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Abstract: The purpose of the work was to compare effectiveness of common secondary sampling methods for
assessing the distribution of soil pollution. The study case is based on an example of assessing the spatial
distribution of soil contamination with lead in Slawkow area (Upper Silesian Industrial Region). This comparison
was made in regard to both precision of the spatial estimation and minimization the cost of measuring campaign.
The special attention was given to the often applied secondary sampling designs such as threshold radial (also
known as adaptive cluster sampling) and adaptive fill sampling. These two methods were tested in typical
municipal and suburban environment in Slawkow area. The work contains also detailed statistical and
geostatistical analysis of the above-mentioned contamination, and elaboration of series of its spatial distributions
using numerous alternative sampling designs. The determined sampling plans make it possible to find compromise
between ecological and financial aspects. A combination of the obtained results with the legal regulations in force
concerning concentrations of heavy metals in soils are the basis for reliably estimation the ecological hazard
arising from the soil contamination with lead in the Slawkow area. The results of performed analyses show that
better efficiency in terms of cost and precision of measuring campaign gives rather coarser preliminary sampling
design followed by appropriate secondary sampling then use the one-stage very dense measuring grid.
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The choice of appropriate sampling design is essential in different soil related surveys.
This arises from the fact, that our knowledge on soil in their natural state is never fully
known and collecting samples as well as laboratory analysis is expensive and time
consuming, especially when investigations are performed on large areas. Secondary
sampling is very important stage of many environmental studies, which can significantly
improve the analysis by relatively low cost. Secondary sampling design can refine a model,
get a deeper insight into studied phenomenon, clarify situation and thus make right
decision.

The goal of the work was a study-case based evaluation of effectiveness of commonly
used secondary spatial sampling designs such threshold radial design (also known as
adaptive cluster sampling) and adaptive fill design for delineation of the extent of the area
polluted with heavy metals.

Site description and data collection

Study area was located in Slawkow city and its vicinity (Upper Silesian Industrial
Region). The studies were performed using soil samples from the archives of the Polish
Geological Institute [1]). A satellite view of study area with sample point locations
(exhaustive data set) were shown in Figure 1.
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Fig. 1. Satellite view of Slawkow with sample point locations (exhaustive data set)

Secondary sampling strategies and geostatistical methods

In order to limit the time consuming analyses we focused in our work on two
commonly used secondary sample designs [2, 3]:

1. Threshold Radial (also known as Adaptive Cluster Sampling) which is
a straightforward secondary sample design that places samples in a radial pattern around
existing data points that exceed a decision threshold. Threshold radial can be useful in
situations where one have a lot of very low or undetected samples and one or two very high
measurements.

2. Adaptive Fill Design

In this sample design, samples are placed in the largest spatial gaps among data points.
Unlike Threshold Radial, this design gives no regard to the measured values, only their
relative positions. A set of new sample candidates is defined by a grid (much like a spatial
model) that overlays the data points and acknowledges site boundaries, polygons, and
whether layers are active or not. From this set of N candidates the first winning location is
simply that value which has the maximum distance to its closest neighbor. The design
searches for the second location among the remaining candidates by comparing with the
N+1 locations. If there are ties among the two locations, then the tie breaker method is
used. The process repeats until one of the following becomes true:

e The total number of samples has been located
e There are no remaining candidates
e No remaining candidate satisfies the minimum distance constraint.

To study soil contamination with lead, it was necessary to obtain the spatial
distribution of lead concentrations in soils, as well as the spatial distribution of estimation
errors. This was done using geostatistical methods. The ordinary kriging was selected as the
most appropriate technique for our analysis. Ordinary kriging is the most effective linear
estimator as it assumes that the average value of the estimation error equals zero, and thus
minimises the variance of the estimation error [4-10]. The series of spatial distribution of
lead concentrations in soils were produced. In the first step preliminary coarse sampling
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designs (systematic or random) were chosen from the very dense exhaustive data set shown
in Figure 1. These designs were treated as pre-information for subsequent sampling. Then
above-described spatial distributions were created by careful variogram modeling and
kriging technique. At this stage all modeled spatial distributions of lead concentrations in
soils were validated using cross-validation methods [11]. Each of the data points was
individually removed from the data set, and after that, its value was modeled and
subsequently compared with the measured one. Next, the scatter plots of estimated values
versus the measured ones were calculated. Using these scatter plots several estimation
errors were carefully calculated. Furthermore, modeled spatial distributions were validated
using the true values taken from exhaustive data set. Another important measure of
sampling design was the total cost of measuring campaign calculated on the basis of the
cost of single measurement. By comparing the quality of the spatial distribution with the
total cost of measurements it was possible to evaluate the efficiency of the sampling grid
under investigation. Then, it was decided what type of secondary sample design should be
applied, and how many additional measurements should be used. This allowed for
significant reduction of uncertainty by relatively low cost. Then all above-described
analyses were repeated once or twice. For clarity multistage sampling process was
abbreviated. For instance, the abbreviation “radial_100_100_rand” means, that preliminary
sample grid was random, and furthermore 100 additional points were added using threshold
radial sampling technique.

Analyses were performed using Arc Gis software (namely, FIELDS, Geostatistical
Analyst and Spatial Analyst components) [12].

Results and discussion

Below, in Figures 2 and 3, as well as Figures 6 and 7, exemplary sampling designs are
presented (eg systematic and random preliminary sampling design followed by threshold
radial and adaptive fill secondary samplings) with the spatial distribution of prediction
errors (root mean square prediction error-RMSE).
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Fig. 2. Preliminary systematic sampling design of 200 observations (left) with the spatial distribution of RMSE
(right)
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Fig. 3. Preliminary simple random sampling design of 100 observations (left) with the spatial distribution of
RMSE (right)
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Fig. 4. Spatial distribution of lead contamination in [mg/kg] made on basis sampling design from Figure 2

Figures 4 and 5 show spatial distributions of lead contamination obtained on basis
sampling from the Figures 2 and 3, respectively. In Figure 8 root mean square standardized
prediction error as a function of cost of measuring campaign is presented for numerous
different preliminary and secondary sampling designs.
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Fig. 6. Optimisation of sampling design from Figure 3 (random_100) with 100 additional sampling points (left)
with with the spatial distribution of RMSE (right)
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with the spatial distribution of RMSE (right)
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Fig. 7. Optimisation of sampling design from Figure 3 (random_100) with 200 additional sampling points (left)
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Fig. 8. Root mean square standardized error as a function of cost of measuring campaign calculated for different
preliminary and secondary sampling designs
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At first glance, the above-shown results seem to be rather ambiguous. However,
detailed analysis of estimation errors for many multistages sampling designs showed that
much better results in terms of cost and precision give coarser preliminary sampling designs
followed by appropriate chosen secondary sampling than use of the one-stage very dense
measuring grid. This result arises from the fact that although mostly used dense regular
sampling grids, are relatively precise, but in the same time they are very costly. While
preliminary random sampling designs give unbiased results, but in general, are less precise
than systematic sampling designs. Multi-stage sampling allows for treating the intermediate
results as the pre-information for subsequent sampling. This make it possible to better
control and tune the whole sampling process according to circumstances occurring during
sampling campaign.
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OCENA SKUTECZNOSCI OPROBKOWANIA WTORNEGO METODAMI
UZUPELNIANIA PROMIENIOWEGO I WYPELNIANIA ADAPTACYJNEGO
W BADANIACH ZANIECZYSZCZENIA GLEB

Wydziat Inzynierii Srodowiska, Politechnika Warszawska

Abstrakt: Celem pracy bylo poréwnanie efektywnosci wybranych metod oprébkowania dodatkowego,
wykonywanego w celu wyznaczenia rozktadu zanieczyszczenia gleby. Studium przypadku dotyczylo wyznaczania
rozktadu przestrzennego zanieczyszczenia gleby otowiem w okolicach Stawkowa (Goérnoslaski Okreg
Przemystowy). Gtownymi kryteriami efektywnosci metod oprébkowania dodatkowego byty oceny doktadnosci
rozktadu przestrzennego oraz koszty kampanii pomiarowej. Szczegdlng uwage zwrécono na czgsto stosowane



394 Jarostaw Zawadzki and Adam Targowski

oprobkowanie dodatkowe metodami uzupetniania promieniowego (zwanego réwniez adaptacyjnym
oprébkowaniem klastrowym) oraz wypetniania adaptacyjnego. Te dwie metody byty przetestowane w typowym
miejskim i podmiejskim srodowisku, na terenie Stawkowa i w jego okolicach. Praca zawiera réwniez statystyczna
i geostatystyczng analiz¢ omawianego zanieczyszczenia gleby, okreslenie jego ciagglosci przestrzennej, a takze
wyznaczenie serii rozkladéw przestrzennych zanieczyszczenia gleby otowiem z wykorzystaniu wyzej
wymienionych metod oprébkowania dodatkowego. Wyznaczone sieci pomiarowe pozwolity na znalezienie
kompromisu pomigdzy aspektem ekologicznym a finansowym. Rezultaty analizy statystycznej i geostatystycznej
wraz z obowiazujacymi uregulowaniami prawnymi dotyczacymi zawartosci metali cigzkich w glebie sa podstawa
do rzetelnego okreslenia potencjalnego ryzyka ekologicznego wynikajacego z zanieczyszczenia gleb otowiem
w okolicach Stawkowa. Rezultaty wykonanych analiz pokazuja, ze lepsza skuteczno$¢ okre$lana kosztem
i precyzja kampanii pomiarowe]j daje rzadsze oprobkowanie wstgpne uzupetnione odpowiednim oprébowaniem
dodatkowym niz jednoetapowa kampania pomiarowa z gesta siecig pomiarowa.

Stowa kluczowe: geostatystyka, metale ci¢zkie, ryzyko ekologiczne, oprobkowanie dodatkowe



