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1.	Natural	/	anthropogenic	radionuclides	
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✔		Cosmogenic	radionuclides	:	radionuclides	produced	by	the	interca*on	of	cosmic	
radia*ons	with	the	gaseous	and	par*culate	cons*tuents	of	earth	atmosphere.	

	 	-	produced	by	spalla*on,	neutron	capture,	muon	capture.	
	
✔		Primordial	radionuclides	:	radioisotopes	which	half-lives	comparable	or	larger	
than	the	age	of	Earth	(4.5	109	years).		
	
✔		Radionuclides	from	natural	decay	series	

	3	series	(	+	1	already	gone,	237Np)	:	232Th,	238U,	235U	
	 	-	they	originate	from	primordial	radionuclides	with	half-life	>	5	108	years	
	 	-	they	possess	a	gaseous	radioisotope	of	Rn	
	 	-	They	end	with	stable	Pb	
	 	-	They	decay	via	a	series	of	α	and	β	transforma*ons	

	
NORM	:	Naturally	Occuring	Radioac*ve	Materials	
✔		Technically	enhances	naturally	occuring	radioac=ve	materials	(TENORM)	:	
concentra*on	of	NORM	modified	to	be	used	in	cusmer	products	and	other	human	
adapa*ons	:	Mining,	fer*lizer,	fossil	fuel	....	
	

1.1	Defini*ons	
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World	average	annual	dose	and	percentage	contribu3on	to	the	dose	from	natural	radionuclides	

Radionuclides	in	the	Environment,	D.A.	Atwood,	Wiley	2010	

Remaining	ac3vityof	
radionuclides	(%	of	original	
ac3vity)	on	erath	from	earth	
forma3on	un3l	today	
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✔ Natural	Uranium	

238-U	=	99.275	%	
235-U	=		0.711	%	
234-U	=	0.0056	%	

Secular	equilibrium	obtained	at	about	10	*mes	the	half	life	(T)	of	the	son	of	the	largest	T	
For	238-U	:	234-U	(T=2.46	105	years)		

	 	=>	2	106	years	

1.2	Natural	uranium	

Half	life	of	uranium-234	:	2.46	x	105	years	
Half	life	of	uranium-235	:	7.04	x	108	years	
Half	life	of	uranium-238	:	4.47	x	109	years	

Very	high-grade	ore	(Canada)	–	20%	U	200,000	ppm	U 		
High-grade	ore	–	2%	U, 	 	 	20,000	ppm	U 		
Low-grade	ore	–	0.1%	U, 	 	 	1,000	ppm	U 		
Very	low-grade	ore*	(Namibia)	 	 		0.01%	U 	100	ppm	U		
Granite 	 	 	 	 	 	3-5	ppm	U		
Sedimentary	rock 	 	 	 	2-3	ppm	U		
Earth's	con*nental	crust	(av) 	 	2.8	ppm	U		
Seawater 	 	 	 	 	 	0.003	ppm	U 		

✔ Natural	uranium	is	abundant	in	seawater	

Uranium	concentra*on	may	be	calculated	(empirically)	from	salinity	

23 
 

en plutonium est mesurée à des profondeurs allant de 250 à 500 m. Ceci est dû à la 

décomposition de la matière organique à cette profondeur et donc au relargage des 

radionucléides associés à la phase soluble. Dans le cas de l’américium (241Am), il existe une 

légère augmentation de la concentration avec la profondeur. De plus, l’évolution de la 

concentration selon les profondeurs est différente, des pics de concentration ont été détectés à 

plusieurs profondeurs. L’américium a donc un comportement différent de celui du plutonium.  

Pates et Muir [21] ont montré que, dans le cas de l’uranium, la concentration peut être 

déterminée par rapport à la valeur de la salinité. La salinité étant importante en Méditerranée, 

l’équation empirique est la suivante :  

Équation 1 : Détermination de la concentration en uranium à partir de la salinité 

𝑈 (𝐵𝑞. 𝑙 ) = ( 0,0713 ± 0,0012 ) ×
𝑠𝑎𝑙𝑖𝑛𝑖𝑡é

60
 

La présence de la plupart des radionucléides artificiels, dont le plutonium et l’américium, est 

principalement due aux retombées atmosphériques des essais nucléaires. Cependant, 

l’accident de Palomares (Espagne), le 17 janvier 1966, a également occasionné l’introduction 

de plutonium dans la Mer Méditerranée. Lors de cet accident, une collision a eu lieu entre 

deux avions lors du ravitaillement en vol d’un bombardier nucléaire B-52 par un KC-135 de 

l’US Air Force. Quatre bombes thermonucléaires étaient transportées par le bombardier. Deux 

de ces bombes ont été retrouvées intactes alors que deux ont explosé en impactant le sol, 

conduisant à un rejet de plutonium sous la forme d’aérosols sur toute la région. La présence 

de plutonium et d’américium a été détectée par la suite dans les sédiments et les algues de 

Palomares [22].  

Les concentrations des radionucléides dans le milieu marin dépendent de nombreux facteurs : 

le transport horizontal et vertical [23], la sédimentation, la remise en suspension, l’absorption 

par les organismes marins [24-26] et le transfert via la chaîne alimentaire [27]. De 

nombreuses études ont été réalisées sur les profils de concentrations selon la profondeur [4] 

ainsi que sur les sédiments [13, 24, 28-31]. De plus, très souvent les rejets accidentels ont 

permis d’utiliser les radionucléides comme traceurs afin de comprendre les différents 

mouvements marins et d’évaluer la migration des polluants. L’utilisation des rapports 

isotopiques a également permis d’étudier les phénomènes de migration. En effet, la 

détermination des rapports isotopiques permet de déterminer l’origine de la pollution. Par 

exemple, dans le cas du plutonium, le rapport 238Pu/239,240Pu est égal à 0,04 pour les retombées 

Marine	Chem.	(2007),	106,	530.	
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238-uranium	decay	chain	
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---------------------------	
U-238:	12.35e3	Bq		
Th-234:	12.35e3	Bq		
Pa-234m:	12.32e3	Bq		
U-234:	12.35e3	Bq		
Th-230:	1.111	Bq		
Ra-226:	2.405e-3	Bq		
Rn-222:	2.397e-3	Bq		
Po-218:	2.397e-3	Bq		
Pb-214:	2.397e-3	Bq		
Bi-214:	2.397e-3	Bq		
Po-214:	2.397e-3	Bq		
Pb-210:	229.9e-6	Bq		
Bi-210:	228.6e-6	Bq		
Po-210:	195.6e-6	Bq		
At-218:	479.5e-9	Bq		
Pa-234:	40.73	Bq		
---------------------------	
U-235:	568.7	Bq		
Th-231:	568.7	Bq		
Pa-231:	120.2e-3	Bq		
Ac-227:	17.26e-3	Bq		
Th-227:	16.78e-3	Bq		
Ra-223:	16.87e-3	Bq		
Rn-219:	16.87e-3	Bq		
Po-215:	16.87e-3	Bq		
Pb-211:	16.87e-3	Bq		
Bi-211:	16.87e-3	Bq		
Tl-207:	16.82e-3	Bq		
Po-211:	47.25e-6	Bq		
Fr-223:	238.1e-6	Bq		
---------------------------	
Total	ac*vi*es	aher	10	years:	
U-238	Series:	49.43e3	Bq		
U-235	Series:	1.137e3	Bq		
---------------------------	
Grand	Total:	50.56e3	Bq		

Natural	uranium	(238	+	235)	:	Ac*vi*es	aher	10	years:	

hip://www.wise-uranium.org/rccu.html	

Input	=	1g	



1.3	Anthropogenic	radioac*vity	in	the	atmosphere	
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Anthorpogenic	radioac*vity	:	radioac*ve	substances	that	did	not	exist	on	earth	before	the	
nuclear	era	

The	 first	 injec*on	 of	 plutonium	 into	 the	
atmosphere	occurred	 in	 July	 16th	 1945	with	
the	detona*on	of	the	first	plutonium	device	
at	the	“Trinity	Site”	near	Alamogordo	in	New	
Mexico,	USA.	
	
Last	 atmospheric	 test	 :	 China	 October	 18th	
1980	



9	IRSN,	fiche	“les	retombées	en	France	des	essais	nucléaires	atmosphériques”	
Journal	of	Environmental	Radioac*vity	175-176	(2017)	39	

543	nuclear	weapons	tests	were	conducted	worldwide	in	the	atmosphere	
between	1945	and	1980.		

Approximately	6.52	PBq	(1	Peta	Bq	=	1015	Bq)	of	239Pu,	5.35	PBq	of	240Pu,	and	
142	PBq	of	241Pu	were	released	into	the	atmosphere	from	nuclear	weapons	
tes*ng	
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Comparison	:	Hiroshima	and	Nagasaki,	20	kT	each	
France	represents	2.3%	of	the	total	power	

Power	of	the	atmospheric	tests	

Source	:	IRSN,	fiche	“les	retombées	en	France	des	essais	nucléaires	atmosphériques”	
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Mushroom	head	

10	km	(pole)	
17	km	(equator)	

50	km	

20	kt	->	troposphere	–	stratosphere	limit	
150	kt	->	≈	stratosphere	
>	1	Mt	->	over	25	km	

About	30	days	

2	-12		month	(pole)	
8	–	24	month	(equator)	

Source	:	IRSN,	fiche	“les	retombées	en	France	des	essais	nucléaires	atmosphériques”	



✔	The	largest	source	of	stratospheric	fallout,	which	peaked	in	1962,	is	
characterized	by	a	240-Pu/239-Pu	atom	ra*o	of	0.18		

✔	The	second	source	is	tropospheric	fallout	with	a	lower	240-Pu/239-Pu	ra*o	of	
0.035	and	is	proposed	to	be	originated	from	surface-based	low	yield	tes*ng	at	
the	Nevada	Test	Site		

✔	Two	other	sources	of	fallout	:	
	-	The	Chernobyl	accident	(April	1986)	increased	the	concentra*on	of	239+240Pu	in	

surface	air	during	1986-1987	(6.1	PBq	of	plutonium	isotopes),	especially	in	Europe	and	
contributed	to	the	plutonium	global	inventory	with	a	240-Pu/239-Pu	atom	ra*o	of	~0.40	

	-	The	high	al*tude	destruc*on	of	the	SNAP-9A	satellite	power	source	over	the	
South	Pacific	in	1964	contributed	about	0.6	PBq	of	238-Pu	to	the	global	inventory		
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Sources	of	fallout	:	survey	
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3. Results and discussion

3.1. Time trend analysis of 239þ240Pu in the stratosphere

A time-series of 239þ240Pu concentration in the northern
stratosphere is shown in Fig. 2. The stratospheric 239þ240Pu con-
centrations data were taken from the Environmental Measure-
ments Laboratory (EML, USA), which conducted high-altitude
sampling program (20e40 km altitude) from the early 1960s to the
early 1980s. The lower stratosphere aerosol data (10.1e14.2 km
altitude) reported by Alvarado et al., 2014 over Switzerland from
1973 to 1986 and from 2004 to 2010 is also included. The strato-
spheric 239þ240Pu concentration showed a maximum in 1963

because of large-scale atmospheric nuclear weapons tests occurred
mainly between 1961 and 1963. There were several peaks of the
stratospheric 239þ240Pu in 1970's due to the Chinese nuclear tests
during 1970e1976. After 1976, the stratospheric 239þ240Pu con-
centrations decreased with an apparent stratospheric residence
time of 1.3 ± 0.3 years (Reiter, 1975). There are no stratospheric
239þ240Pu data available for the period between 1987 and 2003.
Alvarado et al., 2014 added some new stratospheric plutonium
isotopes (239þ240Pu, 241Pu and 238Pu) and 137Cs data measured
during the period 2007e2011. They found two to four orders of
magnitude higher levels of plutonium and 137Cs in the stratosphere
than that in the surface air and suggested a longer stratospheric
mean residence time of 2.5e5 years for these particles. The study
also reported that fine aerosol particles (<0.02 mm in diameter)
containing radionuclides could stay longer in the stratosphere for
timescales of the order of several decades, and therefore radionu-
clides injected into the stratosphere mainly during the early 1960s
might still be present there during the 2000s. Using the 2010
Eyjafjallajokull eruption as an example, these authors further noted
that volcanic eruptions could potentially cause redistribution of
these particles from the upper stratosphere to the lower tropo-
sphere. However, Hirose and Povinec, 2015 evaluated the long-
term measurements data of plutonium isotopes in the strato-
sphere and troposphere and concluded that the plutonium con-
centrations in the stratosphere and the troposphere decrease with
an apparent residence time of 1.5 ± 0.5 years and that the dominant
processes affecting plutonium concentrations in the upper tropo-
sphere are global dust events and biomass burning (Hirose and
Povinec, 2015).

3.2. Time trend analysis of 239þ240Pu in the surface air

The concentrations of plutonium in surface air were not sys-
tematically monitored during 1959e1964 at the time of the

Fig. 1. Sampling locations for air monitoring measurement of this study.

Fig. 2. Temporal variations of 239þ240Pu concentrations (mBq/m3) in stratosphere and
surface air in the Northern Hemisphere.

P. Thakur et al. / Journal of Environmental Radioactivity 175-176 (2017) 39e51 41

in the southern hemisphere we have minimal fallout inventory
from a variety of weapons tests. The southern hemisphere data
were from the French monitoring Program at Mururoa Island
(1986e1991) in the South Pacific and from the EML database
(1965e1985) as shown in Fig. 7. Bourlat et al., 1994 reported
239þ240Pu concentrations post-environmental remediation of a
French nuclear test during the period 1986e1991. The average
239þ240Pu concentrations were shown to increase by a factor of
about six (from 0.04 mBq/m3 to 0.24 mBq/m3) during the clean-up

efforts in 1987 due to resuspension. Following the peak in 1987,
the 239þ240Pu concentrations were decreased by a factor of about
two approximately every two years. However, seasonal variations
in 239þ240Pu concentration were also reported in the southern
hemispheric data (Bourlat et al., 1994).

3.3. Time trend analysis of 238Pu in the stratosphere and surface air

Unlike 239þ240Pu, the major source of 238Pu in the stratosphere
was from the burn-up of the SNAP-9A satellite over the South Pa-
cific Ocean in 1964. This accident introduced about 0.63 PBq of
238Pu into the atmosphere at height of 50 km with particles size
ranging from 5 to 58 mm (Harley, 1980). The released activity was
twice as high as the total activity dispersed by nuclear weapons
testing. The stratospheric inventory of bomb-derived 238Pu was
about 2% of the total 238Pu inventory in 1966 (Krey, 1968). Studies
showed that most of the SNAP-9A derived 238Pu had been depos-
ited (~76%) over the southern hemisphere, with only 24% over the
northern hemisphere. By contrast, most of the weapons 238Pu had
been deposited (~80%) on the northern hemisphere. Fig. 8 shows
the stratospheric inventory of 238Pu from 1964 to 1971 taken from
US-DOE, EML database. The data shows peak in stratospheric
concentrations of 238Pu occurred in 1966 and then, gradually

Fig. 4. Springtime peak in 239þ240Pu surface air concentrations measured during (a)
1963 and (b) 1998e2014.

Fig. 5. Temporal variations of 239þ240Pu concentrations (mBq/m3) in surface air in the
Europe.

Fig. 6. Mean concentrations of 239þ240Pu (mBq/m3) in surface air in Japan.

Fig. 7. Temporal variations of 239þ240Pu concentrations (mBq/m3) in surface air in the
Southern Hemisphere.

P. Thakur et al. / Journal of Environmental Radioactivity 175-176 (2017) 39e5144

✔	 It	 is	 therefore	 generally	 accepted	 that	 the	 current	 level	 of	 plutonium	 in	 the	
stratosphere	is	negligible	and	that	most	of	plutonium	in	the	air	today	is	associated	
with	resuspended	soil,	which	is	contaminated	from	nuclear	weapons	tes*ng	fallout.		

=>	global	dust	storms	and	biomass	burning/wildfire	also	play	an	
important	role	in	redistribu*ng	plutonium	in	the	post	fallout	air.	

Temporal	varia3ons	of	239+240-Pu	concentra3ons	
(mBq/m3)	in	stratosphere	and	surface	air	in	the	
Northern	Hemisphere.	

Temporal	varia3ons	of	239+240-Pu	
concentra3ons	(mBq/m3)	in	surface	air	in	the	
Europe.	

Journal	of	Environmental	Radioac*vity	175-176	(2017)	39	
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1.4	Oceans	and	seas	

Covers	about	70.8	%	of	the	earth	surface	
	
Average	salinity	=	35	g	/	kg	(from	10	to	40	g	/	kg)	
Average	pH	=	8.2	(from	7.4	to	8.4)	
Ionic	strength	=	0.6	-	0.7	M	
E	=	210	mV	

29 
 

 

Les courants dans les mers et océans font que l’eau est régulièrement mélangée, ce qui 

conduit à des concentrations en ions majeurs (Cl-, Na+, SO4
2-, Mg2+, Ca2+ et K+) relativement 

stables. Par contre, la concentration en éléments minoritaires peut varier selon la profondeur. 

La particularité de l’eau de mer est sa richesse en sels à l’inverse des autres eaux naturelles 

comme les eaux lacustres par exemple. Cette différence est observable dans le Tableau 6 qui 

rassemble les concentrations moyennes des éléments majoritaires. 

Tableau 6 : Concentrations moyennes des majeurs constituants de l’eau de mer [18, 49] comparées à celles 
des eaux lacustres [50]. Valeurs basées sur la compilation de plusieurs valeurs de la littérature. 

 Eau de mer Eau lacustre 

 mM mM 

Cl- 535 0,054 à 0,68 

SO4
2- 9 à 28 0,03 – 0,53 

HCO3
-  2,3 0,31 – 1,85 

Br- 0,84 - 

F- 0,068 0,011 à 0,016 

SiO2 0,11 0,12 – 0,17 

B 0,42 - 

Na+ 465 - 

Mg2+ 52,7 0,045 – 0,41 

Ca2+ 10,0 0,11 – 0,95 

K+ 9,7 0,033 – 0,074 

Sr2+ 0,15 - 

Seawater	(mM)					Lakes	(mM) 		
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Major	sources	of	radionuclides	:	
	-	tes*ng	of	nuclear	weapons	in	the	atmosphere	
	-	undewater	island	tests	
	-	discharge	from	nuclear	fuel	reporcessing	plants	
	-	accident	of	SNAP-9A	satellite	
	-	submarine	accidents	(Thresher	in	1963,	Komsomolet	in	1989)		
	-	Tchernobyl	(April	1986)	and	Fukushima	(March	2011)	accidents	
	-	natural	radioac*vity,	essen*ally	primordial	(40-K,	238-U,	235-U	and	232-Th)	

21 
 

Tableau 3 : Concentrations moyennes nominales des radionucléides dans l'eau de mer et valeurs 
référencées dans le cas de la Méditerranée [4, 18, 19] 

Actinide 
Concentrations typiques 

(M) 

Concentrations en Méditerranée 

(M)  

232Th 4,3.10-13 < 3.10-12 

234,238U 1,3.10-8 238U = 1,4 à 1,6.10-8 

238Pu 3.10-18  

239Pu 1.10-14 
239,240Pu ≈ 1.10-17 

240Pu 3.10-15 

241Pu 8.10-17  

241Am 4.10-17 5.10-20 à 1.10-19 

237Np 2.10-14  

90Sr 4,3.10-15  

137Cs 4 à 7.10-18 5,7.10-18 

  

Le cas du plutonium dans l’eau de mer peut être un bon exemple de variabilité. En effet, dans 

la Manche, les concentrations en 239,240Pu sont de l’ordre de 5 à 30 mBq.m-3 (3.10-18 à 2.10-

 17 M) alors qu’à proximité du centre de La Hague, les concentrations sont de l’ordre de la 

centaine de mBq.m-3 (proche de 10-16 M). Autour de Sellafield, dans les années 80, les 

concentrations étaient de quelques Bq.m-3 et dix fois plus faibles à 300 km. En ce qui 

concerne l’Atlantique, les teneurs en plutonium s’élèvent à 6-9 mBq.m-3, les valeurs les plus 

hautes étant retrouvées dans l’Atlantique Nord [8].  

 Cas de la mer Méditerranée  D.

Les échantillons d’eau de mer utilisés dans cette étude proviennent de la Mer Méditerranée. 

Cette dernière est considérée comme un « bassin laboratoire » pour de nombreuses études 

océanographiques. Bien que les concentrations soient souvent faibles, beaucoup de 

Average	concentra3ons	of	
radionuclides	in	seawater	

Marine	Chemistry	(1989)	,	28,	19		
Science	of	The	Total	Environment	(1989)	83(3),	203		
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In the Arctic region, lower global fallout occurred in the
northern hemisphere. Lower 137Cs fallout regions were ob-
served at the desert and arid areas. In the lower latitude at
10–201 N latitude, the relatively higher 137Cs fallout regions
were observed. Although weaker stratosphere–troposphere
exchange was expected, the largest precipitation amount in
the east of the Indian peninsula and South China Sea would
cause the relatively higher 137Cs fallout at these regions.

Meridional distribution

The meridional distribution of global fallout 137Cs had under-
stood as that there is a maximum of global fallout in the mid-
latitude in the northern hemisphere in general.230 Although
our results show similar meridional distribution as stated in
the UNSCEAR reports when we take a latitudinal mean as
shown in Table 1, our re-constructed spatial distribution of
global 137Cs fallout shows a different figure from the previous
one. In the Pacific regions, the 137Cs fallout was high along the
Kuroshio and the Kuroshio extension regions around 10–
501 N latitude in the Pacific Ocean. The 137Cs fallout in the
Atlantic Oceans, however, was high along the Gulf Stream
around 20–701N latitude. On the other hand, the 137Cs fallout
in the Indian Ocean and central Asia regions was low at the
mid-latitude because of lower precipitation amount in the mid-
latitude of the Asian continent.

Total amount of 137Cs fallout in the northern hemisphere

We integrated 137Cs fallout grid data in the northern hemi-
sphere to estimate the total amount of fallout. The value of
765 ! 79 PBq was estimated as the total amount of fallout in

the northern hemisphere. Since UNSCEAR1 stated 545 PBq
and Playford et al.231 stated 574 PBq for the corresponding
value, respectively, our newly estimated global fallout of 137Cs
in the northern hemisphere was 1.4 times higher than those by
the previous studies. For the southern hemisphere, it was
difficult to estimate a cumulative amount of global fallout
because fewer data for south of 401 latitude were available.
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Latitude/1
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Integral/
PBq
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Bq m"2
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Northern hemisphere
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75 1970 22.8 880–5280 800
65 3420 64.5 1110–8060 2050
55 5040 128.9 2770–7910 3430
45 5090 159.8 1540–10230 3830
35 4100 149.0 700–10630 2780
25 2620 105.0 120–6430 2110
15 1820 77.6 380–7280 1420
5 1300 57.3 410–3860 970

Southern hemisphere
"5 800 35.1 100–1210 510
"15 530 22.8 120–1060 440
"25 470 18.7 170–830 750
"35 580 21.1 150–1430 810
"45 NA
"55 NA
"65 NA
"75 NA
"85 NA
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In the Arctic region, lower global fallout occurred in the
northern hemisphere. Lower 137Cs fallout regions were ob-
served at the desert and arid areas. In the lower latitude at
10–201 N latitude, the relatively higher 137Cs fallout regions
were observed. Although weaker stratosphere–troposphere
exchange was expected, the largest precipitation amount in
the east of the Indian peninsula and South China Sea would
cause the relatively higher 137Cs fallout at these regions.

Meridional distribution

The meridional distribution of global fallout 137Cs had under-
stood as that there is a maximum of global fallout in the mid-
latitude in the northern hemisphere in general.230 Although
our results show similar meridional distribution as stated in
the UNSCEAR reports when we take a latitudinal mean as
shown in Table 1, our re-constructed spatial distribution of
global 137Cs fallout shows a different figure from the previous
one. In the Pacific regions, the 137Cs fallout was high along the
Kuroshio and the Kuroshio extension regions around 10–
501 N latitude in the Pacific Ocean. The 137Cs fallout in the
Atlantic Oceans, however, was high along the Gulf Stream
around 20–701N latitude. On the other hand, the 137Cs fallout
in the Indian Ocean and central Asia regions was low at the
mid-latitude because of lower precipitation amount in the mid-
latitude of the Asian continent.

Total amount of 137Cs fallout in the northern hemisphere

We integrated 137Cs fallout grid data in the northern hemi-
sphere to estimate the total amount of fallout. The value of
765 ! 79 PBq was estimated as the total amount of fallout in

the northern hemisphere. Since UNSCEAR1 stated 545 PBq
and Playford et al.231 stated 574 PBq for the corresponding
value, respectively, our newly estimated global fallout of 137Cs
in the northern hemisphere was 1.4 times higher than those by
the previous studies. For the southern hemisphere, it was
difficult to estimate a cumulative amount of global fallout
because fewer data for south of 401 latitude were available.
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J.	Environ.	Monit	(2006),	8,	431.			Re-constructed	global	137-Cs	fallout	as	of	1	January,	1970	(Bq	m-2).	

Global	137-Cs	fallout	are	in	adjacent	regions.		
	-		Kuroshio	at	the	la*tude	of	20–401	N	in	the	Pacific	Ocean	
	-		Gulf	Stream	areas	at	the	la*tude	of	30–501	N	in	the	Atlan*c	Ocean.		

137-Cs	fallout	

These	regions	are	crossroad	of	larger	
precipita*on	region	and	higher	stratosphere–
troposphere	exchange	region.	
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2.	Uranium,	Neptunium	and	plutonium	chemistry	in	the	environment	

microorganisms. We build on the many simplified model
system studies that have been carried out on these elements
during the past several decades and rely heavily on recent
comprehensive reviews of environmental actinide speciation,
including those by Choppin and Jensen,11 Runde and Neu,12

Degueldre,13 and Reed et al.14 in The Chemistry of the Actinide
and Transactinide Elements edited by Morss et al.15 Our
emphasis here is on uranium because this actinide is the most
common one at contaminated U.S. DOE sites, is second only to
thorium in natural abundance in the Earth’s crust,16 and is by
far the most studied. We also provide brief summaries of
uranium speciation and dynamics at several U.S. DOE sites
(Hanford, WA; Oak Ridge, TN; Rifle, CO; Fernald, OH; and
Fry Canyon, UT) and plutonium speciation at the Rocky Flats,
CO, site. These polluted sites have attracted a great deal of
scientific and public attention over the past several decades and
provide physically, chemically, and hydrologically complex
environments with a rich diversity of different actinide
contaminant species.

■ ABUNDANCE, PRODUCTION, AND
ENVIRONMENTAL SOURCES OF ACTINIDES

Actinides consist of a group of radioactive metallic elements
with atomic numbers (Z) between 89 (actinium) and 103
(lawrencium) with sequentially filled 5f atomic subshells
(Figure 1). The heavier actinides (Z = 97−103) have short

half-lives, are produced in low quantities, and are thus not
considered to pose substantial risks to the environment. The
isotopes of 233,235U, 237Np, and 241,243Am and all of the Pu
isotopes are fissile, which raises additional concerns regarding
storage security.1 Generally, actinides show more variability in
their oxidation states relative to the lanthanide group elements
(Figure 1), which can make their fate in the environment more
challenging to study, and thus approaches for addressing these
challenges will be a key focus of this review.

Thorium and uranium are the only naturally abundant
actinides, with typical crustal concentrations of 10−15 and 2−4
ppm, respectively, although geochemical processes have
concentrated uranium and thorium in particular environments
to form economic deposits.16 The isotopes 232Th, 235U, and
238U are each progenitors of long α- and β-decay chains that
result in the production of relatively short-lived 231Pa, 230,234Th,
and 227,228Ac daughter isotopes.17 In uranium-rich ore deposits,
trace amounts of other actinide isotopes, primarily 237Np and
239Pu, can be produced naturally by neutron capture of 235U
and 238U, respectively.18 Notable examples of neutron capture
reactions occurring in nature are the natural fission reactors
found at the Oklo and Bagombe ́ uranium deposits in the
Republic of Gabon. Approximately 2 billion years ago, when the
natural 235U/238U ratio was 3.7% (a value much higher than the
current value of 0.725%, but typical of light water reactors),
sustained fission reactions occurred within these uranium-rich
deposits.19 Over the course of the natural reactor lifespans
(0.6−1.5 million years), ∼2−3 tons of 239Pu and ∼6 tons of
fission products were produced.20

The remaining actinides are only produced in high-energy
neutron-rich environments typical of nucleosynthesis, nuclear
reactors, and nuclear explosions. Models for nucleosynthesis
based on the characteristic energy output of a supernova
explosion, nuclear structure, decay energies, and half-lives
require that 254Cm and other actinides were synthesized only
via rapid neutron capture (e.g., the r-process) during core
collapse supernovae.21−23 Because of the short half-lives
associated with neutron-rich nuclei, the majority of the
actinides underwent a series of α and β decays and spontaneous
fission reactions to form lighter elements with Z < 92. The
abundance of fission products and other daughter isotopes
measured in meteorites (e.g., 136Xe from fission of 244Pu)
confirms that actinides were more abundant in the early solar
system.24

Today, aside from the naturally occurring actinides (primarily
uranium and thorium and their daughters), the global inventory
of actinides is derived from nuclear reactors and nuclear
explosions.12 As a result, the majority of actinides, in particular
plutonium, neptunium, americium, and curium, are released to
the environment from human activities. Although the beneficial
and industrial applications for some actinides are growing, as
targets or byproducts of the nuclear industry and in weapons
production, the majority of actinides have been released to the
environment at different stages of the nuclear fuel cycle,
primarily through (1) improper disposal of mine tailings and
effluents, (2) direct discharges from enrichment and processing
plants to the atmosphere, (3) disposal of high-level waste and
highly contaminated solvents into groundwater and surface
waters either directly or as a result of faulty storage
containment, (4) dispersion from atmospheric and below-
ground nuclear weapons testing, and (5) accidental releases
from reactors. For a full summary of global inventories and
releases as a consequence of the above activities, see Runde and
Nue.12 A final important consideration in evaluating the
environmental consequences of actinide releases is their
activities (e.g., the product of the decay constant and the
number of atoms) and their half-lives. For example, even
though uranium is generally abundant at contaminated sites on
a mass-per-volume basis, the short-lived isotopes of americium
and plutonium, even at substantially lower concentrations, can
pose a much greater health risk because of their much higher
activities.25

Figure 1. Overview of actinides and their sources, electron
configurations, and common valence states under different conditions.
Np, Pu, Am, and Cm are the most important products of the nuclear
fuel cycle, and U, Pu, Np, and Am have fissile isotopes. The isotopes of
237Np (t1/2 = 2.14 million years) and 239Pu (t1/2 = 24100 years) are
important in the environment because of their long half-lives. Also
shown are the most likely actinide oxidation states in groundwater as a
function of the microbial activity and the corresponding biogeochem-
ical zone (after Reed et al.14): (−) unstable; (?) claimed but
unsubstantiated; (bold/red) most prevalent.

Inorganic Chemistry Forum Article

dx.doi.org/10.1021/ic301686d | Inorg. Chem. XXXX, XXX, XXX−XXXB

Depends	on	the	oxida*on	state	

General	trend	of	the	ac*nide	complexes	:	An4+	>	AnO2
2+	>	An3+	>	AnO2

+	

Inorg.	Chem.	(2013)	52,	3510		

2.1	General	trends	
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✔	RedOx	and	specia*on	can	be	modified	by	:	
	-	the	Eh	of	the	medium	(water)	
	-	the	ligand	containt	(carbonate,	silicate,	phosphate)	
	-	the	microbial	ac*vity	
	-	sorp*on	processes	

=>	Thermodynamic,	kine*c	and	biological	processes	

✔	Because	of	their	ubiquity	in	natural	waters,	hydroxide	and	carbonate	are	the	
most	important	ligands	for	ac*nide	complexa*on	(specially	for	An(IV)).	

✔	Key	differences	among	U,	Pu,	and	Np	specia*on.		
Plutonium	has	the	most	complex	redox	chemistry	of	the	ac*nides,	with	mul*ple	
valence	states	(III	to	VI)	stable	under	typical	pH	and	redox	condi*ons	of	subsurface	
environments.	

✔		The	chemistry	of	pentavalent	ac*nides	is	chiefly	governed	by	the	
dispropor*ona*on	reac*on.	

2AnO2
+	+	4H+	->	An4+	+	AnO2

2+	+	2H2O	

V 	 	->	 	 		IV		+		VI	
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■ AQUEOUS SPECIATION OF URANIUM AND OTHER
ACTINIDES

The primary factor determining the mobility of actinides (An)
in the environment is their oxidation state, which can have a
wide range of values depending on environmental redox
conditions, as shown in Figure 1. Thorium, americium, and
curium exist in only one oxidation state (Th4+, Am3+, and
Cm3+) over the range of common groundwater redox
conditions. Uranium, neptunium, and plutonium are multi-
valent under subsurface conditions and exist as An3+, An4+,
AnO2

+, or AnO2
2+ species. Reduction of higher-valent actinides

to An3+ and An4+ species results in lower solubility and a
heightened tendency to sorb on mineral surfaces. In these lower
oxidation states, actinides form hydrated An3+ and An4+ ions,
whereas in the V and VI oxidation states, they are unstable in
aqueous solution and hydrolyze instantly to form linear trans-
dioxo(actinyl) cations, AnO2

+ and AnO2
2+, respectively.26−28

The strength of the actinide complexes (for a particular ligand)
generally decreases in the order

> ≥ >+ + + +An AnO An AnO4
2

2 3
2

with tetravalent actinides forming stable aqueous complexes
and solid phases with low solubility and pentavalent actinides
forming the least stable complexes and more soluble solid
phases.11 Given the generally high solubilities and hence
mobilities of the actinides in a higher oxidation state, these are
of primary concern in an environmental context.
Microbes, when present in subsurface environments, can play

a major role in defining the predominant oxidation state of the
actinide through enzymatic pathways.14 Multivalent actinides
can be reduced to their lowest oxidation states by microbial
processes in suboxic and anaerobic biogeochemical zones
(Figure 1). Abiotic reduction of actinides is also possible when
the oxidized species accept electrons from Fe2+-containing
minerals, as is oxidation when reduced species transfer

Figure 2. Pourbaix diagrams for uranium, plutonium, and neptunium in the environment. (A) Predominance domains of the major aqueous species
and minerals shown as a function of the Eh (V) and pH for total uranium [UTot] = 10−5 M in water containing calcium ions ([CaTot] = 10−3 M) and
in equilibrium with atmospheric CO2 (PCO2

= 10−3.45 bars). Dashed lines define the environmentally relevant redox couples are also shown for
reference. (B) Plutonium speciation where colors represent the different oxidation states and the corresponding aqueous speciation (see the text for
a discussion of likely minerals). (C) Neptunium speciation with oxidation states represented in colors as in part B. Diagrams are calculated using the
Geochemist’s Workbench and the LLNL V8 R6 “combined” database. Uranium aqueous species are from Guillaumont et al.31 and Dong and
Brooks.32

Inorganic Chemistry Forum Article

dx.doi.org/10.1021/ic301686d | Inorg. Chem. XXXX, XXX, XXX−XXXC

Predominance	domains	of	the	major	aqueous	species	and	minerals	shown	as	a	func3on	of	the	Eh	(V)	
and	pH	for	total	uranium	[UTot]	=	10−5	M	in	water	containing	calcium	ions	([CaTot]	=	10−3	M)	and	in	
equilibrium	with	 atmospheric	 CO2	 (PCO2	 =	 10−3.45	 bars).	 Dashed	 lines	 define	 the	 environmentally	
relevant	redox	couples	

2.2.	Pourbaix	diagrams,	U,	Np,	Pu	

Inorg.	Chem.	(2013)	52,	3510		

Surface	water	

Seawater	
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✔		Oxidized	hexavalent	uranium	is	highly	soluble	as	the	uranyl	ion	UO2
2+,	whereas	the	

solubility	of	U4+	is	largely	controlled	by	insoluble	oxides	such	as	uraninite	UO2	
	
	
✔		Hydrolysis	of	the	uranyl	ion	becomes	important	above	pH	∼4,	where	hydroxo	
complexes	compete	with	other	inorganic	and	organic	ligands	in	solu*on,	including	
carbonate,	phosphate,	sulfate,	silicate,	and	n-carboxylic	and	humic	acids		

W. Runde et al. Los Alamos Science (2000), 26, 393. 

UO2
2+ + CO3

2-	! UO2CO3		

UO2CO3	+ CO3
2-	! UO2(CO3)22-	

UO2(CO3)22-	+	CO3
2-	+	4	NH4

+! (NH4)4UO2(CO3)3 
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■ AQUEOUS SPECIATION OF URANIUM AND OTHER
ACTINIDES

The primary factor determining the mobility of actinides (An)
in the environment is their oxidation state, which can have a
wide range of values depending on environmental redox
conditions, as shown in Figure 1. Thorium, americium, and
curium exist in only one oxidation state (Th4+, Am3+, and
Cm3+) over the range of common groundwater redox
conditions. Uranium, neptunium, and plutonium are multi-
valent under subsurface conditions and exist as An3+, An4+,
AnO2

+, or AnO2
2+ species. Reduction of higher-valent actinides

to An3+ and An4+ species results in lower solubility and a
heightened tendency to sorb on mineral surfaces. In these lower
oxidation states, actinides form hydrated An3+ and An4+ ions,
whereas in the V and VI oxidation states, they are unstable in
aqueous solution and hydrolyze instantly to form linear trans-
dioxo(actinyl) cations, AnO2

+ and AnO2
2+, respectively.26−28

The strength of the actinide complexes (for a particular ligand)
generally decreases in the order

> ≥ >+ + + +An AnO An AnO4
2

2 3
2

with tetravalent actinides forming stable aqueous complexes
and solid phases with low solubility and pentavalent actinides
forming the least stable complexes and more soluble solid
phases.11 Given the generally high solubilities and hence
mobilities of the actinides in a higher oxidation state, these are
of primary concern in an environmental context.
Microbes, when present in subsurface environments, can play

a major role in defining the predominant oxidation state of the
actinide through enzymatic pathways.14 Multivalent actinides
can be reduced to their lowest oxidation states by microbial
processes in suboxic and anaerobic biogeochemical zones
(Figure 1). Abiotic reduction of actinides is also possible when
the oxidized species accept electrons from Fe2+-containing
minerals, as is oxidation when reduced species transfer

Figure 2. Pourbaix diagrams for uranium, plutonium, and neptunium in the environment. (A) Predominance domains of the major aqueous species
and minerals shown as a function of the Eh (V) and pH for total uranium [UTot] = 10−5 M in water containing calcium ions ([CaTot] = 10−3 M) and
in equilibrium with atmospheric CO2 (PCO2

= 10−3.45 bars). Dashed lines define the environmentally relevant redox couples are also shown for
reference. (B) Plutonium speciation where colors represent the different oxidation states and the corresponding aqueous speciation (see the text for
a discussion of likely minerals). (C) Neptunium speciation with oxidation states represented in colors as in part B. Diagrams are calculated using the
Geochemist’s Workbench and the LLNL V8 R6 “combined” database. Uranium aqueous species are from Guillaumont et al.31 and Dong and
Brooks.32

Inorganic Chemistry Forum Article

dx.doi.org/10.1021/ic301686d | Inorg. Chem. XXXX, XXX, XXX−XXXC

Neptunium	specia3on	with	oxida3on	states	represented	in	colors	as	in	part	B.	Diagrams	are	
calculated	using	the	Geochemist’s	Workbench	and	the	LLNL	V8	R6	“combined”	database.		

Inorg.	Chem.	(2013)	52,	3510		

Surface	water	

Seawater	
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✔	Neptunium	is	stable	under	oxic	to	moderately	suboxic	condi*ons	as	the	trans-
dioxoneptunyl	ca*on	NpO2

+	or	as	neptunylcarbonato	complexes	at	high	pH	

=>	neptunium	(neptunyl)	is	generally	the	most	soluble	and	mobile	of		
the	ac*nides		

✔	Np4+	is	favored	in	anoxic	environments	and	hydrolyzes	to	form	polymeric	
hyroxides,	similar	to	Pu(IV).	
	
✔	Although	NpO2	is	thermodynamically	favored,	it	has	not	been	iden*fied	in	
solubility	experiments	involving	natural	waters	/	only	amorphous	Np(IV)	solid	
phases	precipitated		
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■ AQUEOUS SPECIATION OF URANIUM AND OTHER
ACTINIDES

The primary factor determining the mobility of actinides (An)
in the environment is their oxidation state, which can have a
wide range of values depending on environmental redox
conditions, as shown in Figure 1. Thorium, americium, and
curium exist in only one oxidation state (Th4+, Am3+, and
Cm3+) over the range of common groundwater redox
conditions. Uranium, neptunium, and plutonium are multi-
valent under subsurface conditions and exist as An3+, An4+,
AnO2

+, or AnO2
2+ species. Reduction of higher-valent actinides

to An3+ and An4+ species results in lower solubility and a
heightened tendency to sorb on mineral surfaces. In these lower
oxidation states, actinides form hydrated An3+ and An4+ ions,
whereas in the V and VI oxidation states, they are unstable in
aqueous solution and hydrolyze instantly to form linear trans-
dioxo(actinyl) cations, AnO2

+ and AnO2
2+, respectively.26−28

The strength of the actinide complexes (for a particular ligand)
generally decreases in the order

> ≥ >+ + + +An AnO An AnO4
2

2 3
2

with tetravalent actinides forming stable aqueous complexes
and solid phases with low solubility and pentavalent actinides
forming the least stable complexes and more soluble solid
phases.11 Given the generally high solubilities and hence
mobilities of the actinides in a higher oxidation state, these are
of primary concern in an environmental context.
Microbes, when present in subsurface environments, can play

a major role in defining the predominant oxidation state of the
actinide through enzymatic pathways.14 Multivalent actinides
can be reduced to their lowest oxidation states by microbial
processes in suboxic and anaerobic biogeochemical zones
(Figure 1). Abiotic reduction of actinides is also possible when
the oxidized species accept electrons from Fe2+-containing
minerals, as is oxidation when reduced species transfer

Figure 2. Pourbaix diagrams for uranium, plutonium, and neptunium in the environment. (A) Predominance domains of the major aqueous species
and minerals shown as a function of the Eh (V) and pH for total uranium [UTot] = 10−5 M in water containing calcium ions ([CaTot] = 10−3 M) and
in equilibrium with atmospheric CO2 (PCO2

= 10−3.45 bars). Dashed lines define the environmentally relevant redox couples are also shown for
reference. (B) Plutonium speciation where colors represent the different oxidation states and the corresponding aqueous speciation (see the text for
a discussion of likely minerals). (C) Neptunium speciation with oxidation states represented in colors as in part B. Diagrams are calculated using the
Geochemist’s Workbench and the LLNL V8 R6 “combined” database. Uranium aqueous species are from Guillaumont et al.31 and Dong and
Brooks.32

Inorganic Chemistry Forum Article

dx.doi.org/10.1021/ic301686d | Inorg. Chem. XXXX, XXX, XXX−XXXC

Pu4+   Pu3+  1.01 V 

PuO2
+  Pu4+  1.04 V 

PuO2
2+  Pu4+  0.99 V 

PuO2
2+   PuO2

+ 0.94 V 

E (V) 

Plutonium	specia3on	where	colors	represent	the	different	
oxida3on	states	and	the	corresponding	aqueous	specia3on		

Inorg.	Chem.	(2013)	52,	3510		

Surface	water	

Seawater	
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✔	General	trends	:	
	
-	Dispropor*ona*on	of	Pu4+	and	PuO2

+	
-	PuO2

+	and	PuO2
2+	predominate	under	oxic	condi*ons	

-	Pu4+	is	most	common	in	neutral	pH	

✔	In	the	tetravalent	state,	the	aggrega*on	of	hydrolysis	products	(	[Pu(OH)n](4−n)+)		
results	in	the	forma*on	of	hydroxo-bridged	polymers.		
	
✔	If	crystalline	PuO2(s)	is	considered	the	dominant	control	on	plutonium		
solubility,	the	concentra*on	of	Pu4+	would	be	∼10−17	M		
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Importance	of	the	carbonate	ions	to	stabilize	the	+V	and	+VI	oxida*on	states	

Interac*on	strength	:	CO2	>	C2O4
2-	>	HPO4

2-	>SO4
2-	

with bðAnO2ðCO3Þ5#3 Þ ¼
h
AnO

þ

2

ih
CO2#

3

i3.h
AnO2ðCO3Þ5#3

i
;

(6)

for which the Nuclear Energy Agency (NEA) recommendations
stand at 4.962 ± 0.061, 6.530 ± 0.061, 5.500 ± 0.150, respectively for
log10b0(NpO2CO3

#), log10 b0 (NpO2(CO3)23#), and log10 b0
(NpO2(CO3)35#) (at zero ionic strength); and 4.947 ± 0.099,
5.025 ± 0.950, respectively for log10 b0(PuO2CO3

e), and log10 b0
(PuO2(CO3)35#) (Guillaumont, 2003). No data are available for log10
b0 (PuO2(CO3)23#) and NEA recommends that the Np(V) log10 b0
(NpO2(CO3)23#) value be used as reference. Np(V) data were mainly
determined by spectrophotometry, while less conventional tools
were used for Pu(V): the log10 b0(PuO2CO3

#) constant was extrap-
olated from photoacoustic laser spectrometry, the log10 b0
(PuO2(CO3)35#) constant from electrochemical measurements
(Guillaumont, 2003). The latter data are highly imprecise, illus-
trating the difficulty of discriminating between PuO2(CO3)23#, and
PuO2(CO3)35# (Eq. (6) and (7)). The recent CEeICPeMS experiments
made it possible to acquire data, simultaneously, on the three Np(V)
and Pu(V) stability constants (Eqs. (5)e(7)): 4.88 ± 0.12, 6.27 ± 0.11,
5.64 ± 0.15, respectively for log10 b0(NpO2CO3

e), log10 b0
(NpO2(CO3)23#) and log10 b0 (NpO2(CO3)35#); and 4.95 ± 0.01,
6.34 ± 0.10, 5.61 ± 0.16, respectively for log10 b0(PuO2CO3

e), log10 b0
(PuO2(CO3)23#) and log10 b0 (PuO2(CO3)35#) (Topin et al., 2009a).
These values are in good agreement with the NEA recommenda-
tions, evidencing the ability of CEeICPeMS to yield reliable data, in
particular the log10 b0 (PuO2(CO3)23#) constant, which is consistent
with that relating to neptunium (Guillaumont, 2003; Topin et al,
2009a). As a result, this allows the Pu(V)/carbonate speciation di-
agram to be refined, as a function of pH (see Fig. 2).

3.1.2. Sulfate ions
Sulfate ions are likewise abundant in the environment, partic-

ularly in argillaceous media and in seawater (around
3$10#2 mol L#1). Sulfate ions are softer electron donors than car-
bonate ions, this resulting in less pronounced reactivity (Eq. (4)).
Nevertheless, the positive enthalpy and entropy variations estab-
lished by Halperin and Oliver (1983) for complexation with An(V)
indicates that the interaction is strong enough to allow a water
molecule from the first hydration sphere to be substituted for by a
sulfate ion (inner-sphere interaction). Only one equilibrium (for

Table 1
Thermodynamic data, as selected and recommended by NEA (Guillaumont, 2003; Hummel et al., 2005), and as obtained by CEeICPeMS (Topin et al., 2009a, 2009b, 2010), for
An(V) inorganic interactions.

Ligand An (V) CE-ICP-MS: Log10 b (I ¼ 0, 298 K) NEA: Log10 b (I ¼ 0, 298 K) Equilibrium

Cle Np #(0.12 ± 0.13) #(0.26 ± 0.08)
(I ¼ 2 mol L#1)

NpOþ
2 þ Cl##NpO2Cl

Pu # (0.12 ± 0.13) PuOþ
2 þ Cl##PuO2Cl

NO#
3 Np (0.13 ± 0.14) # (0.40 ± 0.09)

(I ¼ 2 mol L#1)
NpOþ

2 þ NO#
3 #NpO2NO3

Pu (0.14 ± 0.14) PuOþ
2 þ NO#

3 #PuO2NO3

F# Np (1.2 ± 0.3) NpOþ
2 þ F##NpO2F

SO2#
4

Np (1.34 ± 0.12) (0.44 ± 0.27) NpOþ
2 þ SO2#

4 #NpO2SO4

Pu (1.30 ± 0.06) PuOþ
2 þ SO2#

4 #PuO2SO4

CO2#
3

Np (4.88 ± 0.12) (4.96 ± 0.06) NpOþ
2 þ CO2#

3 #NpO2CO#
3

(6.27 ± 0.11) (6.53 ± 0.10) NpOþ
2 þ 2CO2#

3 #NpO2ðCO3Þ3#2
(5.64 ± 0.15) (5.50 ± 0.15) NpOþ

2 þ 3CO2#
3 #NpO2ðCO3Þ5#3

Pu (4.95 ± 0.01) (5.12 ± 0.14) PuOþ
2 þ CO2#

3 #PuO2CO#
3

(6.34 ± 0.10) PuOþ
2 þ 2CO2#

3 #PuO2ðCO3Þ3#2
(5.61 ± 0.16) (5.02 ± 0.95) PuOþ

2 þ 3CO2#
3 #PuO2ðCO3Þ5#3

C2O
2#
4

Np (4.06 ± 0.09) (3.9 ± 0.1) NpOþ
2 þ C2O2#

4 #NpO2C2O#
4

(5.76 ± 0.40) (5.8 ± 0.2) NpOþ
2 þ 2C2O2#

4 #NpO2ðC2O4Þ3#2
Pu (3.86 ± 0.09) PuOþ

2 þ C2O2#
4 #PuO2C2O#

4

OH# Np # (11.3 ± 0.7) NpOþ
2 þ H2O#NpO2OH þ Hþ

# (23.6 ± 0.5) NpOþ
2 þ 2H2O#NpO2ðOHÞ#2 þ 2Hþ

Pu <# (9.73 ± 0.10) PuOþ
2 þ H2O#PuO2OH þ Hþ

PO3#
4

Np (2.95 ± 0.10) NpOþ
2 þ HPO2#

4 #NpO2HPO#
4

Fig. 2. Comparison of the Pu(V)/carbonate ions speciation diagram, using data from
NEA (Guillaumont, 2003) (filled-in areas) and from CEeICPeMS (dashed lines) (Topin
et al., 2009a) with PuO2

þ, PuO2CO3
e, PuO2(CO3)23#, PuO2(CO3)35#. Conditions:

I ¼ 0.60 mol L#1, Pco2 ¼ 3$10#4 bar, T ¼ 25 ± 1 &C.

S. Topin, J. Aupiais / Journal of Environmental Radioactivity 153 (2016) 237e244240

Comparison	of	the	Pu(V)/carbonate	ions	specia3on	diagram,	using	data	from	
NEA	 (filled-in	 areas)	 and	 from	 CEeICPeMS	 (dashed	 lines)	 with	 PuO2

+	 ,	
PuO2(CO2)3	 ,	 PuO2(CO3)23-,	 PuO2(CO3)35-.Condi3ons:	 I	 =	 1=0.60mol/L,	 Pco2	
=310-4	bar,T=25±1C.	

Journal	of	Environmental	Radioac*vity	153	(2016)	237	

Np(V)	–	Pu(V)	analogy	:		
Pu	bond	length,	for	Pu(V),	is	slightly	smaller	
than	that	of	Np(V)		

	->	higher	charge	density,	and	stronger	
interac*on	with	carbonate	ions.		
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log*β°	for	the	first	and	second	hydrolysis	reac*ons	of	An(IV)	

M.	Altmaier,	Chem.	Rev.	(2013),	113,	901		

2.2	Hydrolysis	
Most	important	reac*on	in	natural	environment		

xMz+	+	yH2O	⇔	Mx(OH)y(xz−y)	+	yH+	

*β° =
(Mx (OH )y

(xz−y) )(H + )y

(M z+ )x aw
y

aw	=	water	ac*vity	=	pH2O/pH2O*,	where	pH2O	is	the	water	
vapor	pressure	of	the	electrolyte	solu*on	and	pH2O*	is	the	
value	for	pure	water	at	the	same	temperature.		
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✔	Very	large	bibliography	
	dimers,	trimers,	tetramers,	oligomers....	

✔	Very	ohen	mixt	structures	with	an	excess	of	ligand.	
	
✔	An(IV)	are	among	the	most	acidic	ca*ons	of	the	periodic	table.		

dioxydes	(fluorite	structure)	Fm3m	

AnO2 	 	An-O	(Å)		 	An-An	(Å)	
ThO2 	 	2.424 	 	3.958	
PaO2 	 	2.384 	 	3.893	
UO2	 	 	2.368 	 	3.866	
NpO2 	 	2.354 	 	3.844	
PuO2 	 	2.337 	 	3.816	
AmO2 	 	2.333 	 	3.810	

Controled	hydrolysis	

that Th(IV) is complexed by eight hydroxide ligands as
confirmed by the complementary EXAFS study of Brendebach
et al. (2007)175 described above. Parallel studies in Ca(ClO4)2
solution of similar ionic strength confirmed the solubility
increase observed in the chloride system, indicating that no
specific influence of chloride was present. In Figure 29, the
solubility of Th(IV) hydrous oxide in alkaline CaCl2 is shown
including experimental data from Altmaier et al. (2008)176 and
model calculation using SIT or Pitzer approaches as described
by Fellhauer et al. (2010).22 It is relevant to notice that the
charge distribution in these ternary Ca−M−OH complexes is
not comparable with that in metal ions Mz+ of the same
nominal charge. The central complexes (i.e., [Zr(OH)6

2−] and
[Th(OH)8

4−]) have a negative charge, and the total nominal
charge of +4 is distributed to the 3 or 4 surrounding calcium
ions. As these Ca2+ ions are directly associated to two OH-
ligands of the central hydroxide complex, their charge is already
partly compensated; hence, their tendency to form ion pairs
with medium anions is even smaller than for Ca2+ ions of the
bulk medium. Because of the considerably different charge
distribution in the ternary Ca−M(IV)−OH as compared to
metal ions Mz+, it is also to note that the corresponding ion
interaction (SIT) coefficients are not necessarily similar.
Fellhauer et al. (2010)22 investigated the solubility of

tetravalent Np(IV) and Pu(IV) in 1.0, 2.0, and 4.5 M CaCl2.
At pHc > 11, the same trend in solubility as observed for the

Th(IV) case was found, although on a lower total concentration
level. Strongly reducing redox conditions were adjusted by
addition of sodium dithionite or iron powder with very similar
solubility data being obtained for both redox systems. In Figure
30, the solubility data of Fellhauer et al. (2010)22 in the Np(IV)
and Pu(IV) solubility studies are shown. The significant
increase in solubility at strongly alkaline pHc is interpreted in
analogy to the Th(IV) system discussed above and
Ca4[Np(OH)8]

4+ or Ca4[Pu(OH)8]
4+ complexes associated

with the enhanced An(IV) concentrations.
On the basis of the new studies with Np(IV) and Pu(IV) and

the chemical and thermodynamic information available from
the Th(IV) system,176 Fellhauer et al. (2010)22 derived a
comprehensive thermodynamic description based on both the
SIT and the Pitzer approaches considering the main
equilibrium reaction:

+ +
⇔ +

+

+ +
An(OH) (am) 4H O 4Ca

Ca [An(OH) ] 4H
4 2

2

4 8
4

(23)

Figure 31 shows the determination of log *K°s,(4,1,8) for this
reaction for the Th(IV) systems investigated. The log *K°s,(4,1,8)
values extrapolated with the SIT and Pitzer model are −54.2 ±
0.5 and −55.0 ± 0.3, respectively. Both SIT and Pitzer are in
good agreement with experimental data up to very high ionic
strength conditions as shown in Figures 29 and 30. The
deviation of the extrapolated K°sp value by the SIT is likely
related to the use of this model beyond the limits of its
applicability (I ≤ 3 M).
The observed discrepancies between log K° extrapolated by

SIT and Pitzer exemplify the need of using thermodynamic
parameters consistently: equilibrium constants at I = 0 derived
within the Pitzer approach are to be used with the
corresponding Pitzer model parameters to calculate activity
coefficients; the use of SIT data likewise demands a consistent
approach.

Figure 27. EXAFS of the Ca4[Th(OH)8]
4+ complex identified in

Brendebach et al. (2007).175 The fit results in R space (left) and
corresponding back-transformed data (right) of the investigated
sample (Th-e) in comparison to previously reported reference spectra
for ThO2·xH2O(s), crystalline ThO2(cr), or acidic Th(IV). Reprinted
with permission from ref 175. Copyright 2007 American Chemical
Society.

Figure 28. Idealized structure of the newly identified ternary complex
Ca4[Th(OH)8]

4+ with a distorted cubic structure. The charge imposed
by the unusually large numbers of hydroxide ligands around the central
Th(IV) atom is compensated by coordination of Ca2+ cations.

Figure 29. Solubility of ThO2·xH2O(am) in alkaline CaCl2 media and
formation of the Ca4[Th(OH)8]

4+ complex. The experimental data for
Th(IV) reported by Altmaier et al. (2008)176 are well explained by the
Pitzer model reported in Fellhauer et al. (2010).22 Although partly
outside the validity range of the SIT approach, the SIT model in this
case exceptionally gives an adequate description of the experimental
data up to I > 15 M. The EXAFS sample investigated in Brendebach et
al. (2007)175 is also indicated in the figure. Reprinted with permission
from ref 22. Copyright 2010 Oldenbourg Wissenschaftsverlag.

Chemical Reviews Review

dx.doi.org/10.1021/cr300379w | Chem. Rev. 2013, 113, 901−943923

Idealized	structure	of	the	newly	iden3fied	ternary	
complex	Ca4[Th(OH)8]4+	with	a	distorted	cubic	
structure.	

Inorg.	Chem.	2007,	46,	6804	
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Dimer	of	Th	obtained	aher	preicipa*on	of	Th	nitrate	with	NH4OH	and	washing	of	
Th(OH)4.	Crysataliza*on	in	HCl	1M.	

Inorg.	Chem.	(2007),	46,	2369.	

[Th2(µ2-OH)2Cl2(H2O)12]Cl4.2H2O	

2.36	Å	

4.02	Å	
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[Co(NH3)6]2[UO2(OH)4]3.H2O		

2.21	Å	

1.81	Å	

Solid	state	structure	 In	solu*on	(3.5	M	TMAOH)	
D.	L.	Clarck	et	al.	Inorg.	Chem.	(1999),	38,	1456	

EXAFS	structure	
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[Th6(OH)4O4(H2O)6(Oac)12].nH2O	

Prepared	from	Th	hydroxyde	precipitate	and	subsequent	dissolu*on	in	ace*c	acid	

Hexanuclear	core	[Th6(OH)4O4]12+		

In	the	core	
	4	bridges	µ3-OH	
	4	bridges	µ3-O	

Inorg.	Chem.	(2011),	50,	9696	

Th	-	µ3-OH	=	2.496	Å	
	Th	-	µ3-O	=	2.298	Å	
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Cluster	of	Pu38	in	Li14(H2O)20[Pu38O56Cl54(H2O)8]		

Core	[Pu38O56Cl54(H2O)8]14-	

Nb	of	bonds	
8	 34	

Pu
-O
	(Å

)	
2.2	

2.3	

2.4	

2.5	 H2O	

No	hydroxo	bridges	
C.	Walther	et	al.	Chem.	Rev.	(2013),	113,	995	
K.	E.	Knope	et	al.	Chem.	Rev.	(2013),	113,	944	

Illustra*on	 of	 the	 [Pu38O56]40+	 core	 observed	 in	
Li14(H2O)20[Pu38O56Cl54(H2O)8	]	and	
Li2[Pu38O56Cl42(H2O)]·15H2O	
	
Pu(IV)	 ca*ons	 are	 bridged	 through	 exclusively	 oxo	
linkages	into	a	structural	topology	that	resembles	that	of	
bulk	PuO2.		
	
Green	and	red	spheres	are	Pu(IV)	and	O2−,	respec*vely.	
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2.3	Ac*nide	minerals	in	NORM	

✔	Uraninite	(UO2)	is	both	the	dominant	uranium	ore	mineral	and	the	primary	form	
of	the	fuel	in	light	water	reactors.		

✔	 The	 term	 uraninite	 is	 used	 to	 denote	 composi*onally	 complex,	
nonstoichiometric,	 and	 generally	 ca*on-subs*-	 tuted	 forms	 of	 UO2	 observed	 in	
nature	

✔	 One	 forma*on	mechanism	 of	 ac*nide	 NORM	 nanopar*cles	 occurring	 in	 nature	 is	
biomineraliza*on/bioprecipita*on	 of	 dissolved	 forms	 of	 uranium.	 Such	 microbial-
mediated	 formed	 minerals	 are	 typically	 nanometer-sized	 and	 in	 hydrous	 phases,	
rendering	them	difficult	to	characterize	in	situ.	

NORM	:	Naturally	Occuring	Radioac*ve	Materials	
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by Novikov et al.196 found that 70−90 mol % of 239Pu and
241Am in groundwater below the Mayak Production Association
site, Urals, Russia, is sorbed on hydrous ferric oxide
nanoparticles. At higher plutonium concentrations relevant to
near-field conditions, reduction of adsorbed PuV to PuIV results
in the formation of intrinsic colloidal PuO2.

130 Both studies
confirm that colloids are responsible for long-distance transport
of plutonium and americium at this site.

■ ACTINIDE-CONTAINING MINERALS
Actinide-bearing minerals are important from two standpoints.
First, the mineralogy of spent fuel or the solid-phase waste
forms, such as cements, determines its susceptibility to
radiation damage, oxidation, and ultimately release of radio-
nuclides to the environment.1,2,201 Insight into the stability of
immobilized waste forms comes from both laboratory
studies202−204 and the natural alteration of mineral analogues
such as uraninite (UO2),

205−210 which is both the dominant
uranium ore mineral and the primary form of the fuel in light
water reactors. Second, the stabilities of the solid phases that
form due to alteration of the original waste package,
precipitation from a concentrated waste solution, or in situ
reduction may provide important controls on aqueous actinide
concentrations. Collectively, both the alteration mineralogy of
ore deposits and the precipitated phases at contaminated sites
provide insight into the range of solid phases that control
actinide mobility.
The primary UIV-bearing minerals include uraninite, which

can be generalized to other actinides as AnIVO2, and coffinite
[U(SiO4)1−x(OH)4x], which is isostructural with zircon
(ZrSiO4) and thorite (ThSiO4) (Figure 8).211,212 The release
of uranyl due to oxidative dissolution of uranium(IV) oxides

and uranium(VI) silicates can result in precipitation of a large
range of secondary hydrous uranyl minerals depending on the
composition of the solution. The near-neutral range of pH is
also associated with the lowest solubilities of UVI, resulting in a
common alteration sequence starting with the formation of
oxide hydrates followed by uranyl silicates or phos-
phates.205,207,209,213 Common alteration minerals include oxides
and hydroxides such as schoepite (UO3·1−2H2O) and
becquerelite (Ca[(UO2)3O2(OH)3]2(H2O)8), carbonates like
r u t h e r f o r d i n e ( U O 2 C O 3 ) a n d l i e b i g i t e
(Ca2UO2[(CO3)3]·11H2O), silicates like uranophane (Ca-
[ ( U O 2 ) ( S i O 3 O H ) ] 2 ( H 2 O ) 5 ) a n d s o d d y i t e
[(UO2)2SiO4·2H2O], and phosphates such as autunite (Ca-
[UO2PO4]2·10−12H2O).
Various uranium minerals have been found to be important

controls on the speciation of actinides at contaminated sites.
For example, at the Hanford, WA, site, uranyl silicates
(uranophane) exist within microfractures of quartz and feldspar
grains.93,214,215 Beneath the Hanford 300 Area ponds, uranium
was found to be incorporated in calcite and precipitated as
metatorbernite [Cu(UO2PO4)2·8H2O] and cuprosklodowskite
[Cu(UO2)2(SiO4)(H3O)2·2H2O]. Discrete uranyl phosphate
phases have also been observed at the Oak Ridge, TN,
site.133,216 Various sensitive spectroscopic approaches have
been used to identify the uranium minerals in these settings,
including X-ray absorption spectroscopy and micro-X-ray
diffraction,93 micro-XANES spectroscopy,214 and laser fluo-
rescence spectroscopy.215,217

To date, over 360 structures containing UVI have been
identified, and some of these may incorporate other actinides
and radionuclides.211,212 Because the uranyl ion is usually
coordinated by four, five, or six oxo groups, the axial oxygen
atoms form the apexes of square, pentagonal, or hexagonal
bipyramids, while the coordinating oxo ions bond to two or
three neighboring uranyls. The resulting polymerization, which
is reduced by the presence of OH− or H2O, facilitates a
hierarchical structural classification of UVI minerals according to
their anion topology and whether or not they form infinite
sheets (e.g., schoepite/becquerelite, rutherfordine, uranophane,
soddyite, and autinite), finite clusters (e.g., liebigite), infinite
chains, or isolated polyhedra.212 Sheets of polyhedra are by far
the most common structural units, and they are often linked
through low-valence cations or hydrogen bonds or in some
cases through anions, resulting in a framework-like structure.212

Figure 8 shows examples of the anion topologies for the
square-, pentagonal-, or hexagonal-bipyramidal polyhedra and
for different interlayer linkages and other polyhedra, such as
silicate, carbonate, and phosphate.
The structures of the UVI minerals also determine the extent

of incorporation of other actinides and radionuclides. Most
actinides, because of variable oxidation states, cannot substitute
directly for uranyl or would require a charge-coupled
substitution. For example, although NpO2

+ is geometrically
similar to the uranyl ion, other substitutions must occur
elsewhere in the structure to maintain charge balance. In
general, structures with interlayer cations, such as becquerelite
and uranophane, have been shown to incorporate more
neptunium than structures with neutral sheets and inter-
layers.211,218,219 Continued investigation and experimentation
regarding the incorporation of actinides and other radionuclides
(such as 137Cs, 90Sr, etc.) into uranium minerals and other
secondary phases will improve efforts to manage and predict
the actinide mobility in near-field sites. Although uranium is

Figure 8. Polyhedral representations of common uranium-containing
minerals formed in different environments (modified from Burns et
al.188,201). Polyhedral corners are defined by oxygen-atom positions.

Inorganic Chemistry Forum Article

dx.doi.org/10.1021/ic301686d | Inorg. Chem. XXXX, XXX, XXX−XXXJ

Common	altera*on	of	minerals	includes	:	
	

	-	oxides	and	hydroxides	such	as	
schoepite	(UO3·1−2H2O)	
becquerelite	(Ca[(UO2)3O2(OH)3]2(H2O)8)	
	

	-	carbonates	like		
rutherfordine	(UO2CO3)	
liebigite	(Ca2UO2[(CO3)3]·11H2O)	
	

	-	silicates	like		
uranophane	(Ca-	[(UO2)(SiO3OH)]2(H2O)5)	
soddyite	[(UO2)2SiO4·2H2O]	
	

	-	phosphates	such	as		
autunite	(Ca-	[UO2PO4]2·10−12H2O).	
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✔		Microbial	U(VI)	reduc*on	has	been	shown	to	be	catalyzed	by	many	microorganisms,	
the	majority	being	either	metal-	or	sulfate-reducing	bacteria	

✔	Steps	of	biogenic	uraninite	forma*on	
	-	Reduc*on	of	U(VI)	to	U(IV)	by	c-type	cytochromes	localized	either	in	the	periplasm	

or	on	the	outer	membrane		
	-	Biogenic	uraninite	forma*on	entails	the	precipita*on	of	the	mineral.	It	is	generally	

believed	that	uraninite	precipitates	near	the	site	of	U(VI)	reduc*on.		
	
	
✔	The	forma*on	of	uraninite	by	microbial	U(VI)	reduc*on	was	first	demonstrated	
using	the	iron-reducing	bacterium	Geobacter	metallireducens	strain	GS15	



Elements	(2008),	4,	407		

Fourier-filtered	 HR-
TEM	image	of	biogenic	
uraninite	 produced	 by	
Shewanella	 oneidensis	
strain	 MR-1,	 showing	
UO2	laoce	fringes.		

Fourier	 transforms	 (FT)	 of	
E XA F S	 s p e c t r a	 f r om	
biogenic	 uraninite	 and	
stoichiometric	UO2	

Ball-and-s3ck	 representa3on	 of	 the	
s t ruc tu re	 o f	 b i ogen i c	 u ran in i t e	
nanopar3c les .	 The	 shaded	 a rea	
emphasizes	 the	 slightly	 distorted	 outer	
zone	of	the	nanopar3cles.	
Uranium	atoms	are	red;	oxygen	atoms	are	green.	

The	 la|ce	 constant	 for	 biogenic	 uraninite	 was	 similar	 to	 that	 of	 bulk	 stoichiometric	
UO2.00	 (5.467	 Å	 vs	 5.468	 Å),	 indica*ng	 that	 the	 biogenic	 uraninite	 la|ce	 was	 largely	
unstrained.	The	mean	par*cle	size	for	the	biogenic	uraninite	produced	 in	this	study	was	
2.5	nm.		
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Forma*on	of	nanocrystalline	thorium	bearing	coffinite	((U,Th)-	SiO4·nH2O,	n	=	0−2),	
measuring	20−40	nm	in	size.	

Characteris*c	Th/U	ra*os	of	0.6	associated	with	amorphous	phases	of	uranium	bearing	
thorite	((Th,U)SiO4·nH2O),	having	measured	Th/U	ra*os	10	*mes	higher.		

Chem.	Rev.	(2013),	113,	995		

microscopy7 (including transmission EM, TEM;8 scanning EM,
SEM; EM with secondary X-ray spectroscopy, Auger spectros-
copy, electron energy loss spectroscopy EELS, etc.), mass
spectrometry9 (including inductively coupled plasma MS, ICP
MS;10 accelerator MS, AMS;11 secondary ion MS, SIMS;12

electrospray MS, ESI-MS13), matrix assisted laser desorption
MS, MALDI-MS;14 resonant ionization MS, RIMS;15 thermal
ionization MS, TIMS), X-ray-based methods16 (including
scattering, absorption, emission, (spectro)microscopy), and
many more. Application of such state-of-the-art techniques to
characterize nanometer- to micrometer-sized particles in the
solid state and in solution (colloids and multinuclear species),
which contain actinide elements and, hence, of environmental
concern is presented below. For a review of the techniques
themselves, the reader is referred to refs 5,6.
In this Review, a cross-section of the present knowledge

concerning actinide containing particles of both environmental
as well as synthetic origin is presented. The synthetic systems
serve as reference material and models for understanding the
formation, reactivity, and structure of environmental actinide
containing particles. The reader is also referred to the first book
published covering different aspects of research on actinide
nanoparticles.17 This Review is structured according to the
actinide particles’ origin. Section 2.1 focuses on particles
present in natural radioactive matter and in technically
enhanced radioactive matter. Section 2.2 deals with actinide
containing particles present in the environment due to
anthropogenic activities and includes discussion of particle
speciation and its effect on weathering and mobility. The
importance of colloid-mediated transport in the migration of
radioactivity in the environment is reflected in our including a
dedicated section for this topic (section 2.2.4). Aerosols and
“hot” particles and their use in nuclear safeguards are discussed
in section 3. Synthetic actinide particles as reference material
(section 4.1) and model systems are the topic of section 4.
Section 4.2 covers actinide particles in solution (colloids), and
included in sections 4.2.2−4.2.4 is material on synthetic
thorium, uranium, neptunium, plutonium particles, and
colloidal species in solution with an emphasis on plutonium.
Selected recent results on well-defined actinide nanoparticles
and clusters (section 4.3) are presented at the close of section
4. At the end of this treatise, we conclude by highlighting the
need for further research in this area, especially in light of
potential effects of such particles on human health and the
worldwide growing need for energy, and briefly outline our
outlook for future activities in this area of research (section 5).

2. ENVIRONMENTAL ACTINIDE PARTICLES

2.1. Particles from Naturally Occurring Radioactive Matter

Radioactive particles are not necessarily of anthropogenic
origin; rather they can be present as naturally occurring
radioactive matter (NORM). For example, small grains of Th-
bearing and U-bearing minerals, which occur naturally in soil
and sediments, are considered radioactive particles.6,18 The
morphology, structure, composition, and size of such particles
evolve from the intricate interplay of numerous parameters,
including paragenesis, redox conditions, and temperature, to
name a few. Deditius and co-workers19 reported from
transmission electron microscopy (TEM) investigations
(high-resolution TEM, HRTEM; high angle annular dark
field scanning transmission electron microscopy, HAADF-
STEM; energy dispersive X-ray spectroscopy, TEM-EDX)

formation of nanocrystalline thorium bearing coffinite ((U,Th)-
SiO4·nH2O, n = 0−2), measuring 20−40 nm in size (see Figure
1) with characteristic Th/U ratios of 0.6, associated with

amorphous uranium bearing thorite ((Th,U)SiO4·nH2O),
having measured Th/U ratios 10 times higher. The same
group observed coffinite formation as crystallites as large as 100
nm at edges o f a l t e red ca rbona te fluorapa t i t e
(Ca5(PO4,CO3)3F) crystals under Si-rich reducing conditions,
but formation of metaautunite (M[(UO2)(PO4)]2(H2O)6, M =
alkaline earth) at the expense of coffinite and fluorapatite
occurred under P-rich oxidizing conditions.20 Uranium and
rare-earth elements incorporated into nanoscale crystals of
secondary coffinite have also been reported.21

Finch and Murakami22 gave an extensive review on uranium
ore chemistry, including a special focus on alteration and how
Pb exogenesis alters uranium minerals. Uranyl phosphate
paragenesis, for instance, leads to formation of submicrometer-
sized crystallites even under global U/P concentrations well
below saturation for the solid phase due to microcrystallization
processes under local saturation conditions.23

Incorporation of α-emitting thorium and uranium isotopes
into mineral crystallites leads to metamictization or formation
of amorphous domains due to radiation damage. This has been
extensively studied for zircon, ZrSiO4.

24−26 The amorphatized
or glass metamict phase has a higher dissolution rate, which
leads to a higher chemical mobility of the actinides from
weathering of zircon particles in soil with high levels of
radiation damage.27

Little has been published on technically enhanced NORM
(TENORM) actinide particles. TENORM particles stem from
natural occurring material that has been released through
various human activities, including mining, energy production,
and waste. Nuclear emulsion microscopy was employed to
demonstrate the presence of small, intense α-particle emitting
crystallites in tailings derived from the sulfuric acid milling of
uranium ores.18 Thorium, U, and daughter nuclides such as
210Po/210Pb may be heterogeneously distributed in minerals,
thus occurring as hot spots in U mining and tailing samples.
Recently, single grains of U minerals have been isolated from
soil samples originating from former U mining sites in
Kazakhstan and Kyrgyzstan6 and references therein. Hetero-
geneities (i.e., U hot spots) have also been observed on surfaces
of Norwegian mineral specimens6(and references therein) by environ-

Figure 1. (A) HRTEM image of nanoparticles of Th-coffinite formed
on U bearing thorite. (B) Higher resolution image with SAED at lower
right and two FFT, indicating misalignment and similar alignment of
crystals, respectively. Reproduced with permission from ref 19.
Copyright 2012 Mineralogical Society of America.

Chemical Reviews Review

dx.doi.org/10.1021/cr300343c | Chem. Rev. 2013, 113, 995−1015996

(A)	HRTEM	image	of	nanopar3cles	of	Th-coffinite	formed	on	U	bearing	thorite.	(B)	
Higher	resolu3on	image	with	SAED	at	lower	right	and	two	FFT,	indica3ng	
misalignment	and	similar	alignment	of	crystals,	respec3vely.	
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Example	MAnO2(CO3)	with	Np,	Pu	and	Am	

Hexagonal	:	KPuO2(CO3)	

M3AnO2(CO3)2	with	Np,	Pu	and	Am	and	M	=	Na,	K,	Rb.	Hexagonal	structure	

K3NpO2(CO3)2	

D.	L.	Clarck	et	al.	Chem.	Rev.	(1995),	95,	25	

Sheets	of	polyhedra	are	by	far	the	most	common	structural	units,	and	they	are	ohen	linked	
through	low-valence	ca*ons	or	hydrogen	bonds	or	in	some	cases	through	anions,	resul*ng	
in	a	framework-like	structure.	
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3.	Specia=on	and	special=on	tools	in	natural	environment	

Possible	specia*on	and	analy*cal	tools	

Mass	spectrometry	(various	resolu*ons	and	configura*ons)	
LIBS	(Laser	Induced	Breakdown	Spectroscopy)	
Micro-XRD	
XAS	
Electron	Microscopy	
AFM	
Radiometry	
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Synchrotron	ring	(SOLEIL,	ESRF)	

Beam	line	

X-ray	Absorp*on	Spectroscopy	is	a	direct	specia*on	technique	independent	of	the	
physical	state	of	the	sample	and	element	dependent.	

3.1	X-ray	Asorp*on	Spectroscopy	
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1969,	aerial	view	of	700	area	buildings	(home	of	Pu	opera*ons).	A	fire	in	1969	heavily	
damaged	the	interior	of	buildinsg	776	and	777.	

©	Rocky	Flats	Stewardship	Council	

From	1952	to	1989,	the	Rocky	Flats	Plant	fabricated	components	for	the	na*on’s	
nuclear	weapons	arsenal	using	various	radioac*ve	and	hazardous	materials.	

Colorado,	USA	



«	From	1958	to	1969,	drums	containing	plutonium-contaminated	lathe	coolant	were	stored	on	the	Pad,	
located	 on	 the	 southeastern	 part	 of	 the	 Industrial	 Area.	 These	 drums	 leaked,	 and	 wind	 and	 water	
erosion	carried	plutonium	and	americium	in	a	well-defined	paiern	to	the	east	and	southeast,	past	the	
eastern	Site	boundary	in	some	cases.	Based	upon	material	balance	around	the	drums,	it	was	es*mated	
that	 a	 total	 of	 5,000	 gallons	 containing	 approximately	 86	 g	 (5.3	 Ci)	 of	 plutonium	were	 released	 into	
soils	»	

S.	D.	Conradson	et	al.	,	p377-398,	in	Ac*nide	Nanopar*cle	Research,	Ed.	Stepan	N.	Kalmykov,	Melissa	A.	Denecke,	Springer	(2011).	

A	 clear	 plume	 of	 239/240Pu	
contamina*on	 that	 tracks	 roughly	
with	the	prevailing	winds	 from	NW	
to	SE	is	evident	from	the	data.	
	
This	 figure	 represents	 condi3ons	 at	
Rocky	 Flats	 prior	 to	 soil	 remedia3on	
ac3ons	

wind	

“hot	spot”	of	
239/240Pu	
concentra*ons	in	excess	
of	1,000	pCi/g	at	the	
903	Pad	



Plutonium	LII	XANES	

Pu	 is	 predominantly,	 if	 not	
en*rely,	 Pu(IV)	 and	 exhibits	 the	
XANES	 signatures	 consistent	 with	
PuO2	.	

S.	D.	Conradson	et	al.	,	p377-398,	in	Ac*nide	Nanopar*cle	Research,	Ed.	Stepan	N.	Kalmykov,	Melissa	A.	Denecke,	Springer	(2011).	

=>	Par*cle	transport	mechanisms	rather	than	aqueous	sorp*on–desorp*on	
processes	

Samples	from	the	vicinity	of	903	pad	

Plutonium	LII	XANES	of	Pad	903	soil	samples	10,	11,	and	12;	insets	show	first	(zeros	1⁄4	peak	
energies),	let,	and	second	(zeros	1⁄4	inflec3on	point	energies),	lower	right,	deriva3ves.	The	
boxes	at	extreme	top-right	of	the	insets	show	a	higher	magnifica3on	of	the	first	deriva3ves’	
crossing	of	the	zero	line,	and	the	second	deriva3ve	at	the	zero	line,	illustra3ng	the	close	
coincidence	of	peak	posi3ons	and	inflec3on	points	of	all	spectra	with	that	of	the	Pu(IV)	standard	
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Samples	showing	Pu-containing	par*cles	from	the	Hanford	Z-9	crib	

Preponderance	of	Pu	occurs	in	μm-scale	par*cles	that	were	most	likely	not	its	original	form.	
It	 suggests	 that	 Pu	 was	 mobilized	 and	 subsequently	 reacted,	 nuclea*ng	 on	 the	 crystal	
surfaces	as	a	surface	complex.	

implying that they can form quickly and are subsequently
stable.
A sample showing Pu-containing particles from the Hanford

Z-9 crib (Figure 7a) indicates an even more complicated and
specific process. Although the spectrum of a bulk Z-9 sample
(Figure 1h) gives PuO2+x, a particle from a separate sample
gives a different result (Figure 1g). It contains many regular,
∼20 μm square particles composed of elements lighter than Ca,
most likely a silicate or a phosphate that could have formed
from the breakdown of the tributyl phosphate from the PUREX
process. These particles show barely detectable amounts of Pu
that are uniformly distributed either within or, less likely, on the
surface of the particle. A few of them, however, show large Pu
deposits. This finding of two populations of Pu that are distinct
in both the correlation of their distribution with respect to the
particles and their quantity imply that the low concentration Pu
was incorporated during the formation of the particles whereas

the high concentration surface precipitates formed after the
square substrates and in a way that favored growth over
nucleation, that is by a slow process involving Pu diffusion or
transport. Since the maps from all of these samples never show
any signal in the areas between the larger particles, colloidal or
otherwise diffuse Pu must be negligible. That the preponder-
ance of the Pu occurs in μm-scale particles that were most likely
not its original form implies that Pu was mobilized and
subsequently reacted, nucleating on the crystal surfaces as a
surface complex followed by the accumulation of additional Pu
on this surface complex to give the bulk species observed here.

Figure 5. Two-color μ-XRF maps (Pu = red, Fe = green) of Los Alamos TA-21 Pu particles. (a), a mixed Pu−Fe particle, one of two found in the
measured samples. (b) Pu particle on an Fe-based mineral grain, one of six similar particles. (c) separated, noncorrelated Pu and Fe particles, one of
three similar particles.

Figure 6. (a) Cu−U and Zn−U spatial correlations for a U-containing
Los Alamos particle (excitation energy is 18 100 eV), the Pearson
function was applied to calculate R for these correlations. (b) XANES
of the same particle compared with that of schoepite as a prototype
uranyl oxyhydroxide compound.

Figure 7. (a) Pu map of a Hanford Z-9 crib sample (sensitivity to only
Pu results from subtracting the counts measured at 18000 eV that is
below the Pu L3 absorption edge from those at 18100 eV that is above
it). The scale shows the differential Pu count rate. (b) the Pu−P and
Pu−O curve-fits to the Fourier filtered, non-PuO2 wave in the data,
from which the much higher quality of the Pu−P fit−it is under the
red line of the Pu−P fit at lower k−can be discerned.

Environmental Science & Technology Article

DOI: 10.1021/es506145b
Environ. Sci. Technol. 2015, 49, 6474−6484
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uranyl oxyhydroxide compound.
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Pu−O curve-fits to the Fourier filtered, non-PuO2 wave in the data,
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Pu	map	of	a	Hanford	Z-9	crib	sample	(sensi3vity	to	only	Pu	
results	from	subtrac3ng	the	counts	measured	at	18000	eV	
that	 is	 below	 the	 Pu	 L3	 absorp3on	 edge	 from	 those	 at	
18100	eV	that	is	above	it).	

The	 Pu−P	 and	 Pu−O	 curve-fits	 to	 the	
Fourier	 filtered,	 non-PuO2	 wave	 in	 the	
data,	from	which	the	much	higher	quality	
of	 the	Pu−P	fit−it	 is	under	 the	 red	 line	of	
the	Pu−P	fit	at	lower	k−can	be	discerned.	

ES&T	(2015),	49,	6474		
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Few	grams	collected	from	one	hot	spot	at	the	Los	Alamos	TA-21	site	that	most	
likely	originated	as	R&D	waste	

implying that they can form quickly and are subsequently
stable.
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Z-9 crib (Figure 7a) indicates an even more complicated and
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=>	Varia*on	in	par*cle	composi*on	is	due	to	Pu	deposi*on	onto	the	chemically	diverse	
soil	materials	when	the	puta*vely	acidic	solu*on	was	neutralized	by	reac*ng	with	the	
soil	components	

Two-color	μ-XRF	maps	(Pu	=	red,	Fe	=	green)	of	Los	Alamos	TA-21	Pu	par3cles.	(a),	a	mixed	Pu−Fe	
par3cle,	one	of	two	found	in	the	measured	samples.	(b)	Pu	par3cle	on	an	Fe-based	mineral	grain,	one	of	
six	similar	par3cles.	(c)	separated,	noncorrelated	Pu	and	Fe	par3cles,	one	of	three	similar	par3cles.	
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Accelerator	mass	spectrometry	(AMS)	is	presently	one	of	the	most	sensi*ve	
analy*cal	techniques	for	the	determina*on	of	heavy	radionuclides	

3.2	Accelerated	Mass	Spectroscopy	
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The	 ion	 source	 produces	 a	 beam	of	 ions.	 from	 a	 few	milligrams	 of	 solid	material.	 Atoms	 are	
spuiered	 from	the	sample	by	cesium	 ions	which	are	produced	on	a	hot	 spherical	 ionizer	and	
focused	to	a	small	spot	on	the	sample.		
Nega*ve	ions	produced	
	
The	 injector	 magnet	 bends	 the	 nega*ve	 ion	 beam	 by	 90°	 to	 select	 the	 mass	 of	 interest,	 a	
radioisotope	of	 the	element	 inserted	 in	 the	sample	holder,	and	reject	 the	much-more-intense	
neighboring	stable	isotopes.		

The	 tandem	accelerator	 consists	of	 two	accelera*ng	gaps	with	a	 large	posi*ve	voltage	 in	 the	
middle.	The	center	of	the	accelerator	is	charged	to	a	voltage	of	up	to	10	million	volts.	
The	nega*ve	ions	traveling	down	the	beam	tube	are	accelerated	towards	the	posi*ve	terminal.	
At	 the	terminal	 they	pass	through	an	electron	stripper,	either	a	gas	or	a	very	thin	carbon	foil,	
and	emerge	as	posi*ve	ions.		
	
The	 analyzing	 and	 switching	 magnets	 eliminate	 molecules	 completely	 by	 selec*ng	 only	 the	
highly	charged	ions	that	are	produced	in	the	terminal	stripper.		

The	 gas	 ioniza=on	detector	 counts	 ions	one	at	a	*me	as	 they	 come	down	 the	beamline.	The	
ions	are	slowed	down	and	come	to	rest	in	propane	gas.	As	they	stop,	electrons	are	knocked	off	
the	 gas	 atoms.	 These	 electrons	 are	 collected	 on	 metal	 plates,	 amplified,	 and	 read	 into	 the	
computer.	
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spike for the present CFM samples too. The aforementioned
double spike of 239Pu and 248Cm was chosen also because of the
chemical similarity between Np and Pu as well as Am and Cm,
respectively.
The use of nonisotopic tracers has led to a higher uncertainty

in the determination of 237Np and 243Am than of 242Pu. In fact,
the maximum relative uncertainty on the measured values of
242Pu, solely due to the counting error, is equal to 5%. The
relative uncertainties of the measured values of 237Np and
243Am reach 16% and 24%, respectively, since they are
propagated from the uncertainties of the CIYs of Np relative
to Pu and Am relative to Cm, respectively, in the Grimsel
groundwater (Table 1). The use of nonisotopic tracers, even
though accompanied by an uncertainty higher than that
associated solely to the counting statistics of the nuclides,
made possible the quantitative determination of 237Np and
243Am in the CFM samples. This outcome is of particular
importance since the CFM samples were unique and available
to the present study only in a size of 250 g.
Furthermore, notwithstanding this higher uncertainty, a

trend of concentration over time was visible in all investigated
isotopes with a local maximum at the sampling time of 165
days, as shown in Figure 4. This can presently be interpreted as
concentration fluctuations in the frame of an almost constant
release of the tracers from the fracture zone where the
migration experiment has been performed before and where a
part of the injected actinide species had been retarded. These
findings prove that the long-term release and retention of
actinide tracers can be studied with the developed analytical
method in samples collected up to 6 months after the start of
the experiment. Such data will provide extremely valuable
information on the long-term retention and migration behavior
of actinide ions under geochemical conditions expected in
crystalline formations at near natural conditions.
Environmental Samples. 236U, 237Np, 239Pu and, where

detectable, 240Pu were determined in various natural water
samples by using 233U as CIY tracer (Table 1). Figure 5 and
Table 3 depict the atomic ratios 236U/237Np, 237Np/239Pu, and
236U/239Pu measured in four different samples, with masses
between 100 and 250 g, namely, the RM IAEA-443, the
seawater sample from the Tyrrhenian Sea (TSW), the tap water

sample from Karlsruhe in Germany (KaTW), and the surface
water sample from the Wildseemoor (WSM).
The actinide nuclides measured in the RM IAEA-443 and in

the TSW samples originate from the liquid effluents of the
Sellafield Reprocessing Plant26 and from global fallout,
respectively. The measured atomic ratios represent the relative
abundances of 236U, 237Np, and 239Pu in the same environ-
mental system, seawater, caused by different contamination
sources. In contrast to that, the atomic ratios measured in the
TSM, KaTW, and WSM samples, originating from the same
contamination source, global fallout, reflect the different
behavior of the investigated actinides in three environmental
systems. In particular, the increased 237Np/239Pu and
236U/239Pu atomic ratios highlight the higher mobility of U
and Np in seawater in contrast to Pu.37,38 In surface water rich
in DOC (WSM sample), the atomic ratios of the three nuclides
are in agreement with values found in other soils and peat bog
samples.22−24 In the tap water (KaTW) sample, a higher
mobility of U with respect to Np is observed compared to the
organic-rich surface water sample, WSM. Pu was not detectable
in sample KaTW. This finding might point to the retention of
Pu on the mineral and organic phases of the overlying soil or to
a preferential sequestration of Pu compared to U and Np
during the drinking water treatment procedure. However, the
measured levels of 236U and 237Np in sample KaTW are very
close to the levels found in the procedural blanks (B1−B4) as
described in Procedural Blanks, and further investigations are
necessary in order to clarify this finding.
Because a relatively high concentration of 239Pu equal to 4.5

× 107 atoms/100 g was observed in the sample WSM, the
isotopic ratio 240Pu/239Pu = 0.17 ± 0.04 could also be
determined. This value is consistent with the global fallout
origin of the Pu contamination in the region where the sample
was collected.39

As for the previously illustrated results, the use of 233U as
tracer has led to a higher uncertainty in the determination of
237Np and 239Pu concentrations as compared to those of 236U.
Nevertheless, our method provides an unprecedented sensi-
tivity and the advantage of the simultaneous determination of
several actinides.

■ CONCLUSIONS AND PERSPECTIVES
Our method, allowing for the first time the simultaneous mass
spectrometric determination of ultratrace levels of several
actinide nuclides in the presence of naturally occurring U, is
especially suited for small groundwater, seawater, and surface
water samples. The extremely simple chemical procedure
presented in this work cannot be straightforwardly applied to
sample sizes of 10 L or more, because of the correspondingly
increased burden from matrix elements. This drawback could
be effectively reduced with further separation steps, like, e.g.,
the LaF3 coprecipitation described in the work of Maxwell et
al.12 The method developed by these authors could suggest,
furthermore, the desirable idea of using a rare earth nuclide as

Figure 5. 236U/237Np, 237Np/239Pu, and 236U/239Pu atomic ratios
measured in four different natural water samples (see text for
description) of mass between 100 and 250 g. This figure shows how
the observed atomic ratios reflect both the contamination source and
the different behavior of U, Np, and Pu in the investigated
environmental system.

Table 3. 236U/237Np, 237Np/239Pu, and 236U/239Pu Atomic
Ratios Measured in the Investigated Natural Water Samples

236U/237Np 237Np/239Pu 236U/239Pu

WSM 0.43 ± 0.05 0.32 ± 0.07 0.14 ± 0.03
KaTW 1.7 ± 0.7
TSW 0.21 ± 0.09 21 ± 13 4 ± 3
IAEA-443 0.016 ± 0.004 124 ± 48 2.0 ± 0.6

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.5b00980
Anal. Chem. XXXX, XXX, XXX−XXX

F
Anal.	Chem.	(2015),	87,	5766		
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natural	water	samples	by	using	233-U	as	Chemichal	Ioniza*on	Yield	tracer		

Sample	mass	=	100	–	250	g	

Wildseemoor	
forest		

Tyrrhenian	Sea	Tap	water	
Karlsruhe	

236U/237Np,	 237Np/239Pu,	 and	 236U/239Pu	 atomic	 ra3os	measured	 in	
four	different	natural	water	samples	of	mass	between	100	and	250	g.	This	
figure	 shows	 how	 the	 observed	 atomic	 ra3os	 reflect	 both	 the	
contamina3on	 source	 and	 the	 different	 behavior	 of	 U,	Np,	 and	 Pu	 in	 the	
inves3gated	environmental	system.	
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IAEA	-	443	 Seallafiled	Reprocessing	plant	

Karlsruhe	tap	water	
	
Wildseemoor	Forest	
	
Tyrrhenian	Sea		

Global	fallout	

=>	reflect	the	different	behavior	of	the	inves*gated	ac*nides	in	
three	environmental	systems.		

✔	Highest	ra*o	of	Np/Pu	Δ	and	U/Pu	O		in	Tyrrhenian	Sea	compared	to	Wildseemoor	
Forest	
reflects	the	higher	mobility	of	U	and	Np	compared	to	Pu.	
	
✔	In	surface	water	rich	in	high	dossilved	organic	carbon	(Wildseemoor	sample),	the	
atomic	ra*os	of	the	three	nuclides	are	comparable.		
	
✔ In	the	tap	water	Karlsruhe	sample,	a	higher	mobility	of	U	☐	with	respect	to	Np	is	
observed	compared	to	the	organic-rich	surface	water	Wildseemoor	sample.	
	
✔  The	isotopic	ra*o	240-Pu/239-Pu	=	0.17	±	0.04	could	also	be	determined.	This	value	

is	consistent	with	the	global	fallout	origin	of	the	Pu	contamina*on.	
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3.3	The	specific	case	of	seawater	

Ionic	strength	in	seawater	stands	at	about	0.60	mol	L1	(35	g/L	NaCl),	average	pH	of	around	
8.2.	
Eh	between	0.2	and	0.3	mV		

✔ For	Pu,	various	reports	->	“the	predominance	of	Pu(V)	should	truly	be	observed	
in	seawater”		

	Predic*ve	calcula*ons	:	
	PuO2

+	(69.9%),	PuO2	Cl	(18.3%),	PuO2	SO4
2-	(6.0%),	PuO2	CO3

2-	(5.3%).	
But	no	experimental	evidence	for	now		

Journal	of	Radioanaly*cal	and	Nuclear	Chemistry,	Vol.	251,	No.	2	(2002)	213	
Journal	of	Environmental	Radioac*vity	153	(2016)	237		
Chem.	Eur.	J.	2014,	20,	14499		

✔ For	U,	the	“dominant	aqueous	uranium(VI)	species	under	seawater	condi*ons	is	
the	neutral	[Ca2UO2(CO3)3](aq)”.		

✔ For	Np,	should	be	similar	to	Pu	but	no	real	data	

✔ For	Am,	should	be	similar	to	the	lanthanides	



Bernhard	et	al.	Radiochimica	Acta	74,	87	(2001)	
Dalton	Trans.	(2015),	44,	5417	

2		U	-	Oax	at	1.80(1)	Å,		σ2=0.0013	Å2	

5.8(5)		U	-	Oeq	at	2.43	(1)	Å,		σ2=0.095	Å2	

2.9(3)	U-C	at	2.90(1)	Å,		σ2=0.0060	Å2	

	
S02	=	1.0,	e0	=	-1.70	eV,	R-factor	=	1.5%		

Ca2UO2(CO3)3.nH2O	
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Dalton	Trans.	(2015),	44,	5417	
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Américium	
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Predic3on	specia3on	diagrams	of	americium	at	5x10-5	M	(a)	and	europium	at	5x10-5	M	(b)	
in	seawater	(JCHESS®)		

Specia*on	modeling	
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9 O(carb+wat) at 2.48(1) Å, σ2 = 0.0094 Å2

1 Na at 3.71(9) Å, σ2 = 0.0066 Å2

2 Ccarb at 3.73(3) Å, σ2 = 0.0049 Å2


S0
2 = 1.1, e0 = -5.83 eV, R-factor = 1.2 %



NaAm(CO3)mon 2.nH2O

with 580 nm. Characteristic shifts in the peak maxima and
intensities of the hypersensitive band change significantly
upon coordination. Table 3 summarizes the spectroscopic data
(main luminescence wavelengths, mean full width at mid
height and lifetime) obtained in this study for the 5 × 10−5

doped sample compared with literature data.
The spectrum of a standard solution of europium(III) under

acidic conditions is characteristic of the aquo species (Fig. 5)
with a higher intensity at 593 nm than at 617 nm. As expected,
in the dissolved phase of Eu doped seawater, [Eu(III)] = (6.1 ±
0.2) × 10−7 M, the intensity of the hypersensitive band is
enhanced as an indication of complexation (Fig. 5). The spec-
trum of this solution phase presents three peaks at 580, 593
and 616 nm. The peak ratio I593/I616 is 1 : 3 and the lumine-
scence lifetime is 140 ± 10 µs. This peak ratio suggests the
major presence of a biscarbonate species, Eu(CO3)2−.35,69 In
previous studies, the europium biscarbonate lifetime is
reported at 290 ± 30 µs for a carbonate solution prepared in
K2CO3

69 and at 140 ± 10 µs (ref. 35) for a carbonate solution
prepared in natural water with a significant amount of sodium
(0.02 M) compared to europium (5 × 10−6 M). The low value
obtained in this study could therefore be explained by the
presence of sodium. From the lifetime value the number of
water molecules around europium has been derived using the

following equation:69 nH2O + 0:5 ¼ 1:07
τ

" 0:62, where τ is in

ms. Hence, in seawater, the derived number of water mole-
cules around europium is equal to 7. Moreover, the peak at
580 nm is more intense in the solution phase than in the solid
phase. This peak corresponds to the transition 5D0 → 7F0 and
is known to increase when symmetry decreases.70 One possi-
bility is that in solution the electrostatic attraction between
Na+ and Eu(CO3)2− must be screened compared to the solid
and more movements may occur, thus explaining the decrease
in symmetry.

The spectrum of the particulate phase also exhibits the
same three peaks with a peak ratio I593/I617 of 1 : 3 (Fig. 5)
corresponding to the biscarbonate species. However two life-
times, a very short one at 6 ± 1 µs and a longer one at 99 ± 10
µs have been observed. This suggests that two different euro-

Fig. 2 Prediction speciation diagrams of americium at 5 × 10−5 M (a) and europium at 5 × 10−5 M (b) in seawater (JCHESS®).

Fig. 3 Eu and Am LIII edge k2-weighted EXAFS spectra of the doped
seawater solution at [Eu, Am] = 5 × 10−5 M. Experimental spectra in
black lines, adjustment in dots.

Fig. 4 Corresponding Fourier transform of the EXAFS spectrum of the
doped seawater solution at 5 × 10−5 M. Experimental spectra in black
lines, adjustment in dots.

Paper Dalton Transactions

20590 | Dalton Trans., 2015, 44, 20584–20596 This journal is © The Royal Society of Chemistry 2015

Corresponding	Fourier	transform	of	the	EXAFS	spectrum	of	the	doped	
seawater	solu3on	at	5	×	10−5	M.	Experimental	spectra	in	black	lines,	
adjustment	in	dots.	

Dalton	Trans.,	2015,	44,	20584	

NaEu(CO3)bid2.nH2O

Am,	Eu,	EXAFS,	LIII	edge	


