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Abstract. The aim of this study is to assess the impact of samplers change 
on the uncertainty associated with the process of the geothermal water 
sampling. The study was carried out on geothermal water exploited in
Podhale region, southern Poland (Małopolska province). To estimate the 
uncertainty associated with sampling the results of determinations of 
metasilicic acid (H2SiO3) in normal and duplicate samples collected in two 
series were used (in each series the samples were collected by qualified 
sampler). Chemical analyses were performed using ICP-OES method in 
the certified Hydrogeochemical Laboratory of the Hydrogeology and 
Engineering Geology Department at the AGH University of Science and 
Technology in Krakow (Certificate of Polish Centre for Accreditation No. 
AB 1050). To evaluate the uncertainty arising from sampling the empirical 
approach was implemented, based on double analysis of normal and 
duplicate samples taken from the same well in the series of testing. The 
analyses of the results were done using ROBAN software based on 
technique of robust statistics analysis of variance (rANOVA). Conducted 
research proved that in the case of qualified and experienced samplers 
uncertainty connected with the sampling can be reduced what results in
small measurement uncertainty.

1 INTRODUCTION 

All operation performed in the laboratory are biased by the systematic and random errors 
and all of them have contribution in the total uncertainty. It is estimated that during 
sampling process and samples transport to the laboratory almost 30% of errors arise. The 
process of samples treatment before analysis causes next 60% of errors, whereas the 
analysis is a source of about 10% of total sum of errors [1]. There are two methods of 
measurement uncertainty estimation. The first one, theoretical (bottom-up), relies on the 
quantitative assessment of selected sources of uncertainty one by one and in the next stage, 
their connection to total uncertainty. The second method, empirical (top-down), uses 
different parameters of analytical method determined during method validation or the 
results of analyses of control samples [2]. The empirical method is much common and is 
used more often. In this approach, four methods are used to measurement uncertainty 
estimation [2]: 

 collection and analysis of duplicate samples (only random errors connected with 
sampling and analysis can be estimated); 
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 use of different sampling protocols (random and systematic errors connected with 
sampling and random errors arising from analysis can be estimated); 

 interlaboratory comparisons in sampling (both random and systematic errors connected 
with sampling and analysis can be estimated); 

 proficiency testing in sampling (both random and systematic errors connected with 
sampling and analysis can be estimated). 

The simplest and probably the cheapest method of uncertainty estimation is duplicate 
samples method. It can be carry out using balanced design (fig. 1) or its simplest form: 

Figure 1. Balanced design schema for duplicate samples [3]. 

The main advantage of the use of the empirical method is that it takes into account all 
sources of uncertainty without necessity of their identification. This is universal, fast and 
easy method. However, it gives an approximate value of uncertainty [3]. The study was 
conducted to present how the uncertainty of geothermal water sampling changes in case of 
different samplers. The influence of sampler experience on the total uncertainty may e.g. 
change the water classification during assessment of curative water potential as it was 
indicated by Wątor et al. [4]. 

1.1 Characteristic of the research area

The research was carried out in southern Poland (Podhale region) in Małopolska province. 
Investigated geothermal water is classified as sulfate-chloride-sodium-calcium water 
(according to Szczukariew-Prikłoński classification). Mineralization of these waters is 
about 2.5 g/L, including specific component such as a metasilicic acid [5-8] and a 
temperature is between 82.9-86.3°C [9]. 

2 MATERIALS AND METHODS
Sampling was conducted between October 2014 to March 2016 in two-week intervals by 
two qualified samplers (tab. 1). Samples of geothermal water were collected directly on the 
wellhead according to procedure described in ISO 5667-11 standard [9] and methodology 
proposed by Witczak et al. [10] and Korzec et al. [11]. 

During sampling not only normal but also duplicate samples were collected. 
Control/duplicate samples were taken as duplicates of normal samples (8 pairs in each 
series) using the same technique. 

Before the samples were collected, the unstable parameters (pH, electrical conductivity and 
temperature) were measured in online system. Samples of geothermal water were filtered in 
the field with the use of microporous filters with pores diameter 0.45 μm and also they were 
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2 MATERIALS AND METHODS
Sampling was conducted between October 2014 to March 2016 in two-week intervals by 
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During sampling not only normal but also duplicate samples were collected. 
Control/duplicate samples were taken as duplicates of normal samples (8 pairs in each 
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preserved with nitric acid (V). Then they were cooled below 4°C and delivered to the 
laboratory in polyethylene, disposable containers. 

Table 1. Scheme of sampling to assess the influence of sampler change on the uncertainty connected 
with sampling 

Sampler/Series S1 S2

Number of samples pairs (normal+duplicate) 8 8

Period of samples collection 10.2014-03.2015 10.2015-03.2016

Method of analysis ICP-OES

Limit of silicon; determination (LOD) 0.1 mg/L

Measurement uncertainty declared by the laboratory* 
(k=2, 95%) 12%

*including sampling

The chemical analysis were performed in the Hydrogeochemical Laboratory of the 
Hydrogeology and Engineering Geology Department at the AGH University of Science and 
Technology in Krakow (Certificate of Polish Centre for Accreditation No. AB 1050). 
Concentration of silicon was determined using ICP-OES method (inductively coupled 
plasma optical emission spectrometry — tab. 1) with the use of OPTIMA 7300DV 
spectrometer of PerkinElmer company according to PN-EN ISO 11885:2009 standard [12], 
and balanced design (fig. 1). 

The measurement uncertainty declared by the laboratory (tab. 1) was estimated during 
validation of analytical procedure and the confirmation of their fitness for selected 
purposes. This uncertainty involves several factors arising from all steps of analytical 
procedure and vary dependent on the type of measure and the field of application [13]. 
Laboratory took into account all uncertainty sources — both random (precision) and 
systematic (accuracy) joint with sampling and analysis — during the combined standard 
uncertainty calculation. 

There are known different methods of uncertainty estimation. The most common and 
probably the cheapest one is empirical approach (top down) based on analysis of control 
field samples and certified reference materials. In this paper the influence of sampler 
change on the uncertainty connected with geothermal water sampling is considered. In the 
literature it is indicated that the experience of sampler can affect the groundwater sampling 
uncertainty [11, 14-16]. 

Assessment of uncertainty can be conducted for particular measuring series by ROBAN 
software using robust ANOVA statistics, which allow 10% of outliers in analyzed database. 
The software calculates (on the base of results in normal and duplicate samples) three 
independent components of total variance: geochemical, sampling and analytical and their 
percentage (1): 

     
             

           
             

 (1)

3

E3S Web of Conferences 30, 01006 (2018) https://doi.org/10.1051/e3sconf/20183001006
Water, Wastewater and Energy in Smart Cities



Figure 2 shows limit values of relative parts of particular variances parts in total variance 
[17]. Percentage of geochemical variance should not be less than 80% and analytical 
variance should not be higher than 4% of total variance. Measurement variance – as a sum 
of analytical variance and sampling variance – should be lower than 20% [17]. 

 
Figure 2. Percentage of particular variances in total variance ([17]– modified). 
 
Additionally standard uncertainty (u) connected with this factor can be calculated: 
                           (2)  
                       (3)  
                           (4)  
                             (5)  
 
To estimate expanded uncertainty (U) at 95% confidence level, standard uncertainty 
supposed to be multiplied by coverage factor which is 2 [18]. The application provides also 
relative uncertainty (U') which corresponds to mean value ( ̅) of analyzed indicators in 
normal and duplicate samples. The detailed information about calculation of expanded and 
relative uncertainty can be find in many publications, e.g. [2, 3, 15, 19]. 
 
When all samples are collected by the same person with the use of the same sampling 
protocol, systematic errors are minimised and the estimated uncertainty arising from 
sampling include only random effects. In this case, systematic errors should be additionally 
estimated, for example by using sampling reference materials or by taking into account 
results from proficiency testing in sampling. 

3 RESULTS AND DISCUSSION 

The silicon content in samples was recalculated to the concentration of the metasilicic acid 
and all further analysis and calculations were done for metasilicic acid. 
 
In table 2 the values of particular elements in total variance are presented. For sampler S1 
measurement variance exceeds almost 16% of total variance. Analytical variance in case of 
set S1 is around 8.75% of total variance whereas in series S2 it is 11.95%, so in both cases 
it exceeds 4% showed on figure 2. 
 
In investigated geothermal water samples geochemical variance, which is connected with 
natural variability of metasilicic acid concentration, is the most visible. In both cases it is 
around 84–87% of total variance. Sampling variance is equal more than 7% for sampler S1 
and is six times higher than for sampler S2 (1.19%).  
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around 84–87% of total variance. Sampling variance is equal more than 7% for sampler S1 
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Table 2. The variance values estimated based on results obtained from Roban software for metasilicic 
acid concentration in analysed geothermal water. 
 

Parameter 
Calculated values 

Sampler/Series S1 Sampler/Series S2 
Geochemical variance [mg/L]2 6.25 15.21 

Percentage of geochemical variance in total variance [%] 84.05 86.86 

Sampling variance [mg/L]2 0.536 0.209 

Percentage of sampling variance in total variance [%] 7.20 1.19 

Analytical variance [mg/L]2 0.651 2.10 

Percentage of analytic variance in total variance [%] 8.75 11.95 

Measurement variance [mg/L]2 1.19 2.31 

Percentage of measurement variance in total variance [%] 15.95 13.14 
 
The values of uncertainty estimated on the basis of results from ROBAN software are 
presented in table 3. 
 
Table 3. The results of uncertainty of analysed geothermal water samples (calculated for metasilicic 
acid analysis) for two different samplers. 

Parameter 
Value 

Sampler/Series S1 Sampler/Series S2 
 ̅ [mg/L] 80.02 76.72 

        [mg/L] 2.73 4.19 

        [mg/L] 5.46 8.38 
         [%] 6.82 10.92 
             [mg/L] 2.50 3.90 
             [mg/L] 5.00 7.80 
               [%] 6.25 10.17 
          [mg/L] 0.73 0.46 
          [mg/L] 1.46 0.91 
            [%] 1.83 1.19 
            [mg/L] 0.81 1.45 
            [mg/L] 1.61 2.90 
             [%] 2.02 3.78 
             [mg/L] 1.09 1.52 

             [mg/L] 2.18 3.04 

               [%] 2.72 3.96 

 
Uncertainty connected with sampling for set S1 is 1.83% (with average metasilicic acid 
concentration in analyzed samples 80.02 mg/L), and total uncertainty is 6.82% (± 5.46 
mg/L). In case of second sampler S2 uncertainty connected with sampling is a little bit 
lower — 1.19% (with average metasilicic acid concentration 76.72 mg/L), however, total 
uncertainty is higher 10.92% (± 8.38 mg/L). Due to the fact that the greater part of total 
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uncertainty is geochemical uncertainty, the higher uncertainty for the S2 sampler can be 
related to the natural variability of the water samples during the study period. 
 
The obtained results indicate that in the case of samples collection by qualified and 
experienced samplers there is no difference in uncertainty arising from sampling. Also 
measurement uncertainty for both tested samplers is similar and is much smaller than 
uncertainty declared by the laboratory. When the uncertainty is estimated using duplicate 
samples collected by the one person using single sampling procedure, only random effect 
are included, whereas during uncertainty estimation in the laboratory also systematic errors 
are considered. The estimation of uncertainty in a reliable manner and then using it during 
the inference process contribute to increase the reliability of decisions making on the 
obtained results. 

3.1 Conclusion 

In this research the influence of the samplers change on the uncertainty of the sampling was 
presented on the example of metasilicic acid analysis in geothermal water samples from 
Podhale region, southern Poland. In the assessment of total uncertainty the empirical 
approach was applied, based on normal and duplicate samples analyses. The samples were 
collected from the same well by two samplers from October 2014 to March 2016. The 
uncertainty determination was performed using ROBAN software and the analysis of 
variance with robust statistics (rANOVA).Uncertainty connected with sampling for set S1 
is 1.83% (with average metasilicic acid concentration in analyzed samples 80.02 mg/l), and 
total uncertainty is 6.82% (± 5.46 mg/l). In case of second sampler S2 uncertainty 
connected with sampling is lower — 1.19% (with average metasilicic acid concentration 
76.72 mg/l), however, total uncertainty is higher — 10.92% (± 8.38 mg/L). 
 
The obtained results indicate that in the case of samples collection by qualified and 
experienced samplers there is no difference in uncertainty arising from sampling and the 
value of this uncertainty can be reduced. Therefore it is very important to take into account 
systematic sampling errors connected with the change of sampler. Problem of sampling 
uncertainty of hydrogeochemical data was mentioned in publications [3, 14-16].  
 
Measurement uncertainty for both samplers is about fourth times smaller than uncertainty 
declared by the laboratory. When the uncertainty is estimated using duplicate samples 
collected by the one person using single sampling procedure, only random effects are 
included. Estimation of uncertainty in the laboratory takes into account both random and 
systematic errors. The estimation of uncertainty in a reliable manner and then using it 
during the inference process contribute to increase the reliability of decisions making on the 
obtained results. 
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