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Abstract: The aim of the study was to compare the concentrations of risk elements (As, Cu, Mn, Ni,
Pb, Zn) in alluvial soil, which were measured by a portable X-ray fluorescence analyser (pXRF) in situ
(FIELD) and in the laboratory (LABORATORY). Subsequently, regression equations were developed
for individual elements through the method of construction of the regression model, which compare
the results of pXRF with classical laboratory analysis (ICP-OES). The accuracy of the measurement,
expressed by the coefficient of determination (R2), was as follows in the case of FIELD–ICP-OES:
Pb (0.96), Zn (0.92), As (0.72), Mn (0.63), Cu (0.31) and Ni (0.01). In the case of LABORATORY–
ICP-OES, the coefficients had values: Pb (0.99), Zn (0.98), Cu and Mn (0.89), As (0.88), Ni (0.81). A
higher dependence of the relationship was recorded between LABORATORY–ICP-OES than between
FIELD–ICP-OES. An excellent relationship was recorded for the elements Pb and Zn, both for FIELD
and LABORATORY (R2 higher than 0.90). The elements Cu, Mn and As have a worse tightness in the
relationship; however, the results of the model have shown its applicability for common use, e.g., in
agricultural practice or in monitoring the quality of the environment. Based on our results, we can
say that pXRF instruments can provide highly accurate results for the concentration of risk elements
in the soil in real time for some elements and meet the principle of precision agriculture: an efficient,
accurate and fast method of analysis.

Keywords: soil; alluvial soils; hazardous elements; X-ray fluorescence; the Czech Republic

1. Introduction

Soil is a valuable and irreplaceable part of terrestrial ecosystems. Soil quality is a
crucial factor for food safety, human health, animal husbandry and the sustainability of
all ecosystems. One of the aspects threatening the health and quality of soil is hazardous
elements and heavy metals [1–3]. A large number of published studies analysing the risk
elements in alluvial soils in the vicinity of rivers, or even in entire flood areas, can be
found [1,4–12] because the alluvial soils are specific. Their level of pollution can change
relatively quickly, depending on the periodicity and extent of the floods.

Information regarding the concentration of chemical elements in soil needs to be
known by many professions, such as scientists, farmers, builders, miners, or environmental
workers. The conventional way of determining the concentration of chemical elements
in the soil is to take soil samples, transfer them to the laboratory, prepare the samples for
analysis, and finally perform the analysis itself. The number of methods for determining
a particular element is higher [13] and the choice of analysis depends on the capabilities
of the laboratory and its equipment. The atomic-absorption spectroscopy (AAS), atomic
fluorescence spectrometry (AFS), and, particularly, inductively coupled plasma optical
emission spectrometry (ICP-OES) are the basic methods used for determining the concen-
tration of chemicals in the soil [14,15]. These methods require sample preparation (from
relatively simple processes such as drying and grinding to demanding operations involving
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the use of chemicals, fume hoods and microwaves), and their acquisition and operating
costs are high [16–19]. The high cost of soil analysis is a barrier to the possibility of con-
tinuously monitoring soil contamination in large agricultural areas, such as alluvial areas
with frequent floods [1,4,7,20]. For this reason, it is appropriate to seek and validate faster
and cheaper methods of analysing risk elements in soil, which offer comparable accuracy
to the standard laboratory methods already in use [21]. Such a method could be the use
of portable analysers with X-ray fluorescence (pXRF), which are able to perform in situ
measurements. The applicability of pXRFs is wide. They can be used by archaeologists
to analyse archaeological ceramics and sediments [22], and to measure things other than
soil, such as the bark and wood of trees in contaminated areas [23], or ethnic spices and
cosmetics [24]. However, soil analysis remains the main mission of the pXRFs [25–29]. The
pXRF instruments offer an accuracy of determination comparable to laboratory methods
(at least, for some elements) [30–32]. Compared to laboratory methods, pXRF instruments
are cheaper, faster, easily portable and do not require technical equipment and labora-
tory staff [32–34]. At the same time, pXRFs can measure the concentration of hazardous
elements in the environment with high accuracy, either in situ or in the laboratory [32,35].

The pXRFs have their strengths and weaknesses. Their strengths include their speed
of analysis (within minutes, you can analyse a wide range of chemical elements in the soil),
user-friendliness and ease of use (almost everyone can use pXRFs), low acquisition and
operating costs (compared to laboratory analysers), and relatively high sensitivity and
accuracy (especially under suitable conditions). Their weaknesses are the sensitivity and
accuracy of the determination, especially in adverse conditions. The main properties of
the soil that negatively affect the accuracy of determining the concentration of chemical
elements by pXRF are the soil moisture [36,37], together with the soil type and the particle
size [38]. Soil moisture increases the absorption of X-rays, thereby reducing the intensity of
the X-ray signal. Furthermore, water acts as an element that scatters the incoming X-ray
signal. As a result, lower concentrations of chemical elements are recorded in moist soils
than in dry soils. According to the U.S. EPA. Method 6200 [39], soil moisture content
greater than 20% will significantly affect the measured results. The pXRFs can also be used
in laboratory conditions. Using a support stand and prepared samples that have been
dried and ground to the required fineness, the accuracy of the analysis increases [37,40].
Lower particles provide higher accuracy as the incident angles are smaller. According
to [41] in [42], the soil sieved through a 2 mm sieve provides more accurate results in
comparison with unsieved soil samples. On the other hand, this preparation represents
the same step as in the case of laboratory analysis using the ICP-OES or AAS. Compared
to these two methods, the pXRF measurement in laboratory conditions is very time-
consuming, especially when processing large series of soil samples [40,43]. Another aspect
that can affects the measurement results provided by pXRF is spectral interference, an effect
common in soils contaminated with heavy metals. An example of this is the relationship
between Fe and Cu, where “iron (Fe) tends to absorb copper (Cu) X-rays, reducing the
intensity of the Cu measured by the detector” [39]. However, this aspect may not be the
rule [43].

Determination of the accuracy of pXRFs measurements is possible by mutual compar-
ison of pXRF, ICP-OES and other analytical methods (AAS, inductively coupled plasma
atomic emission spectroscopy (ICP-AES), AFS [32,44–48]). Usually, the concentrations
of elements provided by ICP-OES and other laboratory methods are lower (more accu-
rate), while the results provided by the pXRFs can be higher, due to the lower pXRF
accuracy [44,46,48] Again, this may not be the rule [43]. According to the [48], very good
correlations were recorded in the case of Ca, Cu, Cr, Ni, Pb and Zn, when compared to the
results between the aqua regia extraction and pXRF in agricultural sites, and in the case of
Cd, Cu, Pb, and Zn in industrial sites. The overestimated results can be expected in the
case of As and Hg when analysed with the pXRFs [45], but others published satisfactory
correlations between lab-based and pXRF measurements for As, Cu and Zn [44]. This
shows that the pXRF analysers are not perfect and have their limits, primarily bing affected
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by the soil moisture content [47]. On the other hand, the high degree of correlation of
results with lab-based methods, ease and speed of use, and relatively low cost of analysis
(compared to the lab methods) make pXRFs a great instrument for many research industries
and environmentalists. As mentioned above, the pXRF accuracy of the measurement can
be increased in laboratory conditions, when soil samples are dried and grounded. This is
an option for scientists or companies (authorities) without lab equipment, who want to
obtain more accurate results [37,40].

In this paper, we compared the results of the soil analyses, concentrations of As, Cu,
Mn, Ni, Pb, and Zn measured by pXRF (recorded in situ and laboratory) and ICP-OES. The
results analyse 43 sites around the Mže and Otava rivers, where alluvial soils, influenced
by the long mining history in the surrounding areas, are mainly used as agricultural soils
today.

2. Materials and Methods
2.1. Site Description

In 2018 and 2019, we conducted soil research near two rivers, the Mže and the Otava,
including their floodplains. Both rivers originate in Bavaria, Germany, where our colleagues
from the Bavarian Environment Agency also analysed the basins of these rivers. The length
of the Mže river basin (Mies in German, Misa in Latin) is 106.5 km in the Czech Republic
and the catchment area is 1828.6 km2. The Otava River (Wottawa in German) is a gold-
bearing river, 111.7 km long, and the catchment area is 3840 km2. In the past, both the
rivers and their surroundings were closely associated with mining and ore processing. We
selected a total of 43 sites in the Czech Republic, where we performed 36 soil exploration
test pits and 106 satellite test pits. The analysed sites represent both agricultural land and
currently unused land. From these soil probes, we took a total of 502 soil samples, which
represented their soil horizons. According to [49], the soil type is Fluvisol and the whole
studied area of the catchment area of both rivers is characterized as a floodplain, where
N—year flow rates = Q100 m3s−1.

2.2. Experiment Description

A total of three different methods of analysis are compared in this article. The first
method is an in situ soil analysis performed using the pXRF (NitonTM XL3t Gold plus,
Thermo Fisher ScientificTM Inc., Waltham, MA, USA). The radiation source is an Ag anode
(50 kV voltage max., 2 W max.). The beam opening area is 50 mm2. The device was set
to the Soil Analysis program, the length of one measurement was 90 s (low, medium and
high specters; each analysis took 30 s). The pXRF was calibrated by two standards, the Soil
QC Certificate and Mining QC Sheet (Thermo Fisher ScientificTM, Waltham, MA, USA).
A total of three points were analysed in each soil horizon. After completion of in situ
analysis, soil samples were taken from individual horizons for chemical analysis in the
laboratory. In the laboratory, soil samples were air-dried and sieved at <2 mm. The samples
thus prepared were subsequently analysed by the second and third methods. The second
method was pXRF measurement. The individual samples were placed in capsules; the
capsules were placed in a rack to which pXRF was attached. The setting and timing of
pXRF measurements were the same as for in situ measurements of fresh soil samples. The
third method was analysis using a decomposition in digestion vessels mixed with 12 mL of
aqua regia [50]. The digestion was performed by MLS 1200 M microwave system (Milestone
Inc., Sorisole, Italy). Then, an analysis by ICP-OES followed (ICP-OES Thermo Jarrell Ash,
Trace Scan, Franklin, TN, USA).

2.3. Statistical Analysis

All analyses were performed using the Statistica 13.3 software (TIBCO Software Inc.,
Palo Alto, CA, USA), the QC Expert 3.3 Pro (TriloByte Statistical Software Ltd., Pardubice,
Czech Republic), and the NCSS 2019 Statistical Software (NCSS, LLC., Kaysville, UT, USA).
Linear regression modelling used the regression triplet [51] and consisted of the following
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steps: (1) model design, (2) preliminary data analysis (multicollinearity, heteroskedasticity,
autocorrelation and influence points), (3) estimation of parameters using the classical least
squares method (LSM) and subsequent testing of the significance of parameters using
the Student’s t-test, mean square error of prediction, and Akaik information criterion
(AIC), (4) regression diagnostics—identification of influence points and verification of the
LSM assumptions, (5) construction of the refined model [51]. The graphical outputs were
prepared in OriginPro 2018b (OriginLab Corporation, Northampton, MA, USA). Statistical
significance was tested at a significance level of p = 0.05.

3. Results

Using linear regression modelling, we analysed the contents of risk elements (As, Cu,
Mn, Ni, Pb, and Zn) in the soil, measured by three methods: (1) in situ analysis using the
pXRF (marked as FIELD), (2) pXRF used in the laboratory (marked as LABORATORY), and
(3) a standard laboratory method using the aqua regia followed by ICP-OES spectroscopy
(marked as ICP-OES).

3.1. Model for Arsen (As)

The equation of the straight line relating As (FIELD) and As (ICP-OES) is estimated as:
As (FIELD) = (3.1376) + (0.9859) * As (ICP-OES) using the 432 observations in this dataset.
The y-intercept, the estimated value of As (FIELD) when As (ICP-OES) is zero, is 3.1376,
with a standard error of 0.5843. The slope, the estimated change in As (Field) per unit
change in As (ICP-OES), is 0.9859, with a standard error of 0.0290. The value of R-Squared,
the proportion of the variation in As (FIELD) that can be accounted for by variation in As
(ICP-OES), is 0.7295. The correlation between As (FIELD) and As (ICP-OES) is 0.8541. The
estimated slope is 0.9859. The lower limit of the 95% confidence interval for the slope is
0.9290 and the upper limit is 1.0428. The estimated intercept is 3.1376. The lower limit of
the 95% confidence interval for the intercept is 1.9891 and the upper limit is 4.2861.

The equation of the straight line relating As (LABORATORY) and As (ICP-OES) is
estimated as: As (LABORATORY) = (5.7511) + (1.2647) * As (ICP-OES) using the 459
observations in this dataset. The y-intercept value, the slope, the Residual Sum of Squares,
the Pearson’s r, the R2 value, and the MEP and AIC values are shown in Table 1. The lower
limit of the 95% confidence interval for the intercept is 4.5581 and the upper limit is 6.9440
(Figure 1).

Agronomy 2021, 11, x FOR PEER REVIEW 5 of 14 
 

 

 Mn (pXRF) FIELD 
Mn (pXRF) 

LABORATORY 
Ni (pXRF) FIELD 

Ni (pXRF) 

LABORATORY 

Intercept 62.733 ± 15.679 93.056 ± 17.722 49.910 ± 5.468 22.462 ± 1.224 

Slope 0.687 ± 0.024 1.139 ± 0.027 −0.290 ± 0.244 1.713 ± 0.070 

Residual Sum of 

Squares 
5,974,539.238 1.09716E-07 40,933.997 22,037.307 

Pearson’s r 0.799 0.892 −0.100 0.816 

R2 0.638 0.796 0.010 0.666 

MEP 13,375.954 24,382.635 - 73.516 

AIC 4276.196 4808.1535 - 1302.888 

 Pb (pXRF) FIELD 
Pb (pXRF) 

LABORATORY 
Zn (pXRF) FIELD 

Zn (pXRF) 

LABORATORY 

Intercept −3.697 ± 1.918 4.431 ± 1.477 3.554 ± 1.567 2.028 ± 1.118 

Slope 1.149 ± 0.010 1.527 ± 0.009 0.731 ± 0.010 0.977 ± 0.008 

Residual Sum of 

Squares 
660,329.315 382,461.348 180,251.141 80,459.575 

Pearson’s r 0.981 0.992 0.960 0.986 

R2 0.963 0.984 0.922 0.973 

MEP 1408.789 809.513 380.689 173.113 

AIC 3528.776 3233.392 2839.733 2412.816 

 

Figure 1. Statistical significance of regression model for Arsen (pXRF) in soil samples from 

experimental soil sites from Otava and Mže river basins measured in FIELD and LABORATORY. 

3.2. Model for Copper (Cu) 

The equation of the straight line relating Cu (FIELD) and Cu (ICP-OES) is estimated 

as: Cu (FIELD) = (17.1506) + (0.3843) * Cu (ICP-OES) using the 264 observations in this 

dataset. The y-intercept value, the slope, the Residual Sum of Squares, the Pearson’s r, the 

R2 value, and the MEP and AIC values are shown in Table 1. The lower limit of the 95% 

confidence interval for the intercept is 15.3500 and the upper limit is 18.9513. 

The equation of the straight line relating Cu (LABORATORY) and Cu (ICP-OES) is 

estimated as: Cu (LABORATORY) = (6.9702) + (1.0072) * Cu (ICP-OES) using the 328 

observations in this dataset. The y-intercept value, the slope, the Residual Sum of Squares, 

the Pearson’s r, the R2 value, and the MEP and AIC values are shown in Table 1. The lower 

Figure 1. Statistical significance of regression model for Arsen (pXRF) in soil samples from experi-
mental soil sites from Otava and Mže river basins measured in FIELD and LABORATORY.



Agronomy 2021, 11, 938 5 of 13

Table 1. Model characteristics of the pXRF–FIELD and pXRF–LABORATORY comparison for As, Cu,
Mn, Ni, Pb and Zn.

As (pXRF)
FIELD

As (pXRF)
LABORATORY

Cu (pXRF)
FIELD

Cu (pXRF)
LABORATORY

Intercept 3.138 ± 0.584 5.751 ± 0.607 17.151 ± 0.914 6.970 ± 0.778

Slope 0.986 ± 0.029 1.265 ± 0.031 0.384 ± 0.035 1.007 ± 0.027

Residual Sum of
Squares 16,463.964 22,110.301 7056.466 21,571.303

Pearson’s r 0.854 0.887 0.563 0.898

R2 0.729 0.786 0.317 0.807

MEP 39.129 49.248 27.125 0.561

AIC 1576.698 1782.510 871.438 85.573

Mn (pXRF)
FIELD

Mn (pXRF)
LABORATORY

Ni (pXRF)
FIELD

Ni (pXRF)
LABORATORY

Intercept 62.733 ± 15.679 93.056 ± 17.722 49.910 ± 5.468 22.462 ± 1.224

Slope 0.687 ± 0.024 1.139 ± 0.027 −0.290 ± 0.244 1.713 ± 0.070

Residual Sum of
Squares 5,974,539.238 1.09716 × 10−7 40,933.997 22,037.307

Pearson’s r 0.799 0.892 −0.100 0.816

R2 0.638 0.796 0.010 0.666

MEP 13,375.954 24,382.635 - 73.516

AIC 4276.196 4808.1535 - 1302.888

Pb (pXRF)
FIELD

Pb (pXRF)
LABORATORY

Zn (pXRF)
FIELD

Zn (pXRF)
LABORATORY

Intercept −3.697 ± 1.918 4.431 ± 1.477 3.554 ± 1.567 2.028 ± 1.118

Slope 1.149 ± 0.010 1.527 ± 0.009 0.731 ± 0.010 0.977 ± 0.008

Residual Sum of
Squares 660,329.315 382,461.348 180,251.141 80,459.575

Pearson’s r 0.981 0.992 0.960 0.986

R2 0.963 0.984 0.922 0.973

MEP 1408.789 809.513 380.689 173.113

AIC 3528.776 3233.392 2839.733 2412.816

3.2. Model for Copper (Cu)

The equation of the straight line relating Cu (FIELD) and Cu (ICP-OES) is estimated
as: Cu (FIELD) = (17.1506) + (0.3843) * Cu (ICP-OES) using the 264 observations in this
dataset. The y-intercept value, the slope, the Residual Sum of Squares, the Pearson’s r, the
R2 value, and the MEP and AIC values are shown in Table 1. The lower limit of the 95%
confidence interval for the intercept is 15.3500 and the upper limit is 18.9513.

The equation of the straight line relating Cu (LABORATORY) and Cu (ICP-OES) is
estimated as: Cu (LABORATORY) = (6.9702) + (1.0072) * Cu (ICP-OES) using the 328
observations in this dataset. The y-intercept value, the slope, the Residual Sum of Squares,
the Pearson’s r, the R2 value, and the MEP and AIC values are shown in Table 1. The lower
limit of the 95% confidence interval for the intercept is 5.4402 and the upper limit is 8.5002
(Figure 2).
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Figure 2. Statistical significance of regression model for Copper (pXRF) in soil samples from experi-
mental soil sites from Otava and Mže river basins, measured in FIELD and LABORATORY.

3.3. Model for Manganese (Mn)

The equation of the straight line relating Mn (FIELD) and Mn (ICP–OES) is estimated
as: Mn (FIELD) = (62.7329) + (0.6874) * Mn (ICP–OES) using the 450 observations in this
dataset. The y-intercept value, the slope, the Residual Sum of Squares, the Pearson’s r, the
R2 value, and the MEP and AIC values are shown in Table 1. The lower limit of the 95%
confidence interval for the intercept is 31.9191 and the upper limit is 93.5467.

The equation of the straight line relating Mn (LABORATORY) and Mn (ICP-OES) is
estimated as: Mn (LABORATORY) = (93.0551) + (1.1388) * Mn (ICP-OES) using the 473
observations in this dataset. The y-intercept value, the slope, the Residual Sum of Squares,
the Pearson’s r, the R2 value, and the MEP and AIC values are shown in Table 1. The
lower limit of the 95% confidence interval for the intercept is 58.2313 and the upper limit is
127.8790 (Figure 3).
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3.4. Model for Nickel (Ni)

The equation of the straight line relating Ni (FIELD) and Ni (ICP-OES) is estimated
as: Ni (FIELD) = (49.9096) + (−0.2900) * Ni (ICP-OES) using the 140 observations in this
dataset. The y-intercept value, the slope, the Residual Sum of Squares, the Pearson’s r, the
R2 value, and the MEP and AIC values are shown in Table 1. The lower limit of the 95%
confidence interval for the intercept is 39.0973 and the upper limit is 60.7219.

The equation of the straight line relating Ni (LABORATORY) and Ni (ICP-OES) is
estimated as: Ni (LABORATORY) = (22.4618) + (1.7133) * Ni (ICP-OES) using the 303
observations in this dataset. The y-intercept value, the slope, the Residual Sum of Squares,
the Pearson’s r, the R2 value, and the MEP and AIC values are shown in Table 1. The
lower limit of the 95% confidence interval for the intercept is 20.0533 and the upper limit is
24.8702 (Figure 4).
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mental soil sites from Otava and Mže river basins measured in FIELD and LABORATORY.

3.5. Model for Lead (Pb)

The equation of the straight line relating Pb (FIELD) and Pb (ICP-OES) is estimated
as: Pb (FIELD) = (−3.6965) + (1.1493) * Pb (ICP–OES) using the 489 observations in this
dataset. The y-intercept value, the slope, the Residual Sum of Squares, the Pearson’s r, the
R2 value, and the MEP and AIC values are shown in Table 1. The lower limit of the 95%
confidence interval for the intercept is −7.4642 and the upper limit is 0.0711.

The equation of the straight line relating Pb (LABORATORY) and Pb (ICP-OES) is
estimated as: Pb (LABORATORY) = (4.4310) + (1.5266) * Pb (ICP-OES) using the 484
observations in this dataset. The y-intercept value, the slope, the Residual Sum of Squares,
the Pearson’s r, the R2 value, and the MEP and AIC values are shown in Table 1. The lower
limit of the 95% confidence interval for the intercept is 1.5284 and the upper limit is 7.3336
(Figure 5).
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3.6. Model for Zinc (Zn)

The equation of the straight line relating Zn (FIELD) and Zn (ICP-OES) is estimated as:
Zn (FIELD) = (3.5548) + (0.7307) * Zn (ICP-OES) using the 478 observations in this dataset.
The y-intercept value, the slope, the Residual Sum of Squares, the Pearson’s r, the R2 value,
and the MEP and AIC values are shown in Table 1. The lower limit of the 95% confidence
interval for the intercept is 0.4752 and the upper limit is 6.6344.

The equation of the straight line relating Zn (LABORATORY) and Zn (ICP-OES) is
estimated as: Zn (LABORATORY) = (2.0281) + (0.9766) * Zn (ICP-OES) using the 468
observations in this dataset. The y-intercept value, the slope, the Residual Sum of Squares,
the Pearson’s r, the R2 value, and the MEP and AIC values are shown in Table 1. The lower
limit of the 95% confidence interval for the intercept is −0.1683 and the upper limit is
4.2245 (Figure 6).
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3.7. Model Summary

The equations of the lines for the individual risk elements (As, Cu, Mn, Ni, Pb,
Zn), with a detailed statistical evaluation, are given in Figures 1–6. The models were
processed by regression triplet (data critique, model critique and methods in regression
triplet). Therefore, the parameters Mean Prediction Error (MEP) and AAkaike information
criterion (AIC) are given in each model. The smaller the AIC or MEP, the more suitable
the model. The number of repetitions in single datasets ranges from 140 to 489. The
coefficients of determination (R2) were 0.96 (Pb), 0.92 (Zn), 0.72 (As), 0.63 (Mn), 0.31
(Cu) and 0.01 (Ni) for in situ measuring (FIELD). For laboratory measurements using the
pXRF (LABORATORY), the coefficients were 0.99 (Pb), 0.98 (Zn), 0.89 (Cu, Mn), 0.88 (As)
and 0.81 (Ni). All models, except the Ni model (FIELD), were statistically significant
(Fisher-Snedecor test) and correct (Scott’s multicollinearity criterion). By comparing FIELD
and LABORATORY measurements to ICP-OES, a higher tightness of relationships was
always recorded between LABORATORY and ICP-OES. For in situ analysis of Ni and Cu
concentrations in the soil, the use of pXRF is problematic (R2 for Ni = 0.01, R2 for Cu = 0.31).
On the contrary, for Pb and Zn, the results are excellent, both for in situ (FIELD) and for
LABORATORY measurements (R2 higher than 0.9).

Cu, Mn and As show a worse dependence in the models (R2 = 0.75–0.90) than Pb
and Zn; however, the pXRF is suitable for orientational survey of environmental quality
(assuming analysis in laboratory conditions—LABORATORY). Based on the model, the
in situ (FIELD) analysis of Mn and As, as well as Ni in the laboratory (LABORATORY), is
suitable for approximate estimation.

4. Discussion

The most important parameter observed when comparing the results obtained with
pXRF and laboratory methods is the coefficient of determination, (R2). According to the
United States Environmental Protection Agency, the results of the analysis obtained by
pXRF are divided into three categories, depending on R2: (1) definitive, (2) quantitative
screening, and (3) qualitative screening. The R2 parameter is based on the regression
between pXRF and the reference data. The range of parameter R2 for individual categories
is as follows: (1) 0.85–1, (2) 0.70–0.85, and (3) <70 [52,53]. When comparing pXRF results ob-
tained from in situ measurements (FIELD) and in-laboratory conditions (LABORATORY),
a higher dependence (tightness of the relationship) with the standard laboratory method
(ICP-OES) has always been demonstrated by LABORATORY results (see Model Summary).
Our results from in situ measurements are similar to the study of Qu et al. [54]. In this
paper, pXRF was used to analyse an area of 60 km2 (agricultural area of Wuhan, Hubei,
China), with a soil depth of 20 cm, achieving a correlation coefficient of R2 = 0.95 for Pb
compared to the laboratory method. Similar correlation coefficients for the determination
of risk elements using a pXRF, by directly measuring in the field, were also reported by
Hu et al. [15], Ran et al. [55], Caporale et al. [48], Zhou et al. [56]; Qu et al. [57]; Kennedy,
Kelloway [58].

The accuracy of measuring the concentration of risk elements in the soil will increase
if we use pXRF in the laboratory. In this case, the soil samples are sieved, dried and
homogenized before the analysis [32]. This step is identical to the preparation of samples
for spectroscopic analysis. The prepared soil samples are then poured into plastic capsules.
The measurement itself is performed in a stand to which pXRF is attached. However, the
increase in sensitivity is redeemed by labor and time. Depending on the number of samples,
the analysis may take several days. Our measurements can confirm this, as we achieved
higher coefficients of determination in the laboratory (Model Summary). Similar results
were published by Wan et al. [32], who analysed agricultural soil around Kunming City,
Yunnan Province, southwestern China, and compared the pXRF results measured in the
laboratory and then by ICP-MS. Our results are also consistent with the study published
by Adler et al. [59]. In this study, a total of 1833 agricultural soil samples in Sweden were
analysed and the R2 coefficients for the elements Cu, Cd and Zn ranged from 0.63 to 0.92. In
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the case of As, our results are consistent with the results of a study published by Kebonye
et al. [60]. In this study, alluvial soil (Fluvisols and Graysols with grass cover) from the
Litavka river area, Příbram, the Czech Republic, was measured in the laboratory using the
pXRF. This soil is one of the most polluted flood soils in Europe [61]. The use of pXRF in
laboratory conditions highlighted the effect of soil moisture, especially for the Ni element
(compared to other elements). While in situ measurements could be described as inapplicable
or problematic, sample treatment significantly increased the accuracy of the determination.

Based on our research and comparing the results published by other scientists in
scientific articles, we can state that measuring the concentration of risk elements in agri-
cultural land using pXRF can provide high-quality (accurate) results, in real time and
very quickly (application of precision agriculture principles—efficiency, accuracy and
speed [45,48,59,62,63]. pXRF offers a great opportunity for the preliminary monitoring of
locally and potentially contaminated soils, followed by standard laboratory analysis [64].
(Kim and Choi 2017). pXRF instruments can also find application in the prediction of
soil and soil environment properties, such as pH, carbon content and accessible nutri-
ents [32,35,65,66].

5. Conclusions

Using the method of construction of the regression model by regression triplet (data
critique, model critique and methods in regression triplet), we compared the concentrations
of risk elements in alluvial soils in the basin of two rivers (Mže and Otava). The criteria r
(Pearson’s r), R2 (coefficient of determination), MEP and AIC were taken into account in
the construction of each model for field results.

The results measured by pXRF (in situ and in the laboratory conditions) were com-
pared with the results obtained by ICP-OES. The number of replicates for individual risk
elements ranged from 140 to 489. The coefficients of determination (R2) between pXRF
in situ and ICP-OES were Pb (0.96), Zn (0.92), As (0.72), Mn (0.63), Cu (0.31) and Ni (0.01).
The coefficients of determination between pXRF (in the laboratory) and ICP-OES were
Pb (0.99), Zn (0.98), Cu and Mn (0.89), As (0.88) and Ni (0.81). Compared to the standard
laboratory method (ICP-OES), a higher tightness of the relationship was always recorded
in the case of pXRF laboratory analysis (the accuracy of the in situ pXRF determination
was lower).

The use of portable XRF analysers offers faster and simpler analysis than the standard
laboratory methods. Speed and simplicity are redeemed by lower accuracy. The accuracy of
the determination can be easily increased by the soil sample preparation (drying, grinding,
homogenization), followed by pXRF measurement in the laboratory. This method of
analysis offers high-quality information on the concentrations of risk elements in the soils.
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