steady-state	conditions.	Knowledge	of	TF	and	CF	ultimately	enable	the	development	of	
models	that	can	be	used	to	predict	radionuclide	bioaccumulation	under	specific	conditions.	They	
are	thus	useful	for	predicting	human	exposure	through	marine	food	consumption.	For	a	detailed	
overview	of	the	CF,	including	strengths	and	weaknesses,	please	see	Carvalho	(2018).	

8) Both	CF	and	TF	assume	a	homogenous	distribution	in	organism	tissues.	However,	not	all	
organism	tissue	accumulates	and	retains	radioactive	elements	and	compounds	in	the	same	
manner.	For	example,	two	years	after	the	Fukushima	Daiichi	Nuclear	Power	Plant	Accident	in	
2011,	73%	of	the	accumulated	Cs	was	found	in	fish	muscle.	In	contrast,	90Sr	was	preferentially	
found	in	the	fish	skeleton.	These	distributions	correspond	to	our	general	knowledge	of	the	
behavior	of	these	radionuclides	in	biota.	

9) Lab	radiotracer	experiments	have	been	conducted	to	better	understand	how	marine	organisms	
accumulate	and	eliminate	radionuclides	from	their	bodies.	In	essence,	when	an	organism	is	
placed	in	contaminated	seawater	(or	fed	with	contaminated	food	or	placed	in	an	aquarium	with	
contaminated	sediment),	the	concentration	of	the	radionuclide	within	the	organism	increases	
until	reaching	a	plateau.	This	corresponds	to	the	CF	(or	TF)	of	this 	e lement	for	this 	
organism	under	specif ic 	condit ions	(e.g.,	equilibrium).	When	the	same	organism	is	placed	
into	clean	seawater,	its	radionuclide	concentration	progressively	decreases	allowing	scientists	to	
determine	specific	loss	rates	as	well	as	retention.		

10) The	uptake	phase	depends	on	time	(kinetic	factors).	The	steady	state	CF	is	a	function	of	the	
uptake	rate	constant	(ku)	and	the	loss	or	depuration	rate	constant	(ke).	By	definition,	the	
concentration	factor	at	steady	state	(CFss)	is	equal	to	the	uptake	rate	constant	(ku)	divided	by	
the	depuration	rate	constant	(ke).	Therefore,	equilibrium	(steady	state	or	plateau)	is	reached	
when	ku	is	equal	to	ke.	It	is	important	to	note	that	the	ke	defined	during	the	uptake	phase	
integrates	across	all	components	under	the	given	experimental	conditions	(closed	system,	and	
relatively	constant	concentration/activity	levels).	As	such,	the	depuration	rate	constant	is	often	
determined	during	the	depuration	phase.	In	this	example,	a	one	component	uptake	model	is	
used,	which	may	not	be	appropriate	depending	on	the	radionuclide	or	organism	of	interest	(See	
Slides	8	and	14).	

11) This	figure	depicts	laboratory	derived	uptake	kinetics	of	134Cs	for	several	species	in	seawater.	
Note	the	difference	in	CF	between	bivalves	and	algae,	and	the	difference	in	time	needed	to	
approach	steady	state.	The	curve	fit	assumes	a	one	component	uptake	model.	

12) This	figure	depicts	the	uptake	kinetics	of	plutonium	for	a	number	of	trophic	levels.	Note	the	
orders	of	magnitude	difference	in	plutonium	uptake	relative	to	Cs	as	well	as	the	time	needed	to	
reach	steady	state.	Very	high	CFs	occur	with	plankton	versus	bottom	fish.	Intermediate	CFs	are	
found	for	various	invertebrates	(starfish,	clam,	urchins).	

13) As	noted	earlier,	the	physical	environment,	e.g.,	temperature,	can	also	impact	the	CF	and	differs	
between	radionuclides.	This	figure	describes	the	accumulation	of	various	radionuclides	at	2°C	
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versus	12°C	in	a	series	of	laboratory	radiotracer	experiments	with	the	brown	macroalgae,	Fucus	
vesiculosus.	Concentration	factors	in	the	thallus	were	temperature-dependent	and	significantly	
decreased	at	2°C	for	60Co,	but	not	for	241Am	and	134Cs.	This	is	of	particular	importance	as	most	of	
the	data	used	in	radioecology	and	radiological	impact	assessment	are	from	temperate	climates.	

14) The	loss	(depuration)	phase	also	depends	on	time	(kinetics).	In	this	formulation,	loss	rates	are	
determined	by	placing	contaminated	organisms	in	seawater	and	monitoring	the	radioactive	
element	loss	rate	(ke)	to	the	surrounding	environment	(see	Slide	10).	This	formulation	is	often	
used	with	A0	=	1	(100%).	However,	it	could	also	be	used	with	concentrations	or	activity	(e.g.,	Bq	
g-1	or	Bq).	This	loss	rate	is	then	used	to	determine	a	biological	half-life	(tb½),	the	time	it	takes	for	
an	organism/tissue	to	lose	half	of	its	activity.	

15) This	figure	depicts	an	experiment	examining	the	loss	rate	of	134Cs	from	two	species,	L.	varigeta	
(algae)	and	P.	stylirostris	(shrimp)	expressed	in	terms	of	the	percentage	of	remaining	activity	
(i.e.,	activity	at	time	t	divided	by	initial	activity	measured	in	the	organism	at	the	beginning	of	the	
decontamination	period).	Loss	rates	were	fit	with	a	one	component	model.		

16) In	certain	cases,	loss	kinetics	are	not	well	described	by	a	one	component	model.	This	often	
occurs	when	radionuclide	uptake	and	loss	rates	differ	across	various	tissues	(e.g.,	muscle	versus	
scales	versus	the	skeleton,	see	Slide	8).	Here,	a	2	component	model	is	shown	as	it	is	rare	to	be	
able	to	fit	more	than	2	components	during	this	depuration	phase.	The	general	equation	is:	
	

𝐴! = 𝐴!× 𝑁!×𝑒!!!" × !  
!

!!!

	

With:	 𝑁!   = 1!
!!! 		

	
n	=	number	of	compartments,	i	
At	=	remaining	activities	at	time	t	(%)		
A0	=	remaining	activities	at	time	t0	(%)		
	
This	formulation	is	often	used	with	A0	equal	to	100%	(or	1),	but	also	works	using	concentration	
or	specific	activity	(Bq	g-1	or	Bq).	The	biological	half-life	for	a	specific	compartment,	i,	is	then	=	Tbi	
=	Ln(2)/kei.	

17) This	figure	is	similar	to	that	shown	on	Slide	15	and	depicts	an	experiment	examining	the	loss	
rate	of	134Cs	from	the	bivalve	G.	pectinum	expressed	in	terms	of	the	percentage	of	remaining	
activity.	Here,	the	loss	rate	of	134Cs	is	fit	with	a	two	component	model.	

18) This	table	provides	the	steady	state	Concentration	Factor	(CF)	of	selected	radionuclides	within	
different	taxonomic	groups.	Note	the	differences	between	trophic	levels	and	radionuclide.	

19) This	table	provides	a	summary	of	selected	Transfer	Factors	(TFs)	of	radionuclides	accumulated	
by	marine	biota	from	contaminated	sediments.	Note	that	TFs	from	contaminated	sediment	for	
several	key	radionuclides	are	quite	low	(<	1).	

20) The	Assimilation	Efficiency	(AE)	is	the	fraction	of	ingested	radionuclide	via	food	that	is	absorbed	
and	retained	for	metabolism.	AE	data	was	determined	from	a	series	of	laboratory	radiotracer	
experiments	(Data	from	Fowler	and	Fisher	(2004)	and	Fowler	(unpublished)).	Numbers	
highlighted	in	red	indicate	the	food	fed	to	the	organisms	in	order	to	determine	the	AE.	
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21) Bulk	TF	in	the	field	(combined	ingestion	and	excretion	pathways)	are	reflective	of	the	organism’s	
feeding	habits,	which	can	change	with	size.	For	example,	the	137Cs	activity	in	European	Hake	
increases	with	fish	size	mainly	due	to	shift	in	the	trophic	regime.	At	a	given	size,	males	contain	
higher	activities	than	females	due	to	differences	in	growth	rate	(i.e.,	at	a	given	size,	females	are	
younger	than	males).	

22) Once	radionuclides	enter	the	marine	environment	they	undergo	a	variety	of	processes	that	
include	transport	and	dilution	by	currents	(horizontal	advection)	and	uptake/loss	by	marine	
biota.	For	example,	some	radionuclides	are	particle	reactive.	As	particles	sink,	they	transport	
particle	reactive	radionuclides	to	deeper	waters	and	the	seafloor	where	they	can	enter	the	
benthic	food	web.	In	this	figure	blue	arrows	represent	seawater	uptake,	green	arrows	represent	
food	uptake,	and	brown	arrows	represent	biological	uptake	from	sediment.	

23) One	example	of	the	role	of	biota	in	horizontal	transport	is	in	fish.	In	2008,	the	Pacific	Bluefin	
tuna	(PBFT)	caught	near	California	contained	137Cs	activities	that	were	relatively	low	(derived	
from	atmospheric	nuclear	bomb	testing)	and	134Cs	activities	below	detection.	Following	the	
Fukushima	Dai-ichi	Nuclear	Power	Plant	accident	(March	2011),	significant	134Cs	activities	were	
detected	in	the	muscle	of	PBFT	sampled	in	California	in	August	2011.	The	presence	of	this	
isotope	is	clearly	related	to	the	accident.	The	time	lag	between	the	accident	and	when	the	fish	
were	caught	was	too	short	to	be	due	to	transport	of	134Cs	by	currents	alone.	Thus,	higher	134Cs	
activities	in	the	PBFT	near	California	are	due	to	feeding	in	contaminated	waters	close	to	Japan	
followed	by	migration.	In	contrast,	Yellowfin	tuna,	which	only	inhabit	the	waters	off	the	
California	coast,	had	no	detectable	134Cs	activities	in	their	tissue	in	August	2011.	Note	that	active	
horizontal	transport	by	PBFT	is	relatively	small	compared	to	both	water	and	atmospheric	
transport.						

24) Vertical	migration	of	various	species	(plankton,	fish)	as	well	as	the	production	of	fecal	pellets,	
aggregation	into	marine	snow,	etc.	also	leads	to	downward	transport	of	contaminants	with	
various	efficiency	through	the	water	column.		

25) Radionuclides	appear	to	be	significantly	enriched	in	zooplankton	fecal	pellets	compared	to	the	
whole	organism.	This	is	particularly	evident	for	210Po	and	Cs	isotopes.		

26) Due	to	the	transfer	of	particle	reactive	radioactive	elements	to	depth,	bottom	sediments	may	
act	as	repositories	for	further	contamination.	In	this	example,	fish	that	lived	in	the	water	column	
were	continuously	sampled	close	to	the	Fukushima	Dai-ichi	Nuclear	Power	Plant	after	the	2011	
accident	and	compared	to	fish	living	close	to	the	bottom.	Benthic	fish	living	close	to	the	seafloor	
contained	significantly	higher	137Cs	activities.	Because	sediments	act	as	constrained	reservoirs,	
bottom	feeding	fish	may	continue	to	feed	upon	and	retain	higher	activities	of	137Cs	than	they	
might	otherwise	obtain	if	they	fed	in	the	water	column,	where	137Cs	activities	were	more	
efficiently	diluted	due	to	larger	scale	ocean	mixing.	

27) Biomagnification	reflects	the	increase	in	concentration	of	a	substance	in	the	tissues	of	
organisms	at	successively	higher	levels	in	a	food	chain.	Here,	Dichlorodiphenyltrichloroethane	
(DDT)	is	compared	to	137Cs	to	depict	how	biomagnification	takes	place	in	nature.	For	DDT,	there	
is	an	increase	of	a	1000	between	water	and	phytoplankton	followed	by	successive	increases	of	
an	order	of	magnitude	at	each	higher	trophic	level	(the	biomagnification	factor	is	10).	This	
results	in	DDT	concentrations	higher	by	a	factor	of	107	in	top	predators	relative	to	water.	For	
137Cs,	biomagnification	is	much	more	limited	(the	biomagnification	factor	is	~	2),	but	still	
significant.	In	top	predators,	the	Cs	concentration	is	~	300	times	higher	than	that	in	seawater.	
For	more	information,	regarding	bioaccumulation/biomagnification	of	137Cs,	see	Kasamatsu	and	
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Ishikawa	(1997),	Zhou	et	al.	(2001),	Heldel	et	al.	(2003),	Harmelin-Vivien	et	al.	(2012),	and	Pouil	
et	al.	(2018).	Another	isotope	which	may	show	biomagnification	is	naturally	occurring	210Po	
(produced	from	210Pb	decay),	particularly	at	the	lower	trophic	levels,	i.e.,	in	zooplankton,	marine	
invertebrates,	and	fish	(Cherry	et	al.,	1983,	Stewart	et	al.	2005,	Mathews	and	Fisher,	2008).	This	
is	especially	important	as	Po	is	highly	radiotoxic	(See	Slide	42).	

28) Once	radionuclides	are	released	into	the	environment	and	incorporated	into	marine	organisms,	
how	do	we	assess	potential	impacts	on	the	environment,	the	organism	itself,	and	the	risks	
associated	with	seafood	consumption	by	humans?		

29) In	order	to	understand	potential	deleterious	impacts	on	marine	biota	and	humans,	we	must	first	
review	radiation.	For	more	detailed	information,	see	Lecture	1	(Radioactivity	in	the	Marine	
Environment:	Understanding	the	Basics	of	Marine	Radioactivity).	When	discussing	radionuclides	
and	radioprotection,	we	focus	on	ionizing	radiation.	Ionizing	radiation	has	enough	energy	to	
change	normal	cellular	functioning	and	may	cause	cells	to	die	or	transform	into	a	cancerous	cell.	

30) The	radiation	types	we	focus	on	most	often	are	alpha,	beta,	and	gamma	as	they	are	the	major	
radioactive	decay	mechanisms.	Alpha	particles	are	the	least	penetrating	and	can	be	stopped	by	
clothing.	Yet	these	particles	cause	the	most	damage	if	inhaled	due	to	their	high	energy.	For	
more	detailed	information,	see	Lecture	1	(Radioactivity	in	the	Marine	Environment:	
Understanding	the	Basics	of	Marine	Radioactivity).		

31) Beta	particles	are	generally	more	penetrating.	
32) Gamma	particles	are	the	most	penetrating	type	of	radiation.	Gamma	emission	is	the	most	

common	form	of	energy	release	and	nearly	always	occur	with	alpha	and	beta	decays.	
33) The	main	international	organizations	involved	in	radiation	protection,	safety	standards,	and	

implementation	are:	the	United	Nations	Scientific	Committee	on	the	Effects	of	Atomic	Radiation	
(UNSCEAR),	the	International	Commission	on	Radiation	Protection	(ICRP),	and	the	International	
Atomic	Energy	Agency	(IAEA).	

34) Health	effects	due	to	ionizing	radiation	depend	on	the	radiation	dose.	When	discussing	dose,	we	
use	two	different	types	of	units:	Grays	and	Sieverts.	The	Gray	(Gy)	is	the	absorbed	dose	per	unit	
of	mass,	while	the	Sievert	(Sv)	takes	into	account	biological	damage	associated	with	the	amount	
and	type	of	radiation	(i.e.,	alpha,	beta,	gamma),	the	organ	or	tissue	being	irradiated,	and	the	
length	of	exposure.	The	effective	dose	sums	all	of	the	biologically	adjusted	radiation	exposure.	
Absorbed	dose	is	a	measurable	quantity,	while	equivalent	and	effective	doses	are	estimated	
quantities	used	for	management	purposes	of	human	health	only.		

35) There	are	different	types	of	radiological	impacts.	For	deterministic	effects,	the	severity	increases	
with	the	dose.	Radiation	dose	levels	or	“thresholds,”	are	determined,	below	which,	effects	from	
radiation	exposure	are	absent.	They	are	generally	short	term	effects.	For	more	information,	see:	
http://www.imagewisely.org/imaging-modalities/computed-tomography/imaging-
physicians/articles/ionizing-radiation-effects-and-their-risk-to-humans.		

36) For	stochastic	effects,	the	severity	is	independent	of	the	dose.	There	is	no	threshold	and	the	
probability	of	having	an	effect	is	proportional	to	the	dose	absorbed.	In	other	words,	depending	
on	the	conditions	of	exposure,	effects	may	or	may	not	occur.	Epidemiological	data	are	mainly	
from	studies	on	survivors	of	the	atomic	bombings	of	Hiroshima	and	Nagasaki,	Japan	that	
occurred	in	August	1945.	There	are	no	data	for	low	doses	and	various	assumptions	are	made	
regarding	the	response	curve.	The	current	international	system	of	radioprotection	is	based	on	
several	assumptions,	approximations	and	simplifications.	One	of	them	assumes	a	linear	no	
threshold	(LNT)	relationship	by	extrapolating	the	data	from	the	Hiroshima	Nagasaki	survivors.	



ASLO	e-Lectures	

7	
	

Although	the	incidence	of	hereditary	defects	in	patients	exposed	to	radiation	in	Japan	and	
Chernobyl	are	not	significant,	animal	experiments	suggest	that	risk	does	exist.	For	more	
information:	http://www.imagewisely.org/imaging-modalities/computed-tomography/imaging-
physicians/articles/ionizing-radiation-effects-and-their-risk-to-humans.	This	figure	describes	
three	risk	response	curves	based	on	dose:	
(a)	The	observed	response	in	the	moderate-dose	range	is	extrapolated	linearly	down	to	a	zero	

incremental	dose	above	that	from	normal	natural	background	radiation	(e.g.,	this	would	be	
a	linear	non-threshold	(LNT)	relationship).	

(b)	The	risk	response	at	low	and	very	low	doses	is	substantially	higher	than	expected	from	a	
LNT	relationship	(e.g.,	this	would	be	a	supralinear	relationship);	

(c)	The	risk	response	at	low	and	very	low	doses	is	substantially	lower	than	expected	from	a	LNT	
relationship	(e.g.,	this	would	be	a	threshold	or	hormetic	relationship).	

37) How	do	we	determine	the	Effective	Dose	to	humans?	The	function	describing	uptake	and	
retention	of	a	radionuclide	in	a	human	body	following	its	ingestion,	inhalation,	or	direct	
absorption	through	skin	is	complex.	Therefore	it	is	convenient	to	describe	the	transfer	of	
radionuclides	by	simple	models	that	facilitate	calculation	and	yield	estimates	of	dose	sufficiently	
accurate	for	the	purpose	of	radioprotection.	This	is	an	example	of	a	generic	biokinetic	model	
used	by	ICRP	for	radioactive	element	transfer	into	and	within	a	human.	Note	the	relative	
simplicity	of	this	model	relative	to	what	we	now	understand	about	the	human	body.	

38) Effective	dose	rates	to	humans.	Absorbed	dose	is	measurable,	whereas	effective	dose	is	not.	
Furthermore,	effective	dose	models	are	only	valid	for	low	doses	and	stochastic	effects	as	the	
model	assumes	a	LNT	relationship	(see	Slide	36).	The	absorbed	dose	is	averaged	over	an	entire	
organ,	which	means	that	radionuclides	are	assumed	to	be	homogeneously	deposited	in	the	
tissue.	Parameters	are	assessed	for	a	reference	man	and	woman	and	the	behavior	of	
radionuclides	in	the	human	body	is	described	by	generic	models	(see	previous	slides).	
Nonetheless,	this	model	is	what	is	currently	used	for	radiation	protection	and	it	can	only	address	
“typical”	situations.	

39) Tissue	weighting	factors	(WT)	are	approximated	and	need	to	take	into	account	the	differential	
sensitivity	of	tissues	by	gender	and	age.	Results	are	then	generalized	to	all	populations.	
Radiation	weighting	factors	(WR)	depend	on	the	type	of	radiation	(e.g.,	α,	β,	γ,	etc.).		

40) Humans	are	exposed	to	radiation	both	externally	and	internally.	External	exposure	(irradiation)	
is	from	radiation	emitted	from	radionuclides	in	the	surrounding	environmental	media	(e.g.,	air,	
water	and	soils).	Internal	exposure	occurs	after	radionuclides	are	incorporated	into	the	human	
body.	This	occurs	mainly	by	inhalation	of	contaminated	air,	or	ingestion	of	contaminated	water	
and	food,	although	contamination	via	cuts,	wounds,	etc.,	may	also	occur.	

41) One	common	source	of	exposure	to	radiation	when	dealing	with	the	marine	environment	is	via	
ingestion	of	contaminated	seafood.	In	order	to	determine	effective	doses	from	radionuclide	
concentrations	in	food,	water,	or	air	(Deff-ing),	one	must	first	determine	a	dose	coefficient	(DC)	for	
a	given	radionuclide.	More	information	on	specific	numbers	can	be	found	from	international	
agencies	such	as	the	ICRP.	

42) This	figure	provides	DCs	for	several	radionuclides	for	the	ingestion	pathway.	Dose	coefficients	
are	determined	for	reference	humans	assuming	a	homogeneous	distribution	of	the	radionuclide	
in	organs.	 Ingestion	of	1	Bq	of	polonium	or	plutonium	is	orders	of	magnitude	more	radiotoxic	
than	the	ingestion	of	1	Bq	of	tritium	(3H)	or	cobalt-60	(60Co).	Regarding	seafood	ingestion,	210Po	
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is	by	far	the	major	contributor	to	radiation	exposure,	while	137Cs,	mainly	arising	from	nuclear	
bomb	tests,	is	negligible	(Aarkrog	et	al.,	1997).	

43) When	a	radionuclide	enters	the	human	body,	it	is	eliminated	through	a	combination	of	
radioactive	decay	(physical)	and	biological	excretion.	The	effective	half	life	(λe)	of	a	radionuclide	
represents	the	sum	of	the	biological	and	physical	decay	constants	λe	=	λp	+	λb.	For	example	137Cs	
will	last	70	days	after	incorporation	into	the	human	body	compared	to	its	radioactive	half	life	of	
30.17	years.	

44) Now	that	we	know	the	various	ways	in	which	radiation	exposure	can	occur,	what	are	the	major	
sources	of	radiation	exposure	to	the	average	person?	Radiation	exposure	includes	annual	
background	radiation	from	naturally	occurring	radionuclides	in	the	environment	as	well	as	
cosmic	rays	(plane	rides).	Note	that	significant	radiation	exposure	is	through	medical	
treatments,	e.g.,	x-rays,	and	is	about	3	–	6	mSv	y-1.	The	ICRP	recommends	limiting	artificial	
radiation	exposure	of	the	general	public	to	~	1	mSv	y-1.	

45) Over	the	past	decade,	average	human	radiation	exposure	has	increased.	This	is	mainly	due	to	
the	increase	in	medical	treatments.	Medical	procedures,	such	as	diagnostic	X-rays,	nuclear	
medicine,	and	radiation	therapy	are	by	far	the	most	significant	source	of	human-made	radiation	
exposure	to	the	general	population.	Humans	are	also	exposed	to	radiation	from	consumer	
products,	such	as	tobacco	(210Po),	combustible	fuels	(gas,	coal,	etc.),	televisions,	luminous	
watches	and	dials	(3H),	airport	X-ray	systems,	smoke	detectors	(americium),	electron	tubes,	and	
gas	lantern	mantles	(thorium).	The	very	small	“other”	slice	includes	radiation	exposure	from	
nuclear	accidents	and	weapon’s	testing.	

46) Now	that	we	understand	how	radioactive	elements	impact	marine	biota	and	humans,	how	do	
we	move	forward	with	regards	to	environmental	protection?	How	do	we	measure	and	assess	
the	ecological	risks	associated	with	radiation?	

47) Until	the	late	1980’s,	the	primary	objective	of	international	radiological	protection	agencies	has	
been	the	protection	of	humankind,	with	environmental	protection	viewed	as	a	subset	within	
this	human	based	conceptual	framework;	‘‘…if	man	is	adequately	protected	then	other	 l iv ing	
things	are	also	likely	to	be	sufficiently	protected”	(ICRP,	1977).	It	was	increasingly	recognized,	
however,	that	radiological	impacts	on	non-humans	needed	to	be	assessed,	particularly	in	
situations/practices	where	high	amounts	of	radionuclides	could	be	released	in	remote	
geographical	regions.	While	this	leads	to	low	potential	impacts	on	humans,	marine	organisms	
could	bioaccumulate	radionuclides	and	be	at	risk	from	elevated	doses	(see	IAEA,	1988,	
Pentreath,	1998).	As	a	result,	the	need	to	specifically	assess	the	effects	of	ionizing	radiation	on	
the	environment	and	to	protect	non-human	biota	from	adverse	effects	is	now	formally	
recognized	(i.e.,	see	ICRP,	2007;	IAEA,	2006).	

48) The	current	framework	for	human	radioprotection	of	the	general	public	is	well	developed	after	
decades	of	iteration.	In	contrast,	a	system	to	help	manage	the	actual	or	potential	effects	of	
radiation	on	the	environment	is	still	in	its	infancy.	Current	environmental	radioprotection	efforts	
are	based	on	the	human	developed	framework	(Pentreath,	2009).	Specific	reference,	animals	
and	plants	(RAP)	have	been	selected	to	play	similar,	though	much	simpler	roles	than	that	of	a	
“Representative	Person”	in	order	to	derive	some	form	of	numerical	guidance	in	aiding	
management	decision	making	with	regards	to	radiation	exposure.	For	human	health,	the	ICRP’s	
objectives	are	to	manage	and	control	an	individual’s	exposure	to	ionizing	radiation	in	order	to	
prevent	deterministic	effects	and	to	reduce	the	risk	of	stochastic	effects.	For	protection	of	the	
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environment,	the	objective	is	to	reduce	ionizing	radiation	to	levels	where	only	negligible	impacts	
on	populations	occur	on	the	maintenance	of	biological	diversity,	the	conservation	of	species,	
and	the	health	and	status	of	natural	habitats,	communities	and	ecosystems	(ICRP	2008).	Derived	
consideration	reference	levels	(DCRLs)	are	essentially	a	dose	band	range	within	which	there	is	
likely	to	be	some	chance	of	deleterious	effects	of	ionizing	radiation	occurring	to	individuals	of	a	
specific	RAP.	DCRLs,	when	considered	with	other	information,	can	thus	be	used	as	a	reference	
point	for	optimizing	the	level	of	effort	expended	on	environmental	protection	as	a	function	of	
overall	management	objectives	and	the	specific	radiation	exposure	situation	(ICRP,	2008).	

49) Unfortunately,	we	have	only	limited	data	on	the	impacts	of	radiological	exposure	to	animals	and	
plants.	Acute	exposure	or	dose	is	a	high	dose	received	in	a	short	time	period.	Responses	to	
acute	irradiation	are	frequently	expressed	as	the	median	lethal	dose	or	LD	50/30,	which	is	the	
dose	that	kills	50%	of	the	population	within	30	days.	Mammals	appear	to	be	the	most	
radiosensitive	species,	with	lethal	doses	achieved	between	10	-100	Gy.	Note	that	for	non-human	
living	organisms,	only	absorbed	doses	are	used	(radiation	weighting	factors	are	used	in	some	
cases,	see	Slide	39).		

50) Chronic	exposure	or	dose	is	continuous	or	episodic	radiation	exposure	that	occurs	over	a	longer	
period	of	time.	Chronic	Exposure	Species	Sensitivity	Distributions	(SSDs)	reflects	the	variation	in	
sensitivity	between	species.	In	this	example,	SSDs	are	illustrated	by	the	relationship	between	
dose	rate	and	the	fraction	of	species	affected	by	chronic	gamma	exposure,	where	EDR10	is	the	
Chronic	Effect	Dose-Rate	that	results	in	a	10%	effect	on	a	specific	species	survival,	growth	or	
morbidity	endpoint.	The	dose	rate	ranges	from	<	10	µGy	h-1	for	the	most	sensitive	vertebrate	
species,	to	>100	000	µGy	h-1	for	the	most	radio-tolerant	invertebrate	species,	respectively.	

51) So	what	is	the	dose	to	consider	for	radiological	protection	of	the	environment?	It	depends	on	
the	end	goal.	UNSCEAR	(2008)	concluded	that	chronic	irradiation	of	a	small	proportion	of	
individuals	in	a	population	should	not	exceed	dose	rates	of	400	µGy	h-1	in	order	to	minimize	risks	
at	the	population	level	for	non-human	organisms.	In	contrast,	ICRP	(2008)	defined	DCRLs	for	a	
given	RAP	that	span	a	much	wider	range,	with	certain	marine	organisms	impacted	at	doses	well	
below	400	µGy	h-1.	Various	scientific	discussions	and	experiments	have	led	to	the	selection	of	a	
Predicted	No	Effect	Dose	Rate	(PNEDR)	of	10	µGy	h-1	for	a	generic	ecosystem,	below	which	no	
deleterious	effects	at	the	population	level	should	be	observed	(for	chronic	gamma	exposure).		

52) The	ERICA	tool.	ERICA	is	a	software	program	available	online	developed	through	international	
cooperation	to	assess	the	radiological	risk	to	terrestrial,	freshwater	and	marine	biota.	This	tool	is	
based	on	the	screening	benchmark	value	of	10	µGy	h-1	and	is	regularly	updated.	Due	to	the	
limited	data	available,	the	initial	RAPs	considered	were	limited	to	those	typically	found	in	
terrestrial	and	freshwater	environments.	In	ERICA,	the	RAPs	list	has	been	extended	to	include	
more	organisms	that	occur	in	the	marine	environment,	such	as	flat	fish,	seaweed,	and	crab.	It	is	
important	to	note	that	a	RAP	assumes	basic	biological	characteristics	of	a	particular	type	of	
animal	or	plant,	at	the	general	taxonomic	Family	level	(with	defined	anatomical,	physiological,	
and	life-history	properties).	RAPs	are	mainly	representative	of	temperate	regions	only,	due	to	
insufficient	data	at	other	latitudes	(Pentreath	2009,	ICRP	2008).	

53) In	summary,	radionuclide	bioaccumulation	depends	on	a	variety	of	environmental	and	biological	
factors.		

54) More	information	is	needed	to	develop	specific	criteria	and	models	for	environmental	
protection.	
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