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Major Radionuclides in the nuclear waste

•γ- radionuclides
60Co, 133Ba, 137Cs, 134Cs, 106Ru, 

152,154, 155 Eu, 58Co, 54Mn,59Fe, 
110mAg, 94Nb.

Difficult-to-measure radionuclides

• β- Emitter
• 3H, 14C, 36Cl, 41Ca, 55Fe, 63, 59Ni, 93Zr, 

93Mo, 90Sr, 99Tc, 129I, 241Pu, etc. 
• α- emitter (actinides)

• 238-240Pu, 241Am, 243,244Cm, 237Np, etc.



Waste types in decommissioning of 
nuclear facilities

• Large volume and common  waste: 
– Concrete (normal or heavy)
– Graphite (reactor)
– Steel/stainless steel
– Evaporator concentrate
– Ion exchange resin

• Unconventional waste
– Non-ferrous metals (Al, Pb, Cu)
– Zirconium and its alloy
– Mercury
– Plastics (PCB, PE, etc.)
– Oil
– Desiccant (silica gel, CaO, etc.) 

Sampling

Pre-concentration 
/treatment

Radiochemical separation of target 
radionuclides from matrix and interfering 

radionuclides

Target/source 
preparation

Measurement of 
radionuclide



Challenges on radiological characterization of 
decommissioning waste

6 12 October 
2018

• Complicated and unknown components of sample matrix

• Instability of the volatile radionuclides in sampling, storage 
and pre-treatment

• Difficulties in decomposition and pretreatment of some 
sample matrix

• Different species of critical radionuclides related to their 
different mobility 

• High radiation exposure and large number of samples

• Lack of reliable method for accurate determination of some 
radionuclides

• No standards for some radionuclides (e.g. 93Zr, 93Mo, etc.)



Strategies on radiochemical analysis of 
decommissioning waste
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• Reliable radiochemcial analytical methods for difficult to 
measure radionuclides (41Ca,55Fe, 63Ni, 93Mo, 93Zr, actinides)

• Methods for accurate determination of volatile radionuclides 
(3H, 14C, 36Cl, 99Tc, 129I) 

• Rapid methods for separation and analysis of difficult to 
measure radionuclides --Automated approaches 

• Sensitive measurement of low level and long-lived 
radionuclides using mass spectrometric techniques (ICP-MS & 
AMS)

• Speciation analysis of important radionuclides in view of 
depository of waste (mobile species, e.g. 3H, 14C, 99Tc)



Radiochemcial analysis for difficult to measure 
radionuclides

 41Ca in concrete 

55Fe and 63Ni in metals, concrete, graphite, etc. 

90Sr in exchange resin, sludge, metals, etc.

Actinides (238, 239,240,241Pu, 237Np, 241Am, 233, 234Cm)

 93Mo, 93Zr in metals and exchange resin

 135Cs, 79Se, 126Sn, 147Pm, 151Sm in metal, ion exchange 

resin, etc.



EC (421.4 keV, 100%)

41Ca (21.03x105y)

41K (stable)

Nuclide Target isotope 
Aboundance %

Reaction Cross 
section, bar

Half life Decay

41Ca 96.94 40Ca(n, γ)41Ca 0.41 1.03×105 y EC
45Ca 2.086 44Ca(n, γ)45Ca 0.84 162.7 d β-
47Ca 0.004 46Ca(n, γ)47Ca 0.7 4.54 d β, γ
49Ca 0.187 48Ca(n, γ)49Ca 1.0 8.72 min. β, γ

41Ca in the concrete
Activation products of calcium isotopes

Energy of X-rays and Auger electrons : 0.3-3.6 keV
Determination: X-ray spectrometry (<0.08%)

LSC (10-20%)



• Separation of Sr from Ca by Ca(OH)2 precipitation
• Ca(OH)2: insoluble, Ksp = 5.2 × 10-6

• Sr(OH)2 and Ba(OH)2: Soluble in alkine solution

Separation of Ca from Ba, Sr, Ra by hydroxide
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Procedure for determination of 41Ca

Concrete

Filtrate, (metals, 
Ca, Sr, etc)

Residue, 
Silicate, BaSO4

For 55Fe and 
63Ni

Add Fe carrier, Add 
NaOH to pH9, 
centrifuge

Precipitate, 
M(OH)x

Supernatant, Ca, 
Sr, Ba

Add Na2CO3, 
centrifuge

Filtrate, 
Cs, K

Precipitate, (Ca, 
Ba, Sr, Ra) CO3

Leaching with HCl + HNO3 at 
heating, filter

Add NaOH to 0.5M, 
centrifuge

Supernatant, 
Sr, Ba, Ra

Precipitate 
Ca(OH)2

Dissolve with HCl, add 
Fe3+, and NaOH to pH9, 
centrifuge

Precipitate, Co, 
Eu, Fe,

Supernatant Ca, 
Sr, Ba

Add NaOH to 0.5 M, 
centrifuge, repeat

Precipitate 41Ca Supernatant, 
Sr, Ba

41Ca solution

Add HCl to dissolve

LSC 
measurement

Hou X.L., Radiochim Acta, 2005



41Ca in heavy concrete
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• Good decontamination for interferences: >105

• Good chemical yields for 41Ca:                       80-90%

• Good detection limit for 41Ca:                        0.020 Bq

Hou X.L., Radiochim. Acta, 2005



63Ni and 55Fe

55Fe (2.73 y)

55Mn (stable)

EC (232 keV, 100%)

No gamma ray

β− (66.95 keV, 100%)

No gamma ray

63Ni (100.1y)

63Cu (stable)

• 55Fe:
– 54Fe(n, g)55Fe  (s=2.3 b; h54Fe=5.85%)
– 56Fe(n, 2n)55Fe, (h56Fe=91.75%) 

• 63Ni: 
– 62Ni(n, γ)63Ni  (s=14.5 b; h62Ni=3.63%)
– 63Cu(n, p)63Ni, ( h63Cu=69.17%)

Major Challenge: 
High 60Co and 58Co activity in 
most samples



Separation of Ni from Co, Eu, etc. using ion 
exchange chromatography and Ni column (DMG)

Element Recovery or 
decontamination factor

Ni2+ > 98.5%
Fe3+ >106
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		Reagent		Eluate ml		152Eu		133Ba		60Co		64Cu		59Fe		65Zn		152Eu		133Ba		60Co		64Cu		59Fe		65Zn

		9N HCl		5		112		46		0		0		0		0		0.1919155572		0.0903182737

		9N HCl		10		35435		9998		0		0		0		0		60.7189979266		19.6304804539

		9N HCl		15		21480		22904		0		0		0		0		36.8066622115		44.970646561

		9N HCl		20		1182		9540		0		0		0		0		2.0253945407		18.731224598

		9N HCl		25		134		2458		0		0		0		0		0.2296132559		4.826137323

		9N HCl		30		16		1212		0		0		0		0		0.0274165082		2.3796901691

		9N HCl		35		0		745		0		0		0		0		0		1.4627633465		0

		9N HCl		40		0		558		0		0		0		0				1.0955999293		0		0

		4N HCl		45		0		422		10		2		0		0				0.8285719896		0.0271812993		0.0056954095

		4N HCl		50		0		2865		944		563		0		0				5.6252577016		2.5659146507		1.6032577742

		4N HCl		55		0		147		34509		20345		0		0				0.2886257878		93.7999456374		57.9365531382

		4N HCl		60		0		36		1155		10358		0		0				0.0706838664		3.1394400652		29.4965258002

		4N HCl		65		0		0		161		3562		0		0				0		0.4376189182		10.1435243194		0

		4N HCl		70		0		0		11		263		0		0						0.0298994292		0.7489463492		0

		0.5 N HCl		75		0		0		0		23		10		0						0		0.0654972092		0.0318867383

		0.5 N HCl		80		0		0		0		0		232		0										0.7397723287

		0.5 N HCl		85		0		0		0		0		3256		0										10.3823219923

		0.5 N HCl		90		0		0		0		0		25006		0										79.7359778068

		0.5 N HCl		95								0		2631		0										8.3894008482		0

		0.5 N HCl		100								0		211		0										0.6728101782		0

		0.5 N HCl		105								0		15		32										0.0478301075		0.0927805161

		0.05 NHCl		110												235												0.681356915

		0.05 NHCl		115												3568												10.3450275442

		0.05 NHCl		120												26482												76.7816758481

		0.05 NHCl		125												3256												9.4404175123

		0.05 NHCl		130												896												2.5978544506

		0.05 NHCl		135												21												0.0608872137

						58359		50931		36790		35116		31361		34490
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Separation of Eu, Ba, Co by anion exchange chromatography, Bio-Rad AG1x4, 1x15 cm, 0-40ml:9M HCl, 40-70ml:4M HCl, 70-90ml, 0.05M HCl
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Separation of Eu, Ba, Co by anion exchange chromatography, Bio-Rad AG1x4, 1x15 cm, 0-40ml:9M HCl, 40-70ml:4M HCl, 70-90ml, 0.05M HCl
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Decomposed sample solution
Adjust pH9 using NaOH, centrifuge

Fe(OH)3, Ni(OH)2, M(OH)x

Disolved to 9 mol/l HCl, loading to anion exchange column

Effluent, Ni-63

Washing with 4 mol/l HCl

Eluting with 0.5 mol/l HCl

Washes, Cu, 
Co, etc.

Eluate, Fe-55
Evaporate, disolved with 1M 
HCl, add NH4Citr, NH4OH to 
pH9, loading 

Wash with 0.2 M NH4 citrate

Elute with 3 M HNO3

63Ni
fraction

ICP-AES for Ni

LSC for 63Ni

Evaporate, disolve in 8 M HNO3

55Fe 
fraction

ICP-AES for Fe

LSC for 55Fe

Sample
Stable Ni and Fe carrier/tracer, Cu, Co, Eu, Cr, 
Mn, Zn, Sr hold-back carrier, decompose

AG
 1x-4  

colum
n 

N
i colum

n

Evaporate, disolve in H3PO4

TRU
 

colum
n

Wash with 8M HNO3

Elute with 2 M HNO3

Eluate, Fe-55

Separation 
procedure for 
55Fe and 63Ni

Hou, et al. Anal. Chim. Acta, 2005
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Activity of 55Fe, Bq/g
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General

		name		type		sample		mass (g)		mass of final solution for LSC for Fe (g)		mass of final solution for LSC for Ni (g)		mass of solution for Fe for ICP-AES (g)		mass of  solution for Ni for ICP-AES (g)		Mass of CaCO3 (mg)

		1		graphite		5,5 Iy		0.122		3.047		1.660		20.017		20.024		/

		2		graphite		5,5 Ii		0.164		2.350		1.812		20.097		20.156		/

		3		graphite		7,5 Yi		0.162		3.083		/		20.010		/		/

		4		graphite		7,5 Ii		0.153		2.636		3.458		20.001		20.113		/

		5		graphite		5,5 Yi		0.165		2.122		2.564		20.010		20.033		/

		6		graphite		7,5 Yy		0.220		3.380		1.638		19.991		20.009		/

		7		graphite		5,5 Yy		0.160		3.193		1.697		20.020		20.009		/

		8		graphite		7,5 Iy		0.153		2.898		1.614		20.001		20.012		/

		9		graphite		Sample G		0.161		3.069		1.999		20.102		20.021		/

		10		graphite		7,5 Yi		0.049		2.940		1.663		20.009		20.042		/

		11		graphite		7,5 Iy		0.150		3.025		1.255		20.075		20.002		/

		12		graphite		5,5 Ii		0.149		3.095		1.285		20.009		20.003		/

		13		graphite		7,5 Yy		0.165		2.990		1.532		20.027		20.020		/

		14		graphite		5,5 Iy		0.145		3.004		1.310		20.022		20.020		/

		15		graphite		Sample G		0.185		2.848		1.170		19.989		20.088		/

		16		graphite		5,5 Yy		0.150		3.082		1.710		20.020		20.033		/

		17		graphite		5,5 Yi		0.176		2.792		1.200		20.122		20.018		/

		18		graphite		7,5 Ii		0.168		3.238		1.723		20.077		20.037		/

		19		graph (leaching)		5,5 Yi		0.145		4.012		1.402		20.003		20.025		/

		20		graph (leaching)		5,5 Iy		0.168		2.745		1.675		20.107		20.093		/

		21		graph (leaching)		5,5 Ii		0.136		3.266		1.455		20.217		20.050		/

		22		graph (leaching)		Sample G		0.136		2.914		1.522		20.027		20.057		/

		23		concrete		A7		0.523		3.101		1.714		20.086		20.039		/

		24		concrete		B5		0.518		3.150		1.440		20.022		20.023		/

		25		concrete		A17		1.014		3.245		1.726		20.022		20.014		/

		26		concrete		B6		0.998		3.054		1.805		20.058		20.059		/

		27		concrete		B5		1.005		2.909		1.522		20.044		20.183		/

		28		concrete		A7		0.998		3.202		1.647		20.007		20.040		/

		29		concrete		A6		1.000		3.008		1.596		20.026		20.101		404

		30		concrete		B14		1.002		2.815		2.148		20.013		20.188		442

		31		concrete		B7		1.084		2.790		1.922		20.095		20.008		538

		32		concrete		A4		1.009		2.715		1.558		20.121		20.121		617

		33		concrete		A5		1.040		3.000		2.070		20.019		20.014		447

		34		concrete		A10		1.010		2.772		1.407		20.230		20.013		290

		35		concrete		B8		1.001		2.989		/		20.007		/		383

		36		concrete		A6x		1.005		2.818		1.602		20.010		20.039		405

		37		concrete		B6		0.807		2.920		1.738		20.011		20.027		603

		38		concrete		A17		1.028		2.985		1.676		20.013		20.034		453

		39		concrete		B10		1.029		2.649		1.978		20.007		20.023		602

		40		concrete		B14		1.081		2.821		1.401		20.011		20.013		476

		41		concrete		B10		1.034		2.868		/		20.031		/		618

		42		concrete		A6		0.827		2.753		1.218		20.018		20.036		474

		43		concrete		B7		0.812		2.850		1.801		20.053		20.040		679

		44		concrete		A4		0.753		2.856		1.604		20.013		20.027		746

		45		concrete		A10		1.042		2.746		1.487		20.030		20.034		557

		46		concrete		A5		1.058		2.909		1.715		20.035		20.282		506

		47		concrete		A6x		1.002		2.659		1.907		20.007		20.039		679

		48		concrete		B8		0.969		2.987		1.667		20.051		20.027		613

		49		alu		A1*		0.503		2.932		1.290		20.027		20.032		/

		50		alu		A3*		0.504		2.827		1.970		20.095		20.433		/

		51		alu		B1		0.506		2.720		1.735		20.058		20.115		/

		52		alu		B4		0.442		2.581		2.014		20.083		20.117		/

		53		alu		A1*		0.504		2.734		1.262		20.124		20.035		/

		54		alu		A3*		0.497		2.837		1.830		20.075		20.126		/

		55		alu		B1		0.395		2.727		1.565		20.197		20.096		/

		56		alu		B4		0.337		2.763		1.602		20.041		20.112		/

		57		lead		A2*		0.563		2.785		1.417		20.022		20.051		/

		58		lead		B2*		0.545		2.757		1.883		20.134		20.053		/

		59		lead		A2*		0.539		2.735		1.604		20.152		20.128		/

		60		lead		B2*		0.570		2.780		1.454		20.036		20.117		/

		61		graphite DR3		25		0.013		2.665		1.735		20.114		20.085		/

		62		graphite DR3		29		0.013		2.825		1.510		20.086		20.012		/

		A		seaweed		seaweed		10.173		2.760		1.363		20.010		20.017		/

		B		sediment		sediment		5.007		3.376		1.362		19.992		20.011		/

		C		shell		shell		9.990		3.213		1.482		20.040		20.032		/

		D		sediment		sediment		50.050		/		2.685		/		20.004		/

		E		shell		shell		49.998		3.414		3.569		20.036		20.094		/





Fe55

		name		result ICP (PPM)		recovery %		SQP(E)		C rate ave (cpm)		net C rate (cpm)		efficiency %		real net C rate (cpm)		massic activity (Bq/g)

		1		2.426		73.97		783.52		2.081		0.686		35.90		2.582		0.3528

		2		3.861		91.17		783.94		21.292		19.897		36.00		60.620		6.1605

		3		2.690		82.98		782.55		7.413		6.018		35.70		20.316		2.0902

		4		3.344		88.14		786.54		57.362		55.967		36.60		173.483		18.8980

		5		4.003		84.98		790.82		2.069		0.674		37.55		2.112		0.2134

		6		2.124		71.76		784.49		2.991		1.596		36.15		6.153		0.4662

		7		2.766		88.40		784.99		2.496		1.101		36.25		3.437		0.3580

		8		3.215		93.19		792.34		23.020		21.625		37.95		61.148		6.6610

		9		2.819		86.96		783.41		4.026		2.631		35.85		8.439		0.8736

		10		2.502		73.58		786.05		3.160		1.765		36.45		6.581		2.2384

		11		2.801		85.06		784.02		19.319		17.924		36.00		58.536		6.5040

		12		2.682		83.04		788.03		17.745		16.350		36.95		53.285		5.9603

		13		3.147		94.23		786.24		2.699		1.304		36.50		3.791		0.3829

		14		2.899		87.18		787.24		5.499		4.104		36.75		12.809		1.4723

		15		2.958		84.19		788.76		7.073		5.678		37.10		18.180		1.6379

		16		2.741		84.56		786.90		2.924		1.529		36.70		4.926		0.5474

		17		2.793		78.46		793.19		2.598		1.203		38.20		4.013		0.3800

		18		2.133		69.33		782.39		56.577		55.182		35.60		223.572		22.1798

		19		1.903		76.37		778.49		12.518		11.123		34.70		41.975		4.8247

		20		2.844		78.48		789.13		3.171		1.776		37.20		6.084		0.6035

		21		2.930		96.74		775.59		14.833		13.438		34.05		40.796		4.9995

		22		3.196		93.25		791.01		1.327		-0.068		37.60		-0.193		-0.0237

		23		4.231		97.39		783.43		1.900		0.505		35.85		1.448		0.0461

		24		3.877		90.58		785.24		22.592		21.197		36.30		64.466		2.0742

		25		6.110		100.00		784.66		1.867		0.078		36.45		0.214		0.0035

		26		5.079		92.96		786.90		9.358		7.569		37.00		22.008		0.3675

		27		5.302		92.10		788.19		44.619		42.830		37.25		124.848		2.0704

		28		5.186		99.25		788.79		2.452		0.663		37.40		1.786		0.0298

		29		5.840		100.00		787.31		3.454		1.665		37.07		4.491		0.0748

		30		5.716		96.05		794.82		4.218		2.429		38.85		6.509		0.1083

		31		5.771		93.42		791.85		2.598		0.809		38.15		2.271		0.0349

		32		5.997		97.43		789.89		35.735		33.946		37.70		92.416		1.5265

		33		4.837		85.35		788.28		4.297		2.508		37.30		7.877		0.1262

		34		5.882		98.06		783.89		2.812		1.023		36.25		2.877		0.0475

		35		4.943		88.20		787.95		2.058		0.269		37.20		0.820		0.0137

		36		7.104		100.00		789.70		4.127		2.338		37.60		6.219		0.1031

		37		5.022		94.99		787.74		9.065		7.276		37.20		20.590		0.4252

		38		6.407		100.00		768.85		1.833		0.044		32.50		0.136		0.0022

		39		6.041		94.47		781.06		2.272		0.483		35.40		1.445		0.0234

		40		5.758		93.96		782.00		1.698		-0.091		35.60		-0.271		-0.0042

		41		5.799		98.10		786.91		1.574		-0.215		37.00		-0.591		-0.0095

		42		6.516		100.00		787.76		3.531		1.742		37.20		4.684		0.0944

		43		4.785		88.33		793.13		2.159		0.370		38.40		1.092		0.0224

		44		5.743		100.00		791.29		30.187		28.398		38.00		74.731		1.6541

		45		6.023		97.24		790.68		2.159		0.370		37.85		1.006		0.0161

		46		5.006		85.10		789.11		5.746		3.957		37.50		12.400		0.1953

		47		6.967		100.00		787.58		3.284		1.495		37.15		4.025		0.0669

		48		4.889		88.51		790.80		2.463		0.674		37.90		2.008		0.0345

		49		5.046		86.30		789.30		30.313		28.524		37.70		87.673		2.9050

		50		4.956		81.93		793.39		25.336		23.547		38.70		74.263		2.4558

		51		5.235		82.98		791.88		36.828		35.039		38.35		110.106		3.6267

		52		5.115		81.34		794.13		27.686		25.897		38.85		81.953		3.0902

		53		5.340		85.50		790.54		29.828		28.039		38.00		86.304		2.8540

		54		5.003		83.39		787.87		23.897		22.108		37.40		70.883		2.3770

		55		4.266		75.17		787.92		26.731		24.942		37.40		88.713		3.7432

		56		4.249		79.48		789.69		20.782		18.993		37.83		63.171		3.1242

		57		3.085		65.68		796.29		2.160		0.776		38.90		3.037		0.0899

		58		2.662		56.84		797.05		1.721		0.337		39.30		1.511		0.0462

		59		3.345		71.11		792.94		23.511		22.127		37.90		82.101		2.5387

		60		4.685		99.33		786.76		14.804		13.420		36.60		36.915		1.0794

		61		5.796		155.34		793.39		1012731.573		1012730.189		37.95		1717859.185		2202383.5702

		62		6.327		179.50		790.45		632297.496		632296.112		37.60		936833.748		1201068.9074

		A		7.330		202.42		791.63		2.115		1.915		38.3		2.470		0.0040

		B		10.150		342.53		783.90		3.330		3.130		36.25		2.521		0.0084

		C		4.203		135.31		789.23		1.845		0.461		37.40		0.911		0.0015

		D		/

		E		44.622		1526.15		752.47		32.949		31.565		28.4		7.283		0.0024





Ni63

		name		result ICP (PPM)		recovery %		SQP(E)		C rate ave (cpm)		net C rate (cpm)		efficiency %		real net C rate (cpm)		massic activity (Bq/g)

		1		2.227		74.03		764.00		171.977		169.694		71.46		320.772		43.8213

		2		2.517		91.91		787.13		2839.755		2837.472		74.60		4138.375		420.5665

		4		1.273		88.56		763.85		2197.052		2194.769		71.45		3468.467		377.8286

		5		1.736		89.19		741.84		26.930		24.647		68.26		40.484		4.0893

		6		2.389		78.31		778.12		518.296		516.013		73.30		898.966		68.1035

		7		2.697		91.58		781.37		527.404		525.121		73.70		778.004		81.0421

		8		2.838		91.68		759.01		2494.365		2492.082		70.80		3839.260		418.2200

		9		2.256		90.29		767.16		298.404		296.121		71.90		456.122		47.2176

		10		2.045		68.15		776.15		163.229		160.946		73.05		323.292		109.9632

		11		3.720		93.38		782.90		2077.313		2075.030		73.90		3006.960		334.1066

		12		3.405		87.52		764.39		2224.187		2221.904		71.50		3550.548		397.1530

		13		3.216		98.65		728.73		497.041		494.758		66.20		757.628		76.5280

		14		3.082		80.84		790.47		416.739		414.456		74.70		686.323		78.8877

		15		3.490		82.02		789.21		361.875		359.592		74.60		587.660		52.9423

		16		2.505		85.81		755.55		474.449		472.166		70.30		782.686		86.9652

		17		3.396		81.57		768.62		35.389		33.106		72.10		56.292		5.3307

		18		2.683		92.64		706.68		5039.336		5037.053		62.45		8706.182		863.7085

		19		3.481		97.73		748.50		19.458		17.175		69.30		25.358		2.9148

		20		3.092		100.00		711.60		908.181		905.898		63.30		1431.119		141.9760

		21		3.791		100.00		715.37		3166.852		3164.569		63.95		4948.506		606.4345

		22		3.572		109.04		707.03		488.451		486.168		62.50		713.366		87.4223

		23		2.977		100.00		740.31		4.577		2.294		68.00		3.373		0.1075

		24		3.268		94.24		738.81		25.898		23.615		67.80		36.961		1.1892

		25		2.817		97.30		766.90		4.533		1.821		71.80		2.607		0.0429

		26		2.900		100.00		757.28		16.199		13.487		70.20		19.212		0.3208

		27		3.605		100.00		729.63		89.984		87.272		66.40		131.434		2.1797

		28		3.289		100.00		742.74		4.151		1.439		68.40		2.104		0.0351

		29		3.078		98.76		734.85		28.461		25.749		67.20		38.797		0.6466

		30		2.303		99.89		786.91		3.847		1.135		74.60		1.523		0.0253

		31		2.513		96.65		777.70		13.139		10.427		73.60		14.657		0.2254

		32		2.922		91.60		767.38		322.982		320.270		71.80		486.958		8.0436

		33		1.620		67.11		693.25		66.844		64.132		59.90		159.536		2.5567

		34		2.072		58.35		747.16		9.123		6.411		68.80		15.969		0.2635

		36		2.477		79.50		753.29		46.291		43.579		69.60		78.756		1.3113

		37		3.251		100.00		678.61		10.135		7.423		57.40		12.933		0.2145

		38		2.703		90.76		743.14		3.566		0.854		68.40		1.376		0.0284

		39		1.200		47.54		782.36		3.319		0.607		74.00		1.724		0.0280

		40		1.652		46.31		796.09		3.487		0.775		75.80		2.208		0.0358

		42		2.184		53.30		766.29		13.780		11.068		71.70		28.961		0.4465

		43		0.626		22.60		726.06		4.893		2.181		65.60		14.712		0.2371

		44		2.928		94.07		759.11		36.740		34.028		70.60		51.236		1.0326

		45		3.237		96.44		729.05		6.243		3.531		66.20		5.531		0.1135

		46		2.579		89.70		714.52		19.574		16.424		63.60		28.788		0.6372

		47		2.511		95.97		732.35		6.705		3.555		66.60		5.561		0.0889

		48		2.797		93.38		729.52		4.107		0.957		66.20		1.548		0.0244

		49		3.961		90.93		749.06		190.228		187.078		69.40		296.439		4.9308

		50		2.720		97.23		722.48		167.212		164.062		65.00		259.590		4.4649

		51		2.778		86.05		770.96		252.282		249.132		72.40		399.866		13.2494

		52		2.436		88.87		723.56		205.798		202.648		65.20		349.734		11.5653

		53		3.990		89.60		765.91		201.963		198.813		71.90		308.611		10.1651

		54		2.893		94.78		760.80		191.714		188.564		71.00		280.211		10.5660

		55		2.903		83.09		735.35		167.740		164.590		67.20		294.777		9.7479

		56		3.155		93.76		694.78		141.360		138.210		60.00		245.677		8.2387

		57		0.104		2.66		749.75		4.646		2.216		69.10		120.674		5.0917

		58		1.859		63.29		721.61		3.926		1.496		64.80		3.648		0.1804

		59		0.222		6.48		772.73		6.457		4.027		72.80		85.395		2.5280

		60		0.306		8.05		782.35		11.485		9.055		74.10		151.870		4.6443

		61		3.142		109.50		696.19		4964.173		4961.743		60.50		7489.700		231.5925

		62		3.529		106.64		733.68		2458.820		2456.390		66.80		3448.242		100.8258

		A		1.693		46.18		755.37		4.073		1.249		70.30		3.847		4.9323

		B		2.850		77.68		763.37		4.567		1.743		71.40		3.143		4.0295

		C		2.396		71.14		706.95		3.521		1.091		62.40		2.458		0.0040

		D		1.449		77.83		755.97		5.017		2.587		70.00		4.749		0.0158

		E		4.141		296.97		721.70		7.008		4.578		64.80		2.379		0.0040





Ca41

		name		Mass of CaCO3 (mg)		Mass of Ca (mg)		recovery (%)		SQP(E)		C rate ave (cpm)		net C rate (cpm)		efficiency %		real net C rate (cpm)		massic activity (Bq/g)

		29		404		161.6		57.90		784.85		4.633		3.193		36.25		15.213		0.2536

		30		442		176.8		63.31		785.72		2.125		0.685		36.50		2.966		0.0493

		31		538		215.2		75.31		778.67		2.958		1.518		34.75		5.798		0.0892

		32		617		246.8		88.20		759.85		55.128		53.688		30.50		199.570		3.2965

		33		447		178.8		63.34		784.73		9.289		7.849		36.25		34.180		0.5478

		34		290		116		41.44		777.88		1.855		0.415		34.75		2.885		0.0476

		35		383		153.2		54.88		785.56		1.754		0.314		36.50		1.569		0.0261

		36		405		162		57.96		788.29		4.757		3.317		37.00		15.466		0.2565

		37		603		241.2		91.42		765.48		12.788		11.348		31.75		39.094		0.8074

		38		453		181.2		64.41		776.95		1.664		0.224		34.50		1.009		0.0164

		39		602		240.8		85.57		695.06		1.766		0.326		17.30		2.199		0.0356

		40		476		190.4		66.69		744.74		1.394		-0.046		26.90		-0.254		-0.0039

		41		618		247.2		87.73		750.50		2.328		0.888		28.25		3.582		0.0577

		42		474		189.6		71.44		748.14		4.128		2.688		27.65		13.607		0.2742

		43		679		271.6		100.00		758.94		2.317		0.877		30.25		2.898		0.0595

		44		746		298.4		100.00		775.06		54.598		53.158		34.00		156.347		3.4605

		45		557		222.8		78.89		757.58		1.766		0.326		29.75		1.387		0.0222

		46		506		202.4		71.35		770.31		8.940		7.500		32.75		32.098		0.5056

		47		679		271.6		97.26		761.80		4.588		3.148		30.75		10.526		0.1751

		48		613		245.2		88.63		786.28		1.743		0.303		36.60		0.934		0.0161





Graph

		number		sample		55Fe Bq/g		63Ni Bq/g

		1		5,5 Iy		0.3528		43.8213

		2		5,5 Ii		6.1605		420.5665

		3		7,5 Yi		2.0902

		4		7,5 Ii		18.8980		377.8286

		5		5,5 Yi		0.2134		4.0893

		6		7,5 Yy		0.4662		68.1035

		7		5,5 Yy		0.3580		81.0421

		8		7,5 Iy		6.6610		418.2200

		9		Sample G		0.8736		47.2176

		10		7,5 Yi		2.2384		109.9632

		11		7,5 Iy		6.5040		334.1066

		12		5,5 Ii		5.9603		397.1530

		13		7,5 Yy		0.3829		76.5280

		14		5,5 Iy		1.4723		78.8877

		15		Sample G		1.6379		52.9423

		16		5,5 Yy		0.5474		86.9652

		17		5,5 Yi		0.3800		5.3307

		18		7,5 Ii		22.1798		863.7085

		leached :

		19		5,5 Yi		4.8247		2.9148

		20		5,5 Iy		0.6035		141.9760

		21		5,5 Ii		4.9995		548.3938

		22		Sample G		-0.0237		87.4223

				55Fe Bq/g

		sample		1		2		ave		sd		sd %

		5,5 Iy		0.3528		1.4723		0.9126		0.7916		86.75%

		5,5 Ii		6.1605		5.9603		6.0604		0.1416		2.34%

		7,5 Yi		2.0902		2.2384		2.1643		0.1048		4.84%

		7,5 Ii		18.8980		22.1798		20.5389		2.3206		11.30%

		5,5 Yi		0.2134		0.3800		0.2967		0.1178		39.71%

		7,5 Yy		0.4662		0.3829		0.4246		0.0588		13.86%

		5,5 Yy		0.3580		0.5474		0.4527		0.1339		29.57%

		7,5 Iy		6.6610		6.5040		6.5825		0.1110		1.69%

		Sample G		0.8736		1.6379		1.2558		0.5404		43.03%

				63Ni Bq/g

		sample		1		2		ave		sd		sd %

		5,5 Iy		43.8213		78.8877		61.3545		24.7957		40.41%

		5,5 Ii		420.5665		397.1530		408.8598		16.5558		4.05%

		7,5 Yi		109.9632				109.9632

		7,5 Ii		377.8286		863.7085		620.7686		343.5690		55.35%

		5,5 Yi		4.0893		5.3307		4.7100		0.8778		18.64%

		7,5 Yy		68.1035		76.5280		72.3158		5.9570		8.24%

		5,5 Yy		81.0421		86.9652		84.0036		4.1882		4.99%

		7,5 Iy		418.2200		334.1066		376.1633		59.4771		15.81%

		Sample G		47.2176		52.9423		50.0799		4.0480		8.08%





Sheet1

		

						Distance		Massic acivity (Bq/g)

				Sample n°		to the center		55Fe				63Ni				41Ca

						(cm)		2004		1975		2004		1975		2004		1975

				A4*		108.5		1.5903		2876.6901		4.5381		5.5473		3.3785		3.3791

				A5*		130		0.1608		290.8575		1.5969		1.9521		0.5267		0.5268

				A6*		143.5		0.0846		153.0653		0.5466		0.6681		0.2639		0.2639

				A6*x		143.5		0.0850		153.8328		0.7001		0.8558		0.2158		0.2158

				A7*		170.3		0.0380		68.7097		0.0713		0.0872				0.0000

				A10*		203		0.0318		57.4940		0.0485		0.0593		0.0349		0.0349

				A17*		286		0.0029		5.1826		0.0356		0.0436		0.0164		0.0164

				B5*		108.5		2.0723		3748.6175		3.6845		4.5039				0.0000

				B6*		127.5		0.3964		717.0190		1.2677		1.5496		0.8074		0.8075

				B7*		155.3		0.0287		51.8487		0.2313		0.2827		0.0743		0.0743

				B8*		189.4		0.0241		43.5968		0.0244		0.0298		0.0211		0.0211

				B10*		226.5		0.0117		21.1641		0.0280		0.0342		0.0467		0.0467

				B14*		306.5		0.0041		7.4827		0.0306		0.0374		0.0227		0.0227
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Alu

		number		sample		55Fe Bq/g		63Ni Bq/g		41Ca Bq/g

		23		A7		0.0461		0.1075

		24		B5		2.0742		1.1892

		25		A17		0.0035		0.0429

		26		B6		0.3675		0.3208

		27		B5		2.0704		2.1797

		28		A7		0.0298		0.0351

		29		A6		0.0748		0.6466		0.2536

		30		B14		0.1083		0.0253		0.0493

		31		B7		0.0349		0.2254		0.0892

		32		A4		1.5265		8.0436		3.2965

		33		A5		0.1262		2.5567		0.5478

		34		A10		0.0475		0.2635		0.0476

		35		B8		0.0137				0.0261

		36		A6x		0.1031		1.3113		0.2565

		37		B6		0.4252		0.2145		0.8074

		38		A17		0.0022		0.0284		0.0164

		39		B10		0.0234		0.0280		0.0356

		40		B14		-0.0042		0.0358		-0.0039

		41		B10		-0.0095				0.0577

		42		A6		0.0944		0.4465		0.2742

		43		B7		0.0224		0.2371		0.0595

		44		A4		1.6541		1.0326		3.4605

		45		A10		0.0161		0.1135		0.0222

		46		A5		0.1953		0.6372		0.5056

		47		A6x		0.0669		0.0889		0.1751

		48		B8		0.0345		0.0244		0.0161

				55Fe Bq/g

		sample		1		2		ave		sd		sd %

		A4		1.5265		1.6541		1.5903		0.0902		5.67%

		A5		0.1262		0.1953		0.1608		0.0489		30.39%

		A6		0.0748		0.0944		0.0846		0.0138		16.34%

		A6x		0.1031		0.0669		0.0850		0.0256		30.09%

		A7		0.0461		0.0298		0.0380		0.0115		30.36%

		A10		0.0475		0.0161		0.0318		0.0222		69.82%

		A17		0.0035		0.0022		0.0029		0.0009		32.60%

		B5		2.0742		2.0704		2.0723		0.0027		0.13%

		B6		0.3675		0.4252		0.3964		0.0408		10.30%

		B7		0.0349		0.0224		0.0287		0.0088		30.83%

		B8		0.0137		0.0345		0.0241		0.0148		61.28%

		B10		0.0234		0.0000		0.0117		0.0165		141.42%

		B14		0.1083		0.0000		0.0541		0.0766		141.42%

				63Ni Bq/g

		sample		1		2		ave		sd		sd %

		A4		8.0436		1.0326		4.5381		4.9575		109.24%

		A5		2.5567		0.6372		1.5969		1.3573		84.99%

		A6		0.6466		0.4465		0.5466		0.1415		25.89%

		A6x		1.3113		0.0889		0.7001		0.8643		123.45%

		A7		0.1075		0.0351		0.0713		0.0512		71.75%

		A10		0.2635		0.1135		0.1885		0.1061		56.26%

		A17		0.0429		0.0284		0.0356		0.0102		28.66%

		B5		1.1892		2.1797		1.6845		0.7003		41.58%

		B6		0.3208		0.2145		0.2677		0.0752		28.10%

		B7		0.2254		0.2371		0.2313		0.0083		3.60%

		B8		0.0244				0.0244

		B10		0.0280				0.0280

		B14		0.0253		0.0358		0.0306		0.0074		24.14%

				41Ca Bq/g

		sample		1		2		ave		sd		sd %

		A4		3.2965		3.4605		3.3785		0.1160		3.43%

		A5		0.5478		0.5056		0.5267		0.0298		5.65%

		A6		0.2536		0.2742		0.2639		0.0146		5.54%

		A6x		0.2565		0.1751		0.2158		0.0576		26.67%

		A7

		A10		0.0476		0.0222		0.0349		0.0180		51.51%

		A17		0.0164				0.0164

		B5

		B6		0.8074				0.8074

		B7		0.0892		0.0595		0.0743		0.0210		28.24%

		B8		0.0261		0.0161		0.0211		0.0071		33.71%

		B10		0.0356		0.0577		0.0467		0.0156		33.52%

		B14		0.0493		-0.0039		0.0227		0.0376		165.82%

				Distance		Massic acivity (Bq/g)

		Sample n°		to the center		55Fe				63Ni				41Ca

				(cm)		2004		1975		2004		1975		2004		1975				ln Fe 75		ln Ni 75

		A4*		108.5		1.5903		2876.6901		4.5381		5.5473		3.3785		3.3791				7.964395652		1.7133137355

		A5*		130		0.1608		290.8575		1.5969		1.9521		0.5267		0.5268				5.6728332879		0.6688945502

		A6*		143.5		0.0846		153.0653		0.5466		0.6681		0.2639		0.2639				5.0308645378		-0.4032872364

		A6*x		143.5		0.0850		153.8328		0.7001		0.8558		0.2158		0.2158				5.0358661244		-0.1556968774

		A7*		170.3		0.0380		68.7097		0.0713		0.0872				0.0000				4.2298910146		-2.439811092

		A10*		203		0.0318		57.4940		0.1885		0.2304		0.0349		0.0349				4.0516803922		-1.4677234392

		A17*		286		0.0029		5.1826		0.0356		0.0436		0.0164		0.0164				1.6453091837		-3.1336898708

		B5*		108.5		2.0723		3748.6175		1.6845		2.0591				0.0000				8.2291423729		0.722251295

		B6*		127.5		0.3964		717.0190		0.2677		0.3272		0.8074		0.8075				6.5751023265		-1.117230868

		B7*		155.3		0.0287		51.8487		0.2313		0.2827		0.0743		0.0743				3.9483290404		-1.2634349158

		B8*		189.4		0.0241		43.5968		0.0244		0.0298		0.0211		0.0211				3.7749837475		-3.5131573097

		B10*		226.5		0.0117		21.1641		0.0280		0.0342		0.0467		0.0467				3.0523042486		-3.3765117562

		B14*		306.5		0.0541		97.9276		0.0306		0.0374		0.0227		0.0227				4.5842286565		-3.2873971741
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		number		sample		55Fe Bq/g		63Ni Bq/g

		49		A1*		2.9050		4.9308

		50		A3*		2.4558		4.4649

		51		B1		3.6267		13.2494

		52		B4		3.0902		11.5653

		53		A1*		2.8540		10.1651

		54		A3*		2.3770		10.5660

		55		B1		3.7432		9.7479

		56		B4		3.1242		8.2387

				55Fe Bq/g

		sample		1		2		ave		sd		sd %

		A1*		2.9050		2.8540		2.8795		0.0361		1.25%

		A3*		2.4558		2.3770		2.4164		0.0557		2.30%

		B1		3.6267		3.7432		3.6849		0.0824		2.24%

		B4		3.0902		3.1242		3.1072		0.0240		0.77%

				63Ni Bq/g

		sample		1		2		ave		sd		sd %

		A1*		4.9308		10.1651		7.5479		3.7012		49.04%

		A3*		4.4649		10.5660		7.5155		4.3142		57.40%

		B1		13.2494		9.7479		11.4986		2.4759		21.53%

		B4		11.5653		8.2387		9.9020		2.3523		23.76%





		number		sample		55Fe Bq/g		63Ni Bq/g

		57		A2*		0.0899		5.0917

		58		B2*		0.0462		0.1804

		59		A2*		2.5387		2.5280

		60		B2*		1.0794		4.6443

				55Fe Bq/g

		sample		1		2		ave		sd		sd %

		A2*		0.0899		2.5387		1.3143		1.7316		131.75%

		B2*		0.0462		1.0794		0.5628		0.7306		129.81%

				63Ni Bq/g

		sample		1		2		ave		sd		sd %

		A2*		5.0917		2.5280		3.8099		1.8128		47.58%

		B2*		0.1804		4.6443		2.4124		3.1565		130.85%





		chemical recovery results are unstisfactory !!!

		number		sample		55Fe Bq/g		63Ni Bq/g

		61		Graph. DR3 25		2202383.5702		231.5925

		62		Graph. DR3 29		1201068.9074		100.8258

		A		seaweed		0.0040		4.9323

		B		sediment		0.0084		4.0295

		C		shell		0.0015		0.0040

		D		sediment				0.0158

		E		shell		0.0024		0.0040
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General

		name		type		sample		mass (g)		mass of final solution for LSC for Fe (g)		mass of final solution for LSC for Ni (g)		mass of solution for Fe for ICP-AES (g)		mass of  solution for Ni for ICP-AES (g)		Mass of CaCO3 (mg)

		1		graphite		5,5 Iy		0.122		3.047		1.660		20.017		20.024		/

		2		graphite		5,5 Ii		0.164		2.350		1.812		20.097		20.156		/

		3		graphite		7,5 Yi		0.162		3.083		/		20.010		/		/

		4		graphite		7,5 Ii		0.153		2.636		3.458		20.001		20.113		/

		5		graphite		5,5 Yi		0.165		2.122		2.564		20.010		20.033		/

		6		graphite		7,5 Yy		0.220		3.380		1.638		19.991		20.009		/

		7		graphite		5,5 Yy		0.160		3.193		1.697		20.020		20.009		/

		8		graphite		7,5 Iy		0.153		2.898		1.614		20.001		20.012		/

		9		graphite		Sample G		0.161		3.069		1.999		20.102		20.021		/

		10		graphite		7,5 Yi		0.049		2.940		1.663		20.009		20.042		/

		11		graphite		7,5 Iy		0.150		3.025		1.255		20.075		20.002		/

		12		graphite		5,5 Ii		0.149		3.095		1.285		20.009		20.003		/

		13		graphite		7,5 Yy		0.165		2.990		1.532		20.027		20.020		/

		14		graphite		5,5 Iy		0.145		3.004		1.310		20.022		20.020		/

		15		graphite		Sample G		0.185		2.848		1.170		19.989		20.088		/

		16		graphite		5,5 Yy		0.150		3.082		1.710		20.020		20.033		/

		17		graphite		5,5 Yi		0.176		2.792		1.200		20.122		20.018		/

		18		graphite		7,5 Ii		0.168		3.238		1.723		20.077		20.037		/

		19		graph (leaching)		5,5 Yi		0.145		4.012		1.402		20.003		20.025		/

		20		graph (leaching)		5,5 Iy		0.168		2.745		1.675		20.107		20.093		/

		21		graph (leaching)		5,5 Ii		0.136		3.266		1.455		20.217		20.050		/

		22		graph (leaching)		Sample G		0.136		2.914		1.522		20.027		20.057		/

		23		concrete		A7		0.523		3.101		1.714		20.086		20.039		/

		24		concrete		B5		0.518		3.150		1.440		20.022		20.023		/

		25		concrete		A17		1.014		3.245		1.726		20.022		20.014		/

		26		concrete		B6		0.998		3.054		1.805		20.058		20.059		/

		27		concrete		B5		1.005		2.909		1.522		20.044		20.183		/

		28		concrete		A7		0.998		3.202		1.647		20.007		20.040		/

		29		concrete		A6		1.000		3.008		1.596		20.026		20.101		404

		30		concrete		B14		1.002		2.815		2.148		20.013		20.188		442

		31		concrete		B7		1.084		2.790		1.922		20.095		20.008		538

		32		concrete		A4		1.009		2.715		1.558		20.121		20.121		617

		33		concrete		A5		1.040		3.000		2.070		20.019		20.014		447

		34		concrete		A10		1.010		2.772		1.407		20.230		20.013		290

		35		concrete		B8		1.001		2.989		/		20.007		/		383

		36		concrete		A6x		1.005		2.818		1.602		20.010		20.039		405

		37		concrete		B6		0.807		2.920		1.738		20.011		20.027		603

		38		concrete		A17		1.028		2.985		1.676		20.013		20.034		453

		39		concrete		B10		1.029		2.649		1.978		20.007		20.023		602

		40		concrete		B14		1.081		2.821		1.401		20.011		20.013		476

		41		concrete		B10		1.034		2.868		/		20.031		/		618

		42		concrete		A6		0.827		2.753		1.218		20.018		20.036		474

		43		concrete		B7		0.812		2.850		1.801		20.053		20.040		679

		44		concrete		A4		0.753		2.856		1.604		20.013		20.027		746

		45		concrete		A10		1.042		2.746		1.487		20.030		20.034		557

		46		concrete		A5		1.058		2.909		1.715		20.035		20.282		506

		47		concrete		A6x		1.002		2.659		1.907		20.007		20.039		679

		48		concrete		B8		0.969		2.987		1.667		20.051		20.027		613

		49		alu		A1*		0.503		2.932		1.290		20.027		20.032		/

		50		alu		A3*		0.504		2.827		1.970		20.095		20.433		/

		51		alu		B1		0.506		2.720		1.735		20.058		20.115		/

		52		alu		B4		0.442		2.581		2.014		20.083		20.117		/

		53		alu		A1*		0.504		2.734		1.262		20.124		20.035		/

		54		alu		A3*		0.497		2.837		1.830		20.075		20.126		/

		55		alu		B1		0.395		2.727		1.565		20.197		20.096		/

		56		alu		B4		0.337		2.763		1.602		20.041		20.112		/

		57		lead		A2*		0.563		2.785		1.417		20.022		20.051		/

		58		lead		B2*		0.545		2.757		1.883		20.134		20.053		/

		59		lead		A2*		0.539		2.735		1.604		20.152		20.128		/

		60		lead		B2*		0.570		2.780		1.454		20.036		20.117		/

		61		graphite DR3		25		0.013		2.665		1.735		20.114		20.085		/

		62		graphite DR3		29		0.013		2.825		1.510		20.086		20.012		/

		A		seaweed		seaweed		10.173		2.760		1.363		20.010		20.017		/

		B		sediment		sediment		5.007		3.376		1.362		19.992		20.011		/

		C		shell		shell		9.990		3.213		1.482		20.040		20.032		/

		D		sediment		sediment		50.050		/		2.685		/		20.004		/

		E		shell		shell		49.998		3.414		3.569		20.036		20.094		/





Fe55

		name		result ICP (PPM)		recovery %		SQP(E)		C rate ave (cpm)		net C rate (cpm)		efficiency %		real net C rate (cpm)		massic activity (Bq/g)

		1		2.426		73.97		783.52		2.081		0.686		35.90		2.582		0.3528

		2		3.861		91.17		783.94		21.292		19.897		36.00		60.620		6.1605

		3		2.690		82.98		782.55		7.413		6.018		35.70		20.316		2.0902

		4		3.344		88.14		786.54		57.362		55.967		36.60		173.483		18.8980

		5		4.003		84.98		790.82		2.069		0.674		37.55		2.112		0.2134

		6		2.124		71.76		784.49		2.991		1.596		36.15		6.153		0.4662

		7		2.766		88.40		784.99		2.496		1.101		36.25		3.437		0.3580

		8		3.215		93.19		792.34		23.020		21.625		37.95		61.148		6.6610

		9		2.819		86.96		783.41		4.026		2.631		35.85		8.439		0.8736

		10		2.502		73.58		786.05		3.160		1.765		36.45		6.581		2.2384

		11		2.801		85.06		784.02		19.319		17.924		36.00		58.536		6.5040

		12		2.682		83.04		788.03		17.745		16.350		36.95		53.285		5.9603

		13		3.147		94.23		786.24		2.699		1.304		36.50		3.791		0.3829

		14		2.899		87.18		787.24		5.499		4.104		36.75		12.809		1.4723

		15		2.958		84.19		788.76		7.073		5.678		37.10		18.180		1.6379

		16		2.741		84.56		786.90		2.924		1.529		36.70		4.926		0.5474

		17		2.793		78.46		793.19		2.598		1.203		38.20		4.013		0.3800

		18		2.133		69.33		782.39		56.577		55.182		35.60		223.572		22.1798

		19		1.903		76.37		778.49		12.518		11.123		34.70		41.975		4.8247

		20		2.844		78.48		789.13		3.171		1.776		37.20		6.084		0.6035

		21		2.930		96.74		775.59		14.833		13.438		34.05		40.796		4.9995

		22		3.196		93.25		791.01		1.327		-0.068		37.60		-0.193		-0.0237

		23		4.231		97.39		783.43		1.900		0.505		35.85		1.448		0.0461

		24		3.877		90.58		785.24		22.592		21.197		36.30		64.466		2.0742

		25		6.110		100.00		784.66		1.867		0.078		36.45		0.214		0.0035

		26		5.079		92.96		786.90		9.358		7.569		37.00		22.008		0.3675

		27		5.302		92.10		788.19		44.619		42.830		37.25		124.848		2.0704

		28		5.186		99.25		788.79		2.452		0.663		37.40		1.786		0.0298

		29		5.840		100.00		787.31		3.454		1.665		37.07		4.491		0.0748

		30		5.716		96.05		794.82		4.218		2.429		38.85		6.509		0.1083

		31		5.771		93.42		791.85		2.598		0.809		38.15		2.271		0.0349

		32		5.997		97.43		789.89		35.735		33.946		37.70		92.416		1.5265

		33		4.837		85.35		788.28		4.297		2.508		37.30		7.877		0.1262

		34		5.882		98.06		783.89		2.812		1.023		36.25		2.877		0.0475

		35		4.943		88.20		787.95		2.058		0.269		37.20		0.820		0.0137

		36		7.104		100.00		789.70		4.127		2.338		37.60		6.219		0.1031

		37		5.022		94.99		787.74		9.065		7.276		37.20		20.590		0.4252

		38		6.407		100.00		768.85		1.833		0.044		32.50		0.136		0.0022

		39		6.041		94.47		781.06		2.272		0.483		35.40		1.445		0.0234

		40		5.758		93.96		782.00		1.698		-0.091		35.60		-0.271		-0.0042

		41		5.799		98.10		786.91		1.574		-0.215		37.00		-0.591		-0.0095

		42		6.516		100.00		787.76		3.531		1.742		37.20		4.684		0.0944

		43		4.785		88.33		793.13		2.159		0.370		38.40		1.092		0.0224

		44		5.743		100.00		791.29		30.187		28.398		38.00		74.731		1.6541

		45		6.023		97.24		790.68		2.159		0.370		37.85		1.006		0.0161

		46		5.006		85.10		789.11		5.746		3.957		37.50		12.400		0.1953

		47		6.967		100.00		787.58		3.284		1.495		37.15		4.025		0.0669

		48		4.889		88.51		790.80		2.463		0.674		37.90		2.008		0.0345

		49		5.046		86.30		789.30		30.313		28.524		37.70		87.673		2.9050

		50		4.956		81.93		793.39		25.336		23.547		38.70		74.263		2.4558

		51		5.235		82.98		791.88		36.828		35.039		38.35		110.106		3.6267

		52		5.115		81.34		794.13		27.686		25.897		38.85		81.953		3.0902

		53		5.340		85.50		790.54		29.828		28.039		38.00		86.304		2.8540

		54		5.003		83.39		787.87		23.897		22.108		37.40		70.883		2.3770

		55		4.266		75.17		787.92		26.731		24.942		37.40		88.713		3.7432

		56		4.249		79.48		789.69		20.782		18.993		37.83		63.171		3.1242

		57		3.085		65.68		796.29		2.160		0.776		38.90		3.037		0.0899

		58		2.662		56.84		797.05		1.721		0.337		39.30		1.511		0.0462

		59		3.345		71.11		792.94		23.511		22.127		37.90		82.101		2.5387

		60		4.685		99.33		786.76		14.804		13.420		36.60		36.915		1.0794

		61		5.796		155.34		793.39		1012731.573		1012730.189		37.95		1717859.185		2202383.5702

		62		6.327		179.50		790.45		632297.496		632296.112		37.60		936833.748		1201068.9074

		A		7.330		202.42		791.63		2.115		1.915		38.3		2.470		0.0040

		B		10.150		342.53		783.90		3.330		3.130		36.25		2.521		0.0084

		C		4.203		135.31		789.23		1.845		0.461		37.40		0.911		0.0015

		D		/

		E		44.622		1526.15		752.47		32.949		31.565		28.4		7.283		0.0024





Ni63

		name		result ICP (PPM)		recovery %		SQP(E)		C rate ave (cpm)		net C rate (cpm)		efficiency %		real net C rate (cpm)		massic activity (Bq/g)

		1		2.227		74.03		764.00		171.977		169.694		71.46		320.772		43.8213

		2		2.517		91.91		787.13		2839.755		2837.472		74.60		4138.375		420.5665

		4		1.273		88.56		763.85		2197.052		2194.769		71.45		3468.467		377.8286

		5		1.736		89.19		741.84		26.930		24.647		68.26		40.484		4.0893

		6		2.389		78.31		778.12		518.296		516.013		73.30		898.966		68.1035

		7		2.697		91.58		781.37		527.404		525.121		73.70		778.004		81.0421

		8		2.838		91.68		759.01		2494.365		2492.082		70.80		3839.260		418.2200

		9		2.256		90.29		767.16		298.404		296.121		71.90		456.122		47.2176

		10		2.045		68.15		776.15		163.229		160.946		73.05		323.292		109.9632

		11		3.720		93.38		782.90		2077.313		2075.030		73.90		3006.960		334.1066

		12		3.405		87.52		764.39		2224.187		2221.904		71.50		3550.548		397.1530

		13		3.216		98.65		728.73		497.041		494.758		66.20		757.628		76.5280

		14		3.082		80.84		790.47		416.739		414.456		74.70		686.323		78.8877

		15		3.490		82.02		789.21		361.875		359.592		74.60		587.660		52.9423

		16		2.505		85.81		755.55		474.449		472.166		70.30		782.686		86.9652

		17		3.396		81.57		768.62		35.389		33.106		72.10		56.292		5.3307

		18		2.683		92.64		706.68		5039.336		5037.053		62.45		8706.182		863.7085

		19		3.481		97.73		748.50		19.458		17.175		69.30		25.358		2.9148

		20		3.092		100.00		711.60		908.181		905.898		63.30		1431.119		141.9760

		21		3.791		100.00		715.37		3166.852		3164.569		63.95		4948.506		606.4345

		22		3.572		109.04		707.03		488.451		486.168		62.50		713.366		87.4223

		23		2.977		100.00		740.31		4.577		2.294		68.00		3.373		0.1075

		24		3.268		94.24		738.81		25.898		23.615		67.80		36.961		1.1892

		25		2.817		97.30		766.90		4.533		1.821		71.80		2.607		0.0429

		26		2.900		100.00		757.28		16.199		13.487		70.20		19.212		0.3208

		27		3.605		100.00		729.63		89.984		87.272		66.40		131.434		2.1797

		28		3.289		100.00		742.74		4.151		1.439		68.40		2.104		0.0351

		29		3.078		98.76		734.85		28.461		25.749		67.20		38.797		0.6466

		30		2.303		99.89		786.91		3.847		1.135		74.60		1.523		0.0253

		31		2.513		96.65		777.70		13.139		10.427		73.60		14.657		0.2254

		32		2.922		91.60		767.38		322.982		320.270		71.80		486.958		8.0436

		33		1.620		67.11		693.25		66.844		64.132		59.90		159.536		2.5567

		34		2.072		58.35		747.16		9.123		6.411		68.80		15.969		0.2635

		36		2.477		79.50		753.29		46.291		43.579		69.60		78.756		1.3113

		37		3.251		100.00		678.61		10.135		7.423		57.40		12.933		0.2145

		38		2.703		90.76		743.14		3.566		0.854		68.40		1.376		0.0284

		39		1.200		47.54		782.36		3.319		0.607		74.00		1.724		0.0280

		40		1.652		46.31		796.09		3.487		0.775		75.80		2.208		0.0358

		42		2.184		53.30		766.29		13.780		11.068		71.70		28.961		0.4465

		43		0.626		22.60		726.06		4.893		2.181		65.60		14.712		0.2371

		44		2.928		94.07		759.11		36.740		34.028		70.60		51.236		1.0326

		45		3.237		96.44		729.05		6.243		3.531		66.20		5.531		0.1135

		46		2.579		89.70		714.52		19.574		16.424		63.60		28.788		0.6372

		47		2.511		95.97		732.35		6.705		3.555		66.60		5.561		0.0889

		48		2.797		93.38		729.52		4.107		0.957		66.20		1.548		0.0244

		49		3.961		90.93		749.06		190.228		187.078		69.40		296.439		4.9308

		50		2.720		97.23		722.48		167.212		164.062		65.00		259.590		4.4649

		51		2.778		86.05		770.96		252.282		249.132		72.40		399.866		13.2494

		52		2.436		88.87		723.56		205.798		202.648		65.20		349.734		11.5653

		53		3.990		89.60		765.91		201.963		198.813		71.90		308.611		10.1651

		54		2.893		94.78		760.80		191.714		188.564		71.00		280.211		10.5660

		55		2.903		83.09		735.35		167.740		164.590		67.20		294.777		9.7479

		56		3.155		93.76		694.78		141.360		138.210		60.00		245.677		8.2387

		57		0.104		2.66		749.75		4.646		2.216		69.10		120.674		5.0917

		58		1.859		63.29		721.61		3.926		1.496		64.80		3.648		0.1804

		59		0.222		6.48		772.73		6.457		4.027		72.80		85.395		2.5280

		60		0.306		8.05		782.35		11.485		9.055		74.10		151.870		4.6443

		61		3.142		109.50		696.19		4964.173		4961.743		60.50		7489.700		231.5925

		62		3.529		106.64		733.68		2458.820		2456.390		66.80		3448.242		100.8258

		A		1.693		46.18		755.37		4.073		1.249		70.30		3.847		4.9323

		B		2.850		77.68		763.37		4.567		1.743		71.40		3.143		4.0295

		C		2.396		71.14		706.95		3.521		1.091		62.40		2.458		0.0040

		D		1.449		77.83		755.97		5.017		2.587		70.00		4.749		0.0158

		E		4.141		296.97		721.70		7.008		4.578		64.80		2.379		0.0040





Ca41

		name		Mass of CaCO3 (mg)		Mass of Ca (mg)		recovery (%)		SQP(E)		C rate ave (cpm)		net C rate (cpm)		efficiency %		real net C rate (cpm)		massic activity (Bq/g)

		29		404		161.6		57.90		784.85		4.633		3.193		36.25		15.213		0.2536

		30		442		176.8		63.31		785.72		2.125		0.685		36.50		2.966		0.0493

		31		538		215.2		75.31		778.67		2.958		1.518		34.75		5.798		0.0892

		32		617		246.8		88.20		759.85		55.128		53.688		30.50		199.570		3.2965

		33		447		178.8		63.34		784.73		9.289		7.849		36.25		34.180		0.5478

		34		290		116		41.44		777.88		1.855		0.415		34.75		2.885		0.0476

		35		383		153.2		54.88		785.56		1.754		0.314		36.50		1.569		0.0261

		36		405		162		57.96		788.29		4.757		3.317		37.00		15.466		0.2565

		37		603		241.2		91.42		765.48		12.788		11.348		31.75		39.094		0.8074

		38		453		181.2		64.41		776.95		1.664		0.224		34.50		1.009		0.0164

		39		602		240.8		85.57		695.06		1.766		0.326		17.30		2.199		0.0356

		40		476		190.4		66.69		744.74		1.394		-0.046		26.90		-0.254		-0.0039

		41		618		247.2		87.73		750.50		2.328		0.888		28.25		3.582		0.0577

		42		474		189.6		71.44		748.14		4.128		2.688		27.65		13.607		0.2742

		43		679		271.6		100.00		758.94		2.317		0.877		30.25		2.898		0.0595

		44		746		298.4		100.00		775.06		54.598		53.158		34.00		156.347		3.4605

		45		557		222.8		78.89		757.58		1.766		0.326		29.75		1.387		0.0222

		46		506		202.4		71.35		770.31		8.940		7.500		32.75		32.098		0.5056

		47		679		271.6		97.26		761.80		4.588		3.148		30.75		10.526		0.1751

		48		613		245.2		88.63		786.28		1.743		0.303		36.60		0.934		0.0161





Graph

		number		sample		55Fe Bq/g		63Ni Bq/g

		1		5,5 Iy		0.3528		43.8213

		2		5,5 Ii		6.1605		420.5665

		3		7,5 Yi		2.0902

		4		7,5 Ii		18.8980		377.8286

		5		5,5 Yi		0.2134		4.0893

		6		7,5 Yy		0.4662		68.1035

		7		5,5 Yy		0.3580		81.0421

		8		7,5 Iy		6.6610		418.2200

		9		Sample G		0.8736		47.2176

		10		7,5 Yi		2.2384		109.9632

		11		7,5 Iy		6.5040		334.1066

		12		5,5 Ii		5.9603		397.1530

		13		7,5 Yy		0.3829		76.5280

		14		5,5 Iy		1.4723		78.8877

		15		Sample G		1.6379		52.9423

		16		5,5 Yy		0.5474		86.9652

		17		5,5 Yi		0.3800		5.3307

		18		7,5 Ii		22.1798		863.7085

		leached :

		19		5,5 Yi		4.8247		2.9148

		20		5,5 Iy		0.6035		141.9760

		21		5,5 Ii		4.9995		548.3938

		22		Sample G		-0.0237		87.4223

				55Fe Bq/g

		sample		1		2		ave		sd		sd %

		5,5 Iy		0.3528		1.4723		0.9126		0.7916		86.75%

		5,5 Ii		6.1605		5.9603		6.0604		0.1416		2.34%

		7,5 Yi		2.0902		2.2384		2.1643		0.1048		4.84%

		7,5 Ii		18.8980		22.1798		20.5389		2.3206		11.30%

		5,5 Yi		0.2134		0.3800		0.2967		0.1178		39.71%

		7,5 Yy		0.4662		0.3829		0.4246		0.0588		13.86%

		5,5 Yy		0.3580		0.5474		0.4527		0.1339		29.57%

		7,5 Iy		6.6610		6.5040		6.5825		0.1110		1.69%

		Sample G		0.8736		1.6379		1.2558		0.5404		43.03%

				63Ni Bq/g

		sample		1		2		ave		sd		sd %

		5,5 Iy		43.8213		78.8877		61.3545		24.7957		40.41%

		5,5 Ii		420.5665		397.1530		408.8598		16.5558		4.05%

		7,5 Yi		109.9632				109.9632

		7,5 Ii		377.8286		863.7085		620.7686		343.5690		55.35%

		5,5 Yi		4.0893		5.3307		4.7100		0.8778		18.64%

		7,5 Yy		68.1035		76.5280		72.3158		5.9570		8.24%

		5,5 Yy		81.0421		86.9652		84.0036		4.1882		4.99%

		7,5 Iy		418.2200		334.1066		376.1633		59.4771		15.81%

		Sample G		47.2176		52.9423		50.0799		4.0480		8.08%





Sheet1

		

						Distance		Massic acivity (Bq/g)

				Sample n°		to the center		55Fe				63Ni				41Ca

						(cm)		2004		1975		2004		1975		2004		1975

				A4*		108.5		1.5903		2876.6901		4.5381		5.5473		3.3785		3.3791

				A5*		130		0.1608		290.8575		1.5969		1.9521		0.5267		0.5268

				A6*		143.5		0.0846		153.0653		0.5466		0.6681		0.2639		0.2639

				A6*x		143.5		0.0850		153.8328		0.7001		0.8558		0.2158		0.2158

				A7*		170.3		0.0380		68.7097		0.0713		0.0872				0.0000

				A10*		203		0.0318		57.4940		0.0485		0.0593		0.0349		0.0349

				A17*		286		0.0029		5.1826		0.0356		0.0436		0.0164		0.0164

				B5*		108.5		2.0723		3748.6175		3.6845		4.5039				0.0000

				B6*		127.5		0.3964		717.0190		1.2677		1.5496		0.8074		0.8075

				B7*		155.3		0.0287		51.8487		0.2313		0.2827		0.0743		0.0743

				B8*		189.4		0.0241		43.5968		0.0244		0.0298		0.0211		0.0211

				B10*		226.5		0.0117		21.1641		0.0280		0.0342		0.0467		0.0467

				B14*		306.5		0.0041		7.4827		0.0306		0.0374		0.0227		0.0227
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Alu

		number		sample		55Fe Bq/g		63Ni Bq/g		41Ca Bq/g

		23		A7		0.0461		0.1075

		24		B5		2.0742		1.1892

		25		A17		0.0035		0.0429

		26		B6		0.3675		0.3208

		27		B5		2.0704		2.1797

		28		A7		0.0298		0.0351

		29		A6		0.0748		0.6466		0.2536

		30		B14		0.1083		0.0253		0.0493

		31		B7		0.0349		0.2254		0.0892

		32		A4		1.5265		8.0436		3.2965

		33		A5		0.1262		2.5567		0.5478

		34		A10		0.0475		0.2635		0.0476

		35		B8		0.0137				0.0261

		36		A6x		0.1031		1.3113		0.2565

		37		B6		0.4252		0.2145		0.8074

		38		A17		0.0022		0.0284		0.0164

		39		B10		0.0234		0.0280		0.0356

		40		B14		-0.0042		0.0358		-0.0039

		41		B10		-0.0095				0.0577

		42		A6		0.0944		0.4465		0.2742

		43		B7		0.0224		0.2371		0.0595

		44		A4		1.6541		1.0326		3.4605

		45		A10		0.0161		0.1135		0.0222

		46		A5		0.1953		0.6372		0.5056

		47		A6x		0.0669		0.0889		0.1751

		48		B8		0.0345		0.0244		0.0161

				55Fe Bq/g

		sample		1		2		ave		sd		sd %

		A4		1.5265		1.6541		1.5903		0.0902		5.67%

		A5		0.1262		0.1953		0.1608		0.0489		30.39%

		A6		0.0748		0.0944		0.0846		0.0138		16.34%

		A6x		0.1031		0.0669		0.0850		0.0256		30.09%

		A7		0.0461		0.0298		0.0380		0.0115		30.36%

		A10		0.0475		0.0161		0.0318		0.0222		69.82%

		A17		0.0035		0.0022		0.0029		0.0009		32.60%

		B5		2.0742		2.0704		2.0723		0.0027		0.13%

		B6		0.3675		0.4252		0.3964		0.0408		10.30%

		B7		0.0349		0.0224		0.0287		0.0088		30.83%

		B8		0.0137		0.0345		0.0241		0.0148		61.28%

		B10		0.0234		0.0000		0.0117		0.0165		141.42%

		B14		0.1083		0.0000		0.0541		0.0766		141.42%

				63Ni Bq/g

		sample		1		2		ave		sd		sd %

		A4		8.0436		1.0326		4.5381		4.9575		109.24%

		A5		2.5567		0.6372		1.5969		1.3573		84.99%

		A6		0.6466		0.4465		0.5466		0.1415		25.89%

		A6x		1.3113		0.0889		0.7001		0.8643		123.45%

		A7		0.1075		0.0351		0.0713		0.0512		71.75%

		A10		0.2635		0.1135		0.1885		0.1061		56.26%

		A17		0.0429		0.0284		0.0356		0.0102		28.66%

		B5		1.1892		2.1797		1.6845		0.7003		41.58%

		B6		0.3208		0.2145		0.2677		0.0752		28.10%

		B7		0.2254		0.2371		0.2313		0.0083		3.60%

		B8		0.0244				0.0244

		B10		0.0280				0.0280

		B14		0.0253		0.0358		0.0306		0.0074		24.14%

				41Ca Bq/g

		sample		1		2		ave		sd		sd %

		A4		3.2965		3.4605		3.3785		0.1160		3.43%

		A5		0.5478		0.5056		0.5267		0.0298		5.65%

		A6		0.2536		0.2742		0.2639		0.0146		5.54%

		A6x		0.2565		0.1751		0.2158		0.0576		26.67%

		A7

		A10		0.0476		0.0222		0.0349		0.0180		51.51%

		A17		0.0164				0.0164

		B5

		B6		0.8074				0.8074

		B7		0.0892		0.0595		0.0743		0.0210		28.24%

		B8		0.0261		0.0161		0.0211		0.0071		33.71%

		B10		0.0356		0.0577		0.0467		0.0156		33.52%

		B14		0.0493		-0.0039		0.0227		0.0376		165.82%

				Distance		Massic acivity (Bq/g)

		Sample n°		to the center		55Fe				63Ni				41Ca

				(cm)		2004		1975		2004		1975		2004		1975				ln Fe 75		ln Ni 75

		A4*		108.5		1.5903		2876.6901		4.5381		5.5473		3.3785		3.3791				7.964395652		1.7133137355

		A5*		130		0.1608		290.8575		1.5969		1.9521		0.5267		0.5268				5.6728332879		0.6688945502

		A6*		143.5		0.0846		153.0653		0.5466		0.6681		0.2639		0.2639				5.0308645378		-0.4032872364

		A6*x		143.5		0.0850		153.8328		0.7001		0.8558		0.2158		0.2158				5.0358661244		-0.1556968774

		A7*		170.3		0.0380		68.7097		0.0713		0.0872				0.0000				4.2298910146		-2.439811092

		A10*		203		0.0318		57.4940		0.1885		0.2304		0.0349		0.0349				4.0516803922		-1.4677234392

		A17*		286		0.0029		5.1826		0.0356		0.0436		0.0164		0.0164				1.6453091837		-3.1336898708

		B5*		108.5		2.0723		3748.6175		1.6845		2.0591				0.0000				8.2291423729		0.722251295

		B6*		127.5		0.3964		717.0190		0.2677		0.3272		0.8074		0.8075				6.5751023265		-1.117230868

		B7*		155.3		0.0287		51.8487		0.2313		0.2827		0.0743		0.0743				3.9483290404		-1.2634349158

		B8*		189.4		0.0241		43.5968		0.0244		0.0298		0.0211		0.0211				3.7749837475		-3.5131573097

		B10*		226.5		0.0117		21.1641		0.0280		0.0342		0.0467		0.0467				3.0523042486		-3.3765117562

		B14*		306.5		0.0541		97.9276		0.0306		0.0374		0.0227		0.0227				4.5842286565		-3.2873971741
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Drilling A

Drilling B

Distance to the center (cm)

Bq/g

63Ni in concrete in 1975



		number		sample		55Fe Bq/g		63Ni Bq/g

		49		A1*		2.9050		4.9308

		50		A3*		2.4558		4.4649

		51		B1		3.6267		13.2494

		52		B4		3.0902		11.5653

		53		A1*		2.8540		10.1651

		54		A3*		2.3770		10.5660

		55		B1		3.7432		9.7479

		56		B4		3.1242		8.2387

				55Fe Bq/g

		sample		1		2		ave		sd		sd %

		A1*		2.9050		2.8540		2.8795		0.0361		1.25%

		A3*		2.4558		2.3770		2.4164		0.0557		2.30%

		B1		3.6267		3.7432		3.6849		0.0824		2.24%

		B4		3.0902		3.1242		3.1072		0.0240		0.77%

				63Ni Bq/g

		sample		1		2		ave		sd		sd %

		A1*		4.9308		10.1651		7.5479		3.7012		49.04%

		A3*		4.4649		10.5660		7.5155		4.3142		57.40%

		B1		13.2494		9.7479		11.4986		2.4759		21.53%

		B4		11.5653		8.2387		9.9020		2.3523		23.76%





		number		sample		55Fe Bq/g		63Ni Bq/g

		57		A2*		0.0899		5.0917

		58		B2*		0.0462		0.1804

		59		A2*		2.5387		2.5280

		60		B2*		1.0794		4.6443

				55Fe Bq/g

		sample		1		2		ave		sd		sd %

		A2*		0.0899		2.5387		1.3143		1.7316		131.75%

		B2*		0.0462		1.0794		0.5628		0.7306		129.81%

				63Ni Bq/g

		sample		1		2		ave		sd		sd %

		A2*		5.0917		2.5280		3.8099		1.8128		47.58%

		B2*		0.1804		4.6443		2.4124		3.1565		130.85%





		chemical recovery results are unstisfactory !!!

		number		sample		55Fe Bq/g		63Ni Bq/g

		61		Graph. DR3 25		2202383.5702		231.5925

		62		Graph. DR3 29		1201068.9074		100.8258

		A		seaweed		0.0040		4.9323

		B		sediment		0.0084		4.0295

		C		shell		0.0015		0.0040

		D		sediment				0.0158

		E		shell		0.0024		0.0040
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Radiochemcial analysis of volatile  radionuclides

 3H and 14C in solid waste (metals, concrete, graphite, 

etc. ) 

 36Cl in metals, graphite, concrete, etc. 

 129I in solid waste (exchange resin, evaporator, etc.)

 99Tc in liquid and solid waste

 103, 106Ru, 210Po, etc.

Main challenge: loss of radionuclides during sampling, pre-tratement 
and separation.

Stratege: Application of combustion for their separation 



Rapid separation of 3H and 14C waste samples by 
combustion using Packard Oxidizer
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3H and 14C measurement

No other impurity nuclides, no cross contamination.  

• Analytical time: 2 min/sample + counting time
• Detection limits: 

– 14C:  0.1 Bq
– 3H: 0.15 Bq

Hou., Appl. Rad. Iso., 2005
Hou, JRNC, 2008



36Cl and 129I
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129I (1.57x107 y)

129Xe (stable)

γ, 39.6 keV, 3.4%IC, 96.6%

β-, 196 keV, 100%

129mXe, 
8.88d

 Iodine and chlorine are
volatile, easy to be lost 
during heating or by 
oxidizing.

 36Cl and 129I are long-lived
radionuclides (0.3 My, and 
15.7 My)

 Iodine and chlorine are high
mobile in environment.

 Iodine and chlorine are
biophilic.



1-Heating mantle; 2-three-necked flask; 3-sample in acid mixture; 4-bubbling 
tube; 5-separating funnel for adding acids; 6,7-reflux condenser; 8- receiver; 9-
wash bottle containing water; 10, 11-absorption bottles containing 0.4 mol/l NaOH

Acid digestion system of for 
separation of 36Cl and 129I

• Graphite: mixed acids, 
— H2SO4:HNO3:HClO4 =15:4:1

• Stainless steel: 
— 10M H2SO4 with H3PO4

• Lead and Al: 
— HNO3



Analytical procedure for 36Cl and 129I

Add stable Cl and I carriers, dissolve with 
acids, combine  the absorption solutions 
and dissolved solution

AG 1×4 
column

Effluent, 36Cl

Wash with NH3

Eluting with 0.1 M NH4NO3-
0.6 M NH4OH

Washes, 
Ag+ etc.

discard

Evaporate, dissolved with H2O 

ICP-MS for Cl

LSC for 36Cl

Aqueous phase, 129I

ICP-MS for I

LSC for 129I

Graphite, steel Heavy Concrete
Add stable Cl and I carriers and NaOH and 
Na2CO3, fuse at 500 °C, leaching with H2O, 
cenrifuge to separate the supernatant

Add NaHSO3, transfer to a separation funnels, add CCl4, 
HNO3, and NaNO2 to extract, repeat the extraction

Organic phase Aqueous phase,

Back-extract with NaHSO3
solution, repeat extraction and 
back-extraction

Add Ag+, centrifuge, dissolve AgCl with NH3, separate 
solution, add HNO3 to re-precipite AgCl, re-dissolve AgCl 
with NH3, load to the column

Hou et al., Anal. Chem., 2007



Determination of 36Cl
 Recovery of Cl:   >70%
 Decontamination factors 

for most of radionculides: 
>106

 Detection limit using LSC : 
14 mBq 1.0E-03
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Combustion method for solid 
samples: concrete, graphite, 
metals, resin, sludge, etc.

 3H
 14C
 129I
 36Cl
 99Tc

Hou et al., Anal. Chem., 2010
Hou, et al. JAAS, 2016
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Rapid separation and analysis of difficult to 
measure radionuclides by Automatation approach 

• Reduce the radiation exposure for high 
radioactive samples 

• Quick analysis of large number of samples

• Reduce the cost of analysis

• Apply for on-line analysis in site



Sequentical injection approach for automated 
separation of radionuclides

Qiao, Hou, et al., Anal. Chem., 2009



Sample solution, with TcO4
-

in <0.1M HNO3 medium

Matrix and 
interference (Ca, 

Mg, Fe, Pb…) Mo, Ru

Elute with 8HNO3

ICP-MS

Wash with 60mL of 0.1 M 
HNO3

Sequence 1

Sequence 2

Load Loading: 0.2*2=0.4hr

Rinsing: 0.3*2 =0.6hr

Measurement : 0.3 hr
(including sample preparation)

Total:  2.3 hr/batch

Evaporate: 0.5 h
Tc elution: 0.5hr

Determination of 99Tc by on-column separation 
sequential injection approach

99TcO4- (Mo,Ru)

Evalorate to 0.3 ml, add 0.05M HNO3
99TcO4-

Eluate99TcO4-

Evalorate to 0.3 ml, add 0.05M HNO3

99Tc solution

Shi, Hou, et al. Anal. Chem. 2012

TEVA 
Colum

n
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Flow injection approach for automated separation of 
multi-radionuclides separation in multi-samples

Qiao, Shi, Hou, et al. ES&T 2014



Sample solution, with Pu (IV), Np(IV) 
in 8M HNO3 medium

Sequence 2: Wash with 100mL of 
9M HCl

Matrix (Ca, Mg, Fe, Pb…) 
Am, U

Sequence 3: Elute with 40mL of 
0.5M HCl

Th

ICP-MS

Sequence 1: Wash with 100 mLof  
8M HNO3

Anion 
exchange
column

Pu, Np

Sequence 1 Sequence 2 Sequence 3

Load Loading: 0.2hr

Rinsing: 2hr

Measurement : 0.5 hr
(including sample preparation)

Total: 2.5 + 0.5 = 3hr

Pu elution: 0.3hr

Comparison: 2-3 days using traditional method

Determination of 239Pu, 240Pu, 237Np by On-column 
separation using sequential injection approach

Qiao, Hou, et al. Anal. Chem. 2011 



Sensitive measurement of radionucides

Measurement Methods

Radiometric Mass Spectrometry

α-
spectrometry

β-
counting

GDMSSIMSRIMSAMS TIMSICP-MS

ICP-MS: Inductively coupled plasma mass spectrometry

AMS:      Accelerator mass spectrometry

TIMS:    Thermal ionization mass spectrometry

RIMS:    Resonance ionization mass spectrometry

SIMS:    Secondary ion mass spectrometry

GDMS:   Glow discharge mass spectrometry

Activation 
analysis

ICP-MS AMSLSC GM/PC IC
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Present progress on measurement of  
radionuclides by mass spectrometry

 ICP-MS is becoming a popular and often used technique for 
measurement of long-lived radionuclides.

• 239Pu, 240Pu, 237Np, 99Tc, 226Ra, 90Sr, 135Cs

• Increased sensitivity and improved detection limit down to ppq or fg 
level measurement

• Improved abundance sensitivity (10-10) and  double reaction/collision 
cells for tailing and isobar  elimination. 

 Increasing application of AMS for measurement of long-lived 
radionuclides

• 14C, 10Be, 26Al, 129I, 36Cl, 236U, 239Pu, 240Pu, 237Np, 243Cm, 244Cm, etc.

• Table-top AMS for 14C

• AMS with reaction cell for remove the interference



Improved detection limit in ICP-MS

Nuclide Detection limit, Bq
Radiometric AMS  ICP-MS New ICP-MS

129I 17 mBq 10-6 mBq 0.1 mBq 0.01 mBq
99Tc 5 mBq -- 1.5 mBq 0.2 mBq

135Cs -- -- 0.5 mBq
237Np 0.1 mBq 3x10-5 mBq 2x10-4 mBq
239Pu 0.1 mBq 0.003 mBq 0.017 mBq 0.7x10-3 mBq
240Pu 0.1 mBq 0.010 mBq 0.063 mBq 2.5x10-3 mBq

• Increased sensitivity 
• Spectral interferences 
Isobar (135Ba-135Cs, 99Ru-99Tc, 129Xe-129I)
Molecular ions (argides, hydride, oxides, etc.)

• Instrumental limitation
 Abundance sensitivity (tailing)
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Abundance sensitivity in ICP-MS
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Peak tailing & peak shape

Mass

Nuclide Abundance sensitivity Requirement 
/limitation

239Pu 239/238U = 1x10-5 <10-4

236U 236/235U =1x10-5 <1x10-4

129I 129/127I = 1x10-7 >1x10-6

135Cs 135/133Cs = 1x10-7 >1x10-6

• Aboundance sensitivity is the ability of the instrument to detect a weak signal direct 

adjacent to a strong neighbouring peak.

• Defined as: S = Sm-1/Sm or S= Sm+1/Sm, Normally ranges in 10-7-10-4
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		239.6956		239.6956
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		240.2554		240.2554
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		240.35575		240.35575
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		240.55645		240.55645
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		241.004		241.004
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		241.2385		241.2385
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112A5PPB

		Procedure name		U112a-5ppb												Source slit=400

																Collector slit =1000

		Element Menu Details														Sweeps=50

		ELEMENT MENU		D:\FI\Uran-myrrh\MENU\U112a-5ppb

		Dwell		Width		Peak

		Symbol		Mass		Collector		Time		Units		Points		Widths		Scans		Resolution

		U 238		238.050781		Multiplier		10		ms		20		5		1		A

		Pu 239		239.0522		Multiplier		50		ms		20		5		1		A

		Pu 240		240		Multiplier		50		ms		20		5		1		A

		Method Details

		METHOD		D:\FI\Uran-myrrh\METHOD\AUTOSAPer

		Sample Introduction Type		Liquid

		Uptake time		130		sec(s)

		Sample wash time		120		sec(s)

		Standard wash time		120		sec(s)

		Do not return to wash between repeats

		Prompt to place probe in solution\wash

		Procedure Details

		Method		AUTOSAPer

		Element Menu		U112a-5ppb

		Number of samples		1

		Number of internal standards		0

		Sample name		Spill

		Type		Sample

		Position		[manual]

		Repeats		1

		Dilution factor		1

														50 sweeps		25 sweeps

												Mass		Flat top		Open slits

		Raw Data Details										236.530		15		15						30

												236.564		10		15						30

												236.597		5		0						0.001

												236.630		5		10						20

												236.663		20		10						20

												236.697		0.001		10						20

												236.730		0.001		40						80

												236.765		5		15						30																																										30		2062

												236.798		10		40						80																																										0.001		37516

												236.831		10		25						50																																										20		129108

												236.864		25		10						20																																										20		295316

												236.898		5		60						120																																										20		519360

												236.931		10		60						120																																										80		791622

												236.964		15		20						40																																										30		1078904

												236.998		20		40						80																																										80		1352976

												237.031		30		45						90																																										50		1600890

												237.064		15		35						70																																										20		1821118

												237.098		20		40						80																																										120		2055610

												237.131		25		35						70																																										120		2246230

												237.164		20		50						100																																										40		2368230

												237.197		15		75						150																																										80		2441834

												237.231		20		40						80																																										90		2516748

												237.264		55		55						110																																										70		2485342

												237.297		25		90						180																																										80		2331958

												237.331		20		120						240																																										70		2115164

												237.364		25		50						100																																										100		1867964

												237.389		45		65						130																																										150		1578750

												237.422		51		87						174																																										80		1278202

												237.456		57		94						188																																										110		1044192

												237.489		70		103						206																																										180		814612

												237.522		76		106						212																																										240		604822

												237.556		74		160						320																																										100		407364

												237.589		102		200						400																																										130		239890

												237.623		130		214						428																																										174		117700

												237.656		160		1031						2062																																										188		39778

												237.690		186		18758						37516																																										206		4162

												237.723		2302		64554						129108																																										212		34187424				0.0000938942

												237.757		44928		147658						295316																																										320

												237.790		205030		259680						519360																																										3210.001

												237.824		486583		395811						791622

												237.857		789435		539452						1078904

												237.890		995869		676488						1352976

												237.924		1096433		800445						1600890

												237.957		1135235		910559						1821118

												237.991		1147181		1027805						2055610

												238.024		1147233		1123115						2246230

												238.058		1152320		1184115						2368230

												238.091		1154267		1220917						2441834

												238.125		1166479		1258374						2516748

												238.158		1176951		1242671						2485342

												238.191		1167558		1165979						2331958

												238.225		1065886		1057582						2115164

												238.258		828039		933982						1867964

												238.292		503968		789375						1578750

												238.325		213762		639101						1278202

												238.359		60178		522096						1044192

												238.392		6049		407306						814612

												238.426		252		302411						604822

												238.459		224		203682						407364

												238.493		184		119945						239890

												238.526		153		58850						117700

												238.559		152		19889						39778

												238.593		128		2081						4162

												238.626		97		218						436

												238.660		105		199						398

												238.693		103		202						404

												238.727		103		182						364

												238.760		69		150						300

												238.794		74		152						304

												238.827		101		144						288

												238.860		80		136						272

												238.894		77		117						234

												238.927		103		123						246

												238.960		75		136						272

												238.994		78		94						188

												239.027		86		107						214

												239.060		73		96						192

												239.094		62		108						216

												239.127		52		84						168

												239.153		63		74						148

												239.186		54		71						142

												239.220		47		72						144

												239.253		44		81						162

												239.287		31		51						102

												239.320		29		64						128

												239.354		23		53						106

												239.387		24		57						114

												239.428		39		37						74

												239.461		15		45						90

												239.495		13		39						78

												239.528		23		37						74

												239.562		16		24						48

												239.595		20		23						46

												239.629		13		24						48

												239.662		12		14						28

												239.696		12		19						38

												239.729		13		16						32

												239.763		11		25						50

												239.796		6		16						32

												239.829		8		23						46

												239.854		13		20						40

												239.887		11		16						32

												239.921		5		12						24

												239.954		4		14						28

												239.988		1		16						32

												240.021		5		13						26

												240.055		10		19						38

												240.088		1		11						22

												240.122		4		5						10

												240.155		11		12						24

												240.189		6		9						18

												240.222		5		12						24

												240.255		7		9						18

												240.289		4		8						16

												240.322		4		11						22

												240.356		3		8						16

												240.389		1		11						22

												240.423		3		2						4

												240.456		2		5						10

												240.490		2		11						22

												240.523		2		3						6

												240.556		5		6						12

												240.590		3		5						10

												240.623		1		5						10

												240.657		3		6						12

												240.690		6		4						8

												240.736		3		5						10

												240.770		3		5						10

												240.803		2		7						14

												240.837		1		7						14

												240.870		4		6						12

												240.904		0.001		5						10

												240.937		1		1						2

												240.971		0.001		10						20

												241.004		2		10						20

												241.038		2		4						8

												241.071		3		2						4

												241.105		2		3						6

												241.138		3		10						20

												241.172		0.001		4						8

												241.205		2		3						6

												241.239		4		5						10

												241.272		4		10						20

												241.306		1		1						2

												241.339		3		1						2

												241.373		0.001		2						4

												241.406		1		5						10

												241.440		2		0						0.001

												241.473		0.001		3						6

												241.507		0.001		4						8

												241.540		3		6						12

												241.574		0.001		1						2

												241.607		0.001		3						6

												241.641		0.001		0						0.001
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Improvement of abundance sensitivity and interference
removal in ICP-MS

Agilent 3Q ICP-MS (or MS/MS technique)

Zheng, et al. Anal. Chem. 2014

238U
238U1H
239Pu
240Pu
206Pb33S
204Hg35Cl

239Pu16O

238U1H, 206Pb33S, 204Hg35Cl

238U, 240Pu, etc.

239Pu + 16O = 239Pu16O Q2 (m/z 255) reject all 
ions apart from m/z 255 

Achievement: 

239U/238U = 2x10-8

For a solution of 1ppb U:
239Pu: 10-16g/g 

Xing, Hou, et al. Talanta, 2018



3. filter
molecule destruction

A+

B+

2. filter
mass analysis
(low-energy 
end)

mass 
spectrometer

charge exchange

5. filter
particle identification
dE/dx

4. filter
mass analysis
(high-energy 
end)

mass
spectrometer

electrostatic
deflector

1. filter
negative ion formation

13C / 12C
14C / 12C

stripping process

12C

13C

AB-

No abundance sensitivity/tailing
problem
14C/12C <10-16

Presenter
Presentation Notes
MS can provide sufficient sensitivity (m/Dm = 100’000!)butInsufficient selectivity  �(needed abundance sensitivity: 14C/12C = 10-10-10-16)Insufficient efficiency 
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Measurement of atom level radionuclides by 
Accelerator Mass Spectrometer (AMS) •14C

•3H
•10Be
• 26Al
•36Cl, 
•41Ca
•99Tc
•59Ni, 
•79Se,
•126Sn
•129I
•236U
•239Pu
•240Pu
•237Np
•243Cm
• 244Cm

DetectorAccelerator, 
stripper

Ion source

Low energy 
separation

high energy 
separation
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Method Detection limit
129I,  atoms 129I, mBq 129I/127I Ratio

Liquid scintillation 1013 10  mBq

γ-spectrometry 1013 10 mBq

ICP-MS 2×1011 0.4 mBq 10-6

Radiochemical neutron activation 

analysis 

108 0.2 mBq 10-10

Accelerator mass spectrometry (AMS) 105 0.1 nBq 10-14

Measurement Method for 129I and their detection limits

Hou, et al. Anal. Chim. Acta, 2009
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五

Analytcial procedure of 129I and 127I in solid samples

Plants/solid sample

Dry, grind to powder

Dried plant powder

Trap/leaching solutionICP-MS for 127I

Add 127I carrier, 
AgNO3, and centrifuge

AgI target

AMS for 129I129I/127I

Separation of iodineSeparation of iodine

Work tube

Sample boat

Sample zone 
furnace

Mid-zone Catalyst zone 
furnace

Primary oxygen 
flow control

Temperature 
controller

Bubbler

air/oxygen 
inlet 

connectors

Swith

Primary air 
folw control

Flow controller 
for tubes1-4

Sample 
boat

Hou, et al. JAAS, 2016
Hou, et al. JRNC, 2018



Determination of 129I in evaporation concentrate 
and anion exchange resin using LSC
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Ion exchange resin

Evaporator 
concentrate

129I standard, 5 Bq

 5 g samples was used for 
analysis

 129I is not measureable in 
evaporator concentrate 
samples, 

 129I in ion exchange resin is 
measred by high uncertainty 
(<10 mBq/g) 
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Sample Sample ID

129I 
concentration, 
mBq/g

Value Unc.

Evaporator concentrateEC-1 0.0110 0.0012

Evaporator concentrateEC-2 0.0070 0.0008

Evaporator concentrateEC-3 0.0122 0.0014

Evaporator concentrateEC-4 0.0128 0.0014

ion exchange resin ICR-1 0.0083 0.0012

ion exchange resin ICR-2 3.318 0.301

ion exchange resin ICR-3 3.860 0.352

ion exchange resin ICR-4 4.179 0.376

 <0.1 g sample was used 
for analysis

 Ld =0.00001 mBq/g

Determination of 129I in evaporation concentrate
and anion exchange resin using AMS
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