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Evalua.ing the Reproducibility of Environmental Radioactivity Monitoring 

Data through Replicate Sample Analysis* 

C. L. Lindeken, J. H. White and W. J. Silver 
Lawrence Livermore Laboratory, Livermore, Ca. 94550 

Abstract 

At the Lawrence Livermore Laboratory about 10% of the sampling ef
fort in the environmental monitoring program represents replicate sample 
collection. Replication of field samples was initiated is part of the 
quality assurance program for environmental monitoring to determine the 
reproducibility of environmental measurements. In the laboratory these 
replicates are processed along with routine samples. As all components 
of variance are included in analysis of such field samples, comparison of 
the analytical data from replicate analyses provides a basis for estimating 
the overall reproducibility of the measurements. The replication study 
indicates that the reproducibility of environmental radioac "ivity monitor
ing data is subject to considerably more variability than i. indicated by 
the accompanying counting errors. The data are also compartd with analyses 
of duplicate aliquots from a well mixed sample or with duplicate aliquots 
of samples with known radionuclide content. These comparisons show that 
most of the variability is associated with the collection and preparation 
of the sample rather than with the analytical procedures. 
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Introduction 

Environmental radioactivity monitoring data are generally accompanied 

by estimates of the associated counting errors. There is often no mention 

of other sources of error so that the counting statistics may imply more 

confidence in the data than is warranted. Estimates of precision in the 

analysis and counting of these samples can be obtained by analyzing aliquots 

from a well mixed sample. However, to evaluate the overall reproducibility 

of environmental monitoring data the errors associated with samples collec

tion must be included. As part of the quality assurance program for en

vironmental monitoring at the Lawrence Livermore Laboratory (LLL), replicate 

field samples are collected of a]1 media routinely monitored at Livermore 

(Li 78). These samples are processed along with the routine samples. As 

sample collection and preparation are separately involved in each sample, 

comparison of the analytical results provides a basis for estimating the 

overall reproducibility of these measurements. 

Replicate Sampling 

Table 1 shows the annual routine and replicate sample collection sched

ule for environmental monitoring at LLL. In general, replicate samples 

account for about 10% of the samples collected. Air and water samples run 

considerably less than this. Air sample replication involves operation of 

samplers in parallel, and at present such checks are restricted to on-site 

perimeter locations. No liquid radioactive waste is directly discharged 

to water bodies by the Laboratory. Consequently, the need for both routine 

and replicate water sampling was considered to be relatively low. However, 

treated, low level radioactive liquid waste is discharged into the City of 
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Livermore's sanitary sewer system. This Laboratory effluent and the ef

fluent from the Livermore Water Recovery Plant are continously monitored, 

explaining the considerable emphasis on sewage sampling. 

Replicate measurements discussed in this paper include (1) plutonium 

in air, (2) plutonium in soil, (3) tritium in air and (4) tritium in sew

age effluent. Plutonium and tritium data were chosen to illustrate the 

replication study due to the environmental interest in these radionuclides 

and the attention locally given to their monitoring and control. 

Sampling and Analytical Procedures 

Plutonium in Air 

At bimonthly intervals, a particulate air sampler is operated in 

parallel with the permanent samplers at one of six locations on the Labora

tory perimeter. Both samplers are operated at approximately 700 Jl/m, 

drawing air through 20 X 25 cm Whatman 41 filter papers. Parallel oper

ation is continued for a one-month period. Both filters are changed on 

a regular weekly basis. 

At ;.he end of the month, one half of each of the weakly filters are 

composited, the composite dry ashed, and the ash residue is dissolved 
242 in HN0.-HF-H.O.. After the Pu tracer is added, the solution is made 

+ 4 8N with HN0_, and the plutonium is oxidized to Pu with NaNO.. 

Plutonium is separated on an anion exchange column and purified by a second 

anion exchange separation. The plutonium is then electro deposited on a 
238 239 platinum disc and Pu and Pu are determined by alpha spectrometry. 
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Plutonium in Soil 

Approximately twenty soil samples are collected annually from areas 

in the vicinity of the Laboratory. These locations are chosen by a random 

selection process from a group of over 200 sites sampled during previous 

surveys. Two of these locations are sampled in duplicate each year. 

Sampling sites are selected in reasonably level areas representing 

undisturbed soil. Within such areas a 2 meter square is marked off and a 

5-cm-deep sample is collected at the corners and center of the square 

using an LLL designed coring tool 8.25 cm in diameter (Li 71). Replicate 

sampling consists of collecting two adjacent cores at each corner and the 

center of the 2 metre square. Separate composites of the five cores are 

made and these are identified by separate numbers. 

In the laboratory the samples are dried at 110° C, pulverized in a 

mechanical grinder and screened through a 32-mesh screen to remove pebbles 

and dry vegetation. After blending, aliquots are taken for gamma counting 
242 and plutonlum analysis. Tracer Pu is added to a 100-500 g aliquot and 

the sample is acid leached with HN0..-HCL using the EML soil leach method 

(EM 72) . Plutonium isotopes are separated, purified and analyzed as in 

the method for plutonium in air. 

Tritium in Air 

Parallel samples are collected for tritiated water in air analyses at 

the Laboratory perimeter locations during alternate months from those in 

which replicate plutonium samples are collected. Water vapor is collected 

on silica gel, using air flow rates of about 0.5 8,/m for collection periods 

of 2 weeks. 
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In the laboratory the silica gel is transferred to a tared plastic 

bag, weighed and then well mixed by tumbling. A portion of this gel is 

transferred to a tared freeze dry jar. After weighing, this gel is freeze 

dried and the tritium content of an aliquot of the recovered water is 

determined b> liquid scintillation counting. 

Tritium in sewage effluent 

Replicate samples of the Laboratory sewage effluent are collected 

each week (every Wednesday) as it enters the City of Livermore's sanitary 

sewer system. Each of these samples is analyzed for tritium content using 

one ml of the sample added to 15 ml of the scintillation counting solution. 

All samples are counted for 100 minutes. 

Results and Discussion 

Tables 2 through 5 contain the replicate data based on the above 

measurements. To facilitate comparison all data are expressed as the ratio 

of the lower to the higher values. From these ratios it is clear that 

the sample collection and analysis steps generally introduce more vari

ability into the measurements than is implied by the counting statistics. 

The radionuclide concentrations are orders of magnitude below the applic

able standards (Do 75). Consequently, this variability cannot be consider

ed a subject for serious concern. However, there may be technical interest 

in whether the sampling or the analytical component is responsible for the 

variability observed. This question can be resolved by using the same 

analytical procedure in analyzing duplicate aliquots from a well mixed 
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sample or by analyzing aliquots of similar samples with known radionuclide 

content. 

In the case of replicate air filters we plan to divide some of the 

filters and analyze each portion for plutoniura content. However, as yet 

we have no such data and are relying on data we obtain by participating 

in the Department of Energy's (DOE) Quality Assessment Program. As part 

of this program, the Environmental Measurements Laboratory (EML) prepares 

and distributes samples having known radionuclide content to participating 

DOE laboratories (Em 78). These samples include air filters with plutonium 

levels (*v- 1 pCi/filter) comparable to those observed in sampling global 

fallout (Si 78). Table 6 shows that LLL analyses of replicate EML filters 

were in excellent agreement with the known or reference value indicating 

that the major source of variability in the field replicate data is in the 

sample collection step. The discrepancy between field replicate and labora

tory spiked filters also suggest that it may be quite misleading to judge 

air monitoring performance only on the basis of spiked filter analyses. 

Table 5 also compares the plutonium in soil analyses of replicate 

samples collected in the field with replicate aliquots of one of these 

samples. Here the agreement between the analyses of the replicate field 

samples is very good, but as expected, analyses on aliquots of one of the 

well mixed samples is in even closer agreement. 

With respect to replicate data for tritium in air, once the water is 

recovered from the silica gel, the analysis is identical to direct liquid 

scintillation counting of any water sample. Continuing the comparison of 

field replicate data with that obtained on aliquots of an EML tritium 

spiked sample, it is seen from Table 7 that again the LLL analyses agree 
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closely with the reference value. It is impossible from these measure

ments to tell whether the poorer reproducibility of field replication data 

is associated with the sample collection or the sample processing step. 

That question might be answered by analyzing duplicate aliquots of the 

silica gel. 

Replicate tritium data in the Laboratory's sewage effluent are shown 

in Table 5. Here we see somewhat of an anomaly in that the listed uncer

tainties jccompanying individual measurements are usually considerably 

larger than the variability indicated by the ratios of the replicate data. 

It turns out that this is the only case in which an attempt has been made 

to include sources of error other than those due to counting statistics. 

It would appear that a too conservative approach may have been taken in the 

propagation of error process. Figure 1 is a histogram of the data in which 

the ratio intervals are plotted against their frequency. The average is 

0.88 with a standard deviation of 0.11, indicating that on the average these 

measurements agreed within 12%. 

Conclusion 

From the replicate field data accumulated to date, the reproducibility 

of environmental monitoring data is subject to considerably more variability 

than one might expect merely from the counting errors associated with these 

measurements. It appears that the source of most of this variability 

probably is connected with the sample collection process. However, at the 

concentrations currently observed it is not clear that corrective action 

can be, or really needs to be taken. At Livermore, we propose to include 

typical reproducibility limits for each major type of environmental measure

ment in the quality assurance section of our annual environmental monitoring 
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report. These limits will be based on a continuation of the present repli
cate program. 
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Table 1. Number of Routine and Replicate Samples Collected Annually 

in LLL Environmental Monitoring Program 

f̂ediuro Routine Replicate 

Air 1560 44 
Water 182 8 
Soil 31 3 
vegetation 216 24 
Sewage 966 160 
Milk 12 1 

Total 2967 240 
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Table 2. Replicate Measurements of Plutonium in Air 

Test Plutonium Concentration, tiCi/ml ± 2g Ratio* 

x IP' 1 7 

1 1.8 ± 9% 2.1 ± 11% 0.86 

2 4.5 ± 7% 5.7 ± 6% 0.79 

3 3.4+6% 6.9 ± 4% 0.49 

4 1.9 ± 9% 2.3 + 7% 0.83 

5 2.0 ± 10% 2.2 ± IX 0.91 

*A11 ratios are expressed as the ratio of the smaller value to the larger. 



Table 3. Replicate Measurement of Plutonium in Soil 

Sample Number 

678 (Field) 
679 (Replicate) 
679A (Aliquot) 

687 (Field) 
688 (Replicate) 
688A (Aliquot) 

700 (Field) 
701 (Replicate) 
701A (Aliquot) 

Plutonium Content, uCi/g + 2a 

x 10~ 9 

6.3 ± 6% 
5.9 ± 5% 
5.9 ± 6% 

0.72 ± 14% 
0.60 ± 17% 
0.60 ± 22% 

6.5 ± 7% 
5.8 ± 8% 
5.8 ± 8% 

Ratio 

(Replicate/Field) 

0.94 

0.83 

0.89 
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Table 4. Replicate Measurements of Tritium in Air 

Test Tritium Content, u Ci/rol ± 2a Ratio 

* IP' 1 1 

1 3.4 ± 52 3.7 + 5% 0.92 

2 8.6 ± 2% 13.0 ± 2% 0.66 

3 6.5 + 3% 5.2 ± 3% 0.80 

4 4.4 ± 3% 3.3 ± 6% 0.75 

5 1.8 + 7% 4.0 + hi 0.45 
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Table 5. Replicate Measurements of Tritium in LLL Sewage Effluent 

>licate Test Concentration, yCi/ml ± 20°', Ratio 

x 10' -6 

1 6.51 ± 23 6.70 ± 23 0.97 
2 6.41 ± 26 6.04 + 26 0.94 
3 10.6 ± 17 9.79 ± 18 0.92 
4 6.32 ± 26 7.13 ± 23 0.89 
5 6.93 ± 22 5.93 ± 26 0.36 
6 15.5 ± 13 15.6 ± 13 0.99 
7 7.94 ± 20 5.80 ± 28 0.73 
8 2.81 ± 9 2.81 ± 9 1.00 
9 9.37 + 19 11.2 + 16 0.84 
10 9.37 ± 18 9.50 ± 18 0.99 
11 11.3 ± 3 11.4 + 16 0.97 
12 7.48 ± 23 7.05 ± 23 0.94 
13 5.91 ± 27 5.10 ± 30 0.86 
14 4.95 ± 75 7.49 ± 75 0.66 
15 13.4 + 34 13.0 ± 37 0.97 
16 5.80 ± 43 5.37 + 34 0.93 
17 7.77 ± 21 6.32 ± 26 0.81 
18 12.4 ± 16 11.1 ± 17 0.90 
19 9.18 ± 20 5.34 ± 28 0.58 
20 8.16 ± 20 7.43 ± 24 0.91 
21 7.79 ± 24 10.2 + 16 0.76 
22 7.98 ± 25 10.4 ± 18 0.77 
23 55.5 ± 5 54.3 ± 5 0.98 
24 40.4 + 7 42.1 ± 7 0.96 
25 114 ± 3 105 ± 3 0.92 
26 383 ± 2 377 ± 2 0.98 

-13-



Table 6. Plu-jonium on A i r F i l t e r s - Comparison of LLL and EML Measurements 

239 B 

Test LLL EML LLL/EML 

1* 0.610 0.590 1.03 

0.98 
1.01 

1.05 
1.06 

1.03 
0.98 

Pu, p( ;i/filter 

LLL EML 
0.610 
0.610 

0.590 

1.59 
1.63 

1.62 

1.34 
1.32 

1.26 

1.06 
1.01 

1.03 

*Duplicate samples are supplied for each test. 
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Table 7. Tritium in Water - Comparison of LLL and EML Measurements 

Test 

1* 

Tritium Content, 

x 10 2 

pCi/ml Ratio 

LLL EML 
0.514 0.406 1.27** 
0.512 1.26** 

0.412 0.406 1.01 
0.413 1.02 

0.408 0.406 1.00 
0.410 1.01 

*Duplicate samples are supplied for each test. 

**Difference traced to calibration error, corrected prior to tests 2 & 3. 
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Figure 1. Frequency distribution of replicate 
tritium in sewage effluent analyses. 
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