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Abstract

:

Opening of the Blanka Tunnel Complex (BTC) in Prague, Czech Republic, the longest city tunnel in Europe, significantly increased traffic on a connected main road, the V Holešovičkách street (VHS). To study environmental changes in VHS connected with BTC opening, sampling of road dust and airborne particulate matter in the VHS vicinity started 3 years before BTC opening and continued until BTC pilot operation. The enrichment factors calculated for the collected samples from elemental compositions determined by instrumental neutron activation analysis (INAA) have shown significant enrichment for Se, Sb, Hg, Br, Mo, Zn, As, W, Cr, Ba, and Fe, but not their increase after starting BTC operation. The Principal Component Analysis allowed distinguishing between detrital and anthropogenic, probably traffic related, origin of the elements determined in samples. The study demonstrated a potential of INAA for multielement trace analysis of minute samples (28 elements determined in samples down to 20 μg, with detection limits down to sub-ng level) and its application in urban geochemistry studies.
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1. Introduction


The Blanka Tunnel Complex (BTC), a part of the Prague City Circle Road (an inner ring road), is 5.5 km long, the longest road tunnel in the Czech Republic and the longest city tunnel in Europe. Designed to relieve the historic center of Prague from heavy traffic, it connects the area west of Prague Castle (Hradčany district) with the Troja district in the northeast (Figure 1). The construction of BTC started in 2007. Initially due to open in 2011, BTC was officially opened to the public in September 2015 but remained in a pilot operation until the final inspection and approval in October 2019. In January 2021, the Municipal Court of Prague sustained a petition of residents and cancelled the approval for a larger part of the complex (a section between Špejchar and Pelc-Tyrolka, adjacent to the area of this study) [1].



Model calculations [2] have shown that starting BTC operation will significantly increase traffic on a connected main road, the V Holešovičkách street (VHS), which passes through a compact populated area with a length of 1.6 km (Figure 1). Typical daily (workweek) traffic in VHS increased from about 70 k to 80–90 k vehicles after BTC opening (Figure 2 and Figure 3). The 10–20 k increase is comparable with a difference between workweek and weekend traffic in VHS (see the oscillations in Figure 3). The expected negative environmental impact of BTC operation on VHS and the surrounding residential area, particularly increased noise level and emissions, has raised concern and complaints of local residents. On the BTC information web portal [3], results of an air quality survey (PM10 and PM2.5, NO2, benzo[a]pyren) in monitoring sites approved by the Environmental Protection Department of the Prague City Hall are available. The survey was carried out in four 28-day stages starting just before BTC opening and covering both heating and non-heating seasons. Excerpts from the available data for traffic volume and for NO2 and PM10 measured in VHS are presented in Figure 3 (for location of the monitoring site see tag 2 on the maps in Figure 1). The data show clearly that air quality in VHS suffered from heavy traffic already before BTC opening and during its pilot operation, and that air quality standards have been exceeded repeatedly, namely in smog situations and unfavorable meteorological conditions with poor dispersion (e.g., August 2015 and February 2016, respectively). The air quality standards according to the Czech Air Protection Act (No. 201/2012 Coll., on the air protection, Suppl. No. 1) are identical with the European standards given by the directive 2008/50/EC [4], i.e., NO2 annual average below 40 µg m−3 and each year 18 permitted exceedances of a 1 h average 200 µg m−3, and PM10 annual average below 40 µg m−3 and each year 35 permitted exceedances of a 24 h average 50 µg m−3. On the other hand, the trends observed for the air pollutants NO2 and PM10 are not unambiguously correlated with the trend for traffic volume which significantly increased after BTC opening. According to a statement from the BTC information web portal, emissions have been decreased thanks to improving traffic smoothness and passability of the road, which together with other organizational and technical measures contribute also to reduction in traffic noise level in the VHS surrounds.



Besides noise level and the standard air quality parameters (PM10 and PM2.5, NO2, benzo[a]pyren), a suitable parameter for assessing the environmental impact of heavy traffic could be elemental (or generally chemical) composition of road dust (RD) and airborne particulate matter (APM). Although epidemiological and toxicological studies indicate a number of health outcomes from transport-related air pollution, little information is available on the chemical composition of APM from exhaust emissions, and the European air-quality standard for APM has no standard for its chemical composition [6].



Location of the Institute of Rock Structure and Mechanics, Czech Academy of Sciences (IRSM) in VHS, next to a multilevel crossing of the connected Liberecká street with the Zenklova street (see tag 1 on the maps in Figure 1) has been considered suitable for monitoring the expected environmental changes related to changes in traffic volume after opening BTC. Moreover, IRSM is located just several hundred meters from the air quality monitoring station (tag 2 in Figure 1). Already in 2012, during the prolonged construction of BTC, sampling of RD from VHS and its study was started at IRSM, continued by sampling of the APM. The study included characterization of elemental composition of the collected samples by means of instrumental neutron activation analysis (INAA), and additional compositional characterization and identification of particles of APM by SEM/EDX (not included in the present study). Three sets of samples collected in the street vicinity were acquired: a set collected long before BTC opening from December 2012 to September 2013, a set collected shortly before BTC opening in June and July 2014, and a set collected immediately before BTC opening and during its pilot operation from February 2015 to April 2016.



The present work aimed at presenting elemental compositions of RD and APM collected in the vicinity of VHS as a heavy traffic area affected by operation of BTC. Correlations between elements and their enrichment factors were applied to assign their potential association with traffic. Comparisons between samples collected before and after BTC opening, with respect to seasonal and spatial effects, were used to observe the relationship of compositional variation in the studied dust samples to traffic intensification. All elemental data were acquired using the instrumental neutron activation analysis (INAA), whose potential for geochemical analysis has been demonstrated in other papers of the current Minerals Special Issue. The research presented in our work is an example of INAA application in so called “urban geochemistry”, a field combining geochemistry with environmental science and ecology. The International Association of GeoChemistry (IAGC) re-established its Urban Geochemistry Working Group in 2014 to develop a broader interest in urban landscapes within the geochemical community. In a special issue of the Applied Geochemistry journal, a series of the urban geochemistry-oriented papers was published in 2017 [7].




2. Geological Setting of Study Area


The geological subsurface of the study area (Figure 1: Troja, Kobylisy, Libeň districts) consists of three principal tectono-stratigraphic units: the metamorphosed Cadomian basement, which is covered by folded Lower Paleozoic deposits of the Prague (Barrandian) Basin corresponding to the Hercynian (Variscan) floor, and the youngest Cretaceous to Quaternary platform cover deposits. The oldest Neoproterozoic to early Cambrian marine siliciclastic deposits (greywackes, siltstones, shales) locally intercalated with submarine paleo-basalts and tectonically stacked into an accretionary complex, that experienced low-grade regional metamorphism and deformations during the Cadomian orogeny. Overlying lower Palaeozoic (late Cambrian to middle Devonian) deposits of the Prague Basin are separated from the Cadomian basement unit with a clear angular unconformity. In the study area, Palaeozoic deposits are represented mainly by Ordovician marine siliciclastic turbidites and black shales that accumulated in a deep water setting on an ancient passive continental margin. Unmetamorphosed, continental Upper Cretaceous sandstones and marls and variable Quaternary sediments (e.g., fluvial sands, conglomerates, loess) representing a flat-lying platform cover both the Cadomian basement and Lower Palaeozoic rocks over much of the study area, except for the deeply incised Vltava River valley where older units exhumed by river erosion are accessible [8,9,10].




3. Materials and Methods


3.1. Sampling of Road Dust and Airborne Particulate Matter


The present study deals with two basic types of samples. At the earliest sampling stage (12/2012–09/2013), RD samples were collected by brushing from the surface of a ledge of foundation wall at a 5 m distance from the VHS edge and at a 0.5 m height (see Figure 4A). This primitive sampling procedure, however, suffered from weather conditions and was not representative of the environmental situation at a larger distance from VHS, in the residential area suffering most from the heavy traffic. That is why, in the later stages (06–07/14 and 02/15–04/16), sampling changed to collection of APM on filters, and the sampling site was moved further from VHS (50 m, at a 10 m height), to reflect better the environmental situation in the residential area. A sampling apparatus with Whatman Nuclepore polycarbonate filters with diameter 45 mm and pore diameter 10 μm, positioned vertically to be protected from rain or snow, was used. Airflow was measured and controlled (10 L/min) only at the last sampling stage (02/15–04/16). The apparatus is shown in Figure 4B–D. Sampling on filters ran in four stages separated with several-month breaks, with a weekly exchange of filters within each stage (continuous sampling from Monday to Friday with a weekend break). Although the sampling procedure likely did not allow to obtain APM with a well-defined and standard size range, the collected APM should correspond best to the coarse particulate matter PM10-2.5 [11].




3.2. Elemental Characterization by INAA


Instrumental neutron activation analysis (INAA) was used for determination of the elemental composition of the samples of RD and APM collected in the vicinity of VHS. Samples (including blank described below), calibrators, reference materials and neutron flux monitors were irradiated in the LVR-15 research nuclear reactor of the Research Centre Řež. These were packed in heat-sealed capsules (diameter 25 mm) made of low-blank polyethylene. Filters were folded to a suitable size. The whole set including up to 30 samples, besides the auxiliary material, was packed as a stacked column in an aluminum irradiation can. A standard INAA procedure [12,13] included irradiation for 2 and 4 h (RD and APM, respectively), and acquisition of gamma spectra of irradiated samples in two counting runs: 4–5 days after irradiation, and 15–20 days after irradiation when shorter-lived matrix radionuclides were sufficiently decayed. Gamma spectra were acquired using a Canberra coaxial HPGe detector (78% relative efficiency, FWHM of 1.8 keV at 1332.5 keV line of 60Co) coupled to a Canberra Genie 2000 gamma-spectrometric system.



The direct comparator calibration method [14] was employed using eight synthetic multi-element calibrators prepared from weighed and dissolved pure elements or their stoichiometric compounds. Elements in the calibrators were grouped and their chemical form chosen to avoid existing spectral or fast neutron interferences [14] and undesirable chemical reactions (precipitation, volatilization) in the solution. Their masses in the mixtures were balanced to account for the activation yield of a given radionuclide. Due to relatively low uranium contents, fission interferences [14] were negligible except for Mo determination via 99Mo where 235U fission produces apparent 1.5 μg Mo per μg U under the applied irradiation conditions in the LVR-15 reactor. Fluctuations of neutron flux were monitored using monitors made of Fe-Co-Mo foil and corrected. Quality control (QC) was provided by analyzing simultaneously with samples two reference materials, NIST RM 8704 Buffalo River Sediment and NIST SRM 2711 Montana Soil, and partially also by checking correlations between lithophile elements such as scandium or rare earth elements. The above information on the analytical procedures and QC is illustrated by Table 1 and Figure 5, which also provide a quick insight into the accuracy, precision, sensitivity, analytical window, linearity, etc., of the method.



The standard INAA procedure under the above conditions (without short-time irradiation mode used for determination of mostly major elements) usually allows the determination of approximately 30 elements. This was possible to achieve with the RD samples collected in a sufficient amount to prepare ~150 mg aliquots for analysis. However, collecting the APM on filters yielded samples available for INAA with mass down to 20 μg (median 560 μg) with some element masses down to sub-ng level, in which reliable determination of only about 20 elements was possible, as demonstrated also by QC results in Table 1 (~10 mg aliquots of reference materials were analyzed) and Figure 5. Additionally, relatively high blank contributions from packing material and filters, whose correction by subtraction may be less reliable in the case that content of an element in a sample is comparable with the blank, must be considered. This was a case only for the elements Br, La, Ce, and Hg.




3.3. Enrichment Factors


The elemental compositions of the samples of RD and APM from the VHS vicinity determined by INAA were evaluated using the enrichment factors (EF). To assess the extent of anthropogenic contamination, EF for a given element x is calculated as a ratio of its normalized (to a reference element) concentrations in sample and in the uncontaminated environment such as local soil (cx and cref, respectively). If a sample representing the local uncontaminated environment is not available, it can be substituted by, e.g., composition of the upper continental crust (UCC). This was the case in this study, regarding the above-described geological setting of the study area with prevalence of typical crustal sedimentary deposits (shale, loess). The UCC average composition was taken from [16]. Scandium, which rarely enters the atmospheric aerosols from anthropogenic sources [17], was used as the reference element.


  E F =      (     c x   /   c  r e f      )    s a m p l e        (     c x   /   c  r e f      )    U C C      



(1)







The EF evaluation does not require knowledge of a sample mass. This was a great advantage in the case of sampling on filters, where sample mass was negligible compared to mass of a blank filter and, moreover, the filter mass was changing during the sampling period due to wetting/drying. Thus, sample mass could only be estimated based on, e.g., scandium content relative to its UCC content.





4. Results and Discussion


4.1. Analysis of Averaged Enrichment Factors


Figure 6 illustrates results of the environmental monitoring study in the VHS vicinity in relation to operation of BTC, which are represented by the EF values for individual elements. A column graph in Figure 6 compares EF values averaged in three sets of samples: a set of RD samples collected long before BTC opening (December 2012 to September 2013), and two sets of APM samples collected shortly before BTC opening (June to July 2014) and immediately before BTC opening and during its pilot operation (February 2015 to April 2016). It identifies clearly the elements that have been significantly enriched relative to the uncontaminated environment represented by the UCC average composition.



The highest EF values were found for the elements Se, Sb, Hg, Br, Mo, Zn, As, W, and Cr (in the order of decreasing EF; up to 20,000 for Se). For U, a high EF value of 72 was observed only in the sampling period June to July 2014 (see below discussion of Figure 8). Other elements have EF values mostly only slightly higher than 1. None of the elements in the analyzed samples seem to be significantly depleted relative to UCC. Regarding the heavy traffic as the main supposed source of anthropogenic contamination in the VHS surrounding, the high EF values can probably be associated with automotive emissions whose sources include exhaust gases, materials released from wear of brakes, camshaft, transmission and steer systems, tires, from leakage of fuel, lubricants, coolants, and discharge tube gases, etc. [18,19,20,21,22,23,24,25,26,27,28,29]. The highest EF value for Se is quite surprising because this element has not usually been reported among the main contaminants associated with traffic. High Se content in APM samples collected near VHS could be attributed to a high Se content in crude oil [30] and thus possibly also in products made from it—petrol and diesel fuels, asphalt, and tire rubber [21]. Selenium in tire production, besides its natural presence accompanying sulfur, can be added as a part of vulcanization additives [31]. Additionally, the high EF values for Br were not expected regarding the fact that leaded petrol containing brominated compounds as additives [18,19] has generally not been available in the Czech Republic since 2001. In addition, Br-containing refrigerants in car air conditioning systems should not be used nowadays. Brominated flame retardants have mostly been reported from indoor environments including cars, but they have been identified also in RD [28]. Regarding the frequent presence of pollen particles observed by SEM in the samples on filters, biogenic emission sources of Se [32] and Br [33] should also be considered.




4.2. Principal Component Analysis


Further analysis of the elemental composition of RD and APM samples from the VHS vicinity was carried out using the Principal Component Analysis (PCA), a multivariate statistical technique generating from a linear combination of analyzed variable new uncorrelated variables—principal components (or factors). Results of the PCA presented in Figure 7 revealed that 64.7% of the dispersed variable (eigenvalue) could be assigned to two factors.



Three to five groups of elements can be distinguished. The elements K, Rb, Cs, Sc, Sm, Eu, Th, and U display high positive loadings (>0.8) in Factor 1 and very low loadings in Factor 2. These lithophile elements probably originated from the detrital material. From them, the elements Ba, Cr, Fe, Zn, and Hf with slightly lower loadings in Factor 1 and significant negative loadings in Factor 2 are somewhat separated, and approach Mo and Sb, which have even lower loadings in Factor 1 and more negative loadings in Factor 2. Regarding the discussion of their high EF values in the previous section, the latter two groups of elements may be associated with the traffic. However, regarding also typical association of most of these elements with black shales [34], their enrichment in local detritus that originated from black shales with marginal presence of Fe ores [8] should also be considered. High (>0.5) positive loadings in Factor 2 and low loadings in Factor 1 for Na, Co, and W suggest a significant nondetrital proportion in their sources. These may be anthropogenic including traffic related ones, but probably with different production or transport routes than the previous two groups. Volatile elements As, Se, Hg, and Br, together with two rare earth elements, La and Ce, displayed very low positive loadings in both factors. While the association of the volatile elements with the traffic (fuel combustion) was expected, the presence of La and Ce in this group (and outside the group of lithophile elements including other rare earth elements) is not clear. The low loadings may reflect higher dispersion and lower inter-element correlation in the data due to seasonality and other factors (see Figure 5 and discussion of results in the following section). To summarize, the decrease in Factor 1 loadings and increase in Factor 2 loadings (both negative and positive) may indicate a shift from the detrital to anthropogenic (probably traffic related) and possibly biogenic origin of the analyzed RD and APM samples.




4.3. Enrichment Factor Progress


The progress of the EF value which allows the assessment of the environmental impact of starting BTC operation, was already illustrated in Figure 6 presenting the average EF values in three monitoring seasons (long and shortly before BTC opening and during its pilot operation). Detailed information on EF values in individual sampling campaigns is presented in Figure 8 and Figure 9. It is obvious that there is a large difference between the RD samples collected in the years 2012–2013 at the edge of VHS and the APM samples collected on filters farther from VHS. The EF values for the main traffic-related contaminants are significantly lower in RD samples, for Sb almost by an order of magnitude. For some elements such as Se, Br, Mo, and Hg, EF could not even be evaluated because their levels did not exceed INAA detection limits. That may be attributed to higher volatility of those elements and their preferential association with fine dust fractions and capture in aerosols, which are transported and deposited farther from the motorway [22,26]. Several elements could not be detected also in APM samples collected in 2014, possibly because a less efficient pump was used and only a quarter of each filter was available for INAA.



Figure 8 illustrates the progress of EF values for the elements with high to medium enrichment in RD and APM samples relative to UCC. The high EF values (101 to 104) in these elements can probably be attributed to the heavy traffic in VHS. However, even for these elements an unambiguous trend cannot be observed in comparison of sampling periods before and after opening BTC, particularly when comparing APM samples from the periods immediately before BTC opening (February to April 2016) with the samples collected during the pilot operation of BTC (after September 2015). These samples were collected and analyzed under consistent experimental conditions (roughly identical sampling yield and analyzed sample mass). Despite a significant increase in the traffic volume in VHS (see Figure 2 and Figure 3), the trends observed in Figure 8 are more or less constant, with relatively low fluctuations between individual samples. Among the elements with a high enrichment there is also uranium due to high EF values (18 to 72) between June and August 2014, although in other seasons EF values lower than 1, sometimes significantly, were usually determined. The source of the increased uranium content is not clear, but it probably cannot be associated with traffic. An analytical artifact such as sample contamination or higher blank cannot be excluded.



In Figure 9, the progress of EF values for the elements with medium to low enrichment is presented. These are mostly lithophile elements and iron as a siderophile element. For some elements, particularly Na, Fe, La, and Ce, relatively great fluctuations between sampling campaigns and even within a single short campaign can be observed. These fluctuations may be related to relatively high uncertainties (up to several tens of percent for relative uncertainties) of determination of element content in minute samples, but also to seasonal and weather conditions or other effects such as building operations in the IRSM complex and its surroundings (e.g., dust with increased levels of lithophile elements contained in construction materials). For La and Ce, rarely occurring higher than corrected blank in packing polyethylene capsules cannot be excluded.



The increased EF values for Fe, Ba, and Na could be associated with the heavy traffic (e.g., with salting and sanding the road in winter) but they do not follow an unambiguous trend when comparing the situation before and after BTC opening.





5. Conclusions


Monitoring of the environmental situation near a main road connected to the Blanka Tunnel Complex (BTC) in Prague by analysis of elemental composition of road dust and airborne particulate matter showed a significant enrichment of airborne particulate matter with the elements Se, Sb, Hg, Br, Mo, Zn, As, W, Cr, Ba, and Fe. This enrichment can, with a high probability, be associated with heavy traffic, although partial origin from local detritus cannot be excluded considering dominance of black shales in the geological setting of the study area. A significant increase in contaminants associated with heavy traffic was not observed shortly after starting BTC operation in comparison with the situation before BTC opening. The study did not measure the standard parameters for particulate matter (PM10 and PM2.5 concentrations), but compliance with the air quality standards or their exceedance for critical elements could not be judged regardless, due to their absence in the Czech and European legislation.



Great potential of INAA for multielement trace analysis of minute samples (down to 20 μg, with detection limits for some element down to sub-ng level) in an urban geochemistry study was demonstrated. Although INAA cannot compete with today’s commonly used standardized method such as ICP-AES(OES) and ICP-MS in sensitivity and number of elements determined, it may have some advantages over them. Most importantly, it does not require sample dissolution, which often presents risk of loss of analyte or its incomplete dissolution, e.g., in some resistant minerals, and of the presence of reagent blank and other sources of contamination. Moreover, the complete destruction of sample prevents re-analysis or further analyses of the sample. In comparison with other nondestructive methods such as XRF, PIXE, and LA-ICP-MS limited to surface analysis, INAA provides benefits of bulk analysis.
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Figure 1. Map of the Blanka Tunnel Complex (BTC), its location in a map of Prague, and details of the V Holešovičkách street with the locations of the dust sampling sites (tag 1) and an air quality monitoring station (tag 2). 
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Figure 2. Development of the daily traffic in the V Holešovičkách street in connection with operation of the Blanka Tunnel Complex that started in September 2015 (averaged daily numbers of vehicles). Data taken from [5]. 
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Figure 3. Results of the 4-stage air quality survey in the V Holešovičkách street (traffic: daily thousands of vehicles; NO2, PM10: 1 and 24 h averages of NO2 and PM10 concentrations, respectively, µg m−3). Data taken from [3]. 
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Figure 4. Sampling sites in the vicinity of the V Holešovičkách street. (A) Sampling stage 12/12–09/13, samples swept from wall surface (white ledge) at the street edge. (B,C) A setup used in sampling stages 06–07/14 and 02/15–04/16 positioned 50 m from the street at 10 m height, samples on filters. (D) Vacuum pump with airflow control (10 L/min). 
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Figure 5. Correlations between individual elements and scandium (y-axis and x-axis, respectively; absolute mass in μg), determined in samples collected in the vicinity of the V Holešovičkách street in relation to operation of the Blanka Tunnel Complex in Prague. 
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Figure 6. Enrichment factors EF (normalized to Sc and UCC) determined in samples collected in the vicinity of the V Holešovičkách street in Prague in relation to operation of the Blanka Tunnel Complex (BTC). Average values in a set of road dust samples collected long before BTC opening (12/2012 to 09/2013), and two sets of airborne particulate matter samples collected shortly before BTC opening (06–07/2014) and immediately before BTC opening and during its pilot operation (02/2015 to 04/2016). 
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Figure 7. Results of PCA carried out on element masses determined in samples collected in the vicinity of the V Holešovičkách street in relation to operation of the Blanka Tunnel Complex in Prague. 
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Figure 8. Progress of enrichment factors EF (normalized to Sc and UCC) determined in samples collected in the vicinity of the V Holešovičkách street in Prague in relation to opening of the Blanka Tunnel Complex in September 2015. Samples of road dust (2012–2013) and airborne particulate matter (since 2014). Elements with high to medium enrichment. 
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Figure 9. Progress of enrichment factors EF (normalized to Sc and UCC) determined in samples collected in the vicinity of the V Holešovičkách street in Prague in relation to opening of the Blanka Tunnel Complex in September 2015. Samples of road dust (2012–2013) and airborne particulate matter (since 2014). Elements with medium to low enrichment. 
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Table 1. Radionuclides and photonuclear reactions considered in the application of the short-time irradiation for geochemical analysis.
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Analyte Nuclide

(Target Element)

	
Analytical Photopeak (keV) [12,15]

	
Half-Life

[12,15]

	
Calibrator No. (Element Mass in μg)

	
QC (Determined Value to Reference Value)




	
NIST RM 8704

	
NIST SRM 2711






	
Fe-59

	
1291.6

	
44.5 d

	
1 (740)

	
1.01

	
0.97




	
Na-24

	
1368.6

	
14.7 h

	
2 (21)

	
1.05

	
0.93




	
K-42

	
1524.6

	
12.4 h

	
2 (250)

	
0.96

	
0.90




	
Sc-46

	
1120.5

	
83.8 d

	
3 (0.028)

	
1.14

	
1.02




	
Cr-51

	
320.1

	
27.7 d

	
3 (3.3)

	
1.10

	
0.95




	
Co-60

	
1332.5

	
5.27 y

	
3 (1.0)

	
0.98

	
0.94




	
Zn-65

	
1115.5

	
244 d

	
1 (99)

	
0.91

	
0.95




	
Mo-99

	
140.5

	
65.9 h

	
4 (25)

	
0.61

	
not determined




	
Hg-203

	
279.2

	
46.6 d

	
5 (6.7)

	
not determined

	
not determined




	
As-76

	
559.1

	
1.10 d

	
1 (1.0)

	
1.07

	
1.04




	
Se-75

	
264.7

	
120 d

	
1 (10)

	
nd

	
0.92




	
Br-82

	
776.5

	
1.47 d

	
2 (2.7)

	
1.00

	
0.90




	
Rb-86

	
1076.7

	
18.7 d

	
3 (15)

	
1.04

	
not determined




	
Sb-122

	
564.2

	
2.72 d

	
5 (1.0)

	
0.92

	
0.97




	
Cs-134

	
795.9

	
2.06 y

	
3 (0.77)

	
1.08

	
1.01




	
Ba-131

	
496.3

	
11.8 d

	
2 (25)

	
1.01

	
0.91




	
La-140

	
1596.5

	
1.68 d

	
6 (0.41)

	
1.00

	
0.92




	
Ce-141

	
145.4

	
32.5 d

	
7 (4.0)

	
0.87

	
0.92




	
Nd-147

	
91.1

	
11.0 d

	
7 (10)

	
1.02

	
not determined




	
Sm-153

	
103.2

	
1.95 d

	
6 (0.13)

	
0.93

	
0.89




	
Eu-152

	
1408

	
13.3 y

	
6 (0.16)

	
1.07

	
0.96




	
Tb-160

	
879.4

	
72.3 d

	
6 (0.24)

	
1.12

	
not determined




	
Yb-175

	
396.3

	
4.19 d

	
6 (0.68)

	
0.88

	
not determined




	
Hf-181

	
482.0

	
42.4 d

	
3 (0.19)

	
1.22

	
1.08




	
Ta-182

	
1221.4

	
115 d

	
8 (0.34)

	
0.90

	
not determined




	
W-187

	
685.8

	
24.0 h

	
4 (3.0)

	
not determined

	
1.10




	
Pa-233 (Th)

	
312.0

	
27.0 d

	
3 (0.29)

	
1.00

	
0.91




	
Np-239 (U)

	
106.1

	
2.36 d

	
8 (2.2)

	
1.09

	
1.13
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