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Abstract: Several techniques, such as chemical methods and inductively coupled plasma mass
spectrometry (ICP-MS), are available to accurately determine element content. However, they are
time-consuming, labor-intensive, or expensive. Portable X-ray fluorescence spectrometry (pXRF)
can be applied in various scenarios, with significantly higher efficiency and cost-effectiveness than
laboratory methods. However, it also has limitations such as lower detection capability, relatively
high detection limits, and lower accuracy than laboratory methods. In this study, we focused on
applying pXRF to determine the elemental content of sediment samples and investigate its use in
mineral exploration. A variety of factors influencing the results of pXRF analysis were analyzed. Our
results showed that pXRF could detect more than 30 elements in stream sediments. The reliability of
PXRF’s measurements was affected by factors such as the kind of element, sediment particle size,
sample grinding treatment, count time, averaged element content, standard deviation of content,
and range of content variation. The combination of pXRF analysis and laboratory analysis of partial
samples is adequate for establishing a multi-element content inference equation. With this equation,
it is possible to effectively infer the content gradient of elements, which will provide valuable support
for mineral resource exploration.

Keywords: portable X-ray fluorescence spectrometer (pXRF); stream sediment; geochemistry;
element content; mineral exploration

1. Introduction

Stream sediment is one of the most commonly used sampling media in mineral re-
source exploration and environmental scientific research [1-3] since they represent large
areas and particularly reflect the element background within specific catchment basins. The
International Association of Geochemistry for Exploration conducted extensive research
and discussion around sampling media and when conducting large-scale geochemical
surveys across many countries, stream sediment was the most widely used sampling
medium [4-6]. However, in areas with poorly developed water systems, such as deserts,
particularly the Gobi desert, stream sediment is not an effective sampling medium. Cor-
respondingly, lag materials or rock debris are used as the sampling medium instead [7].
Some scholars believe that stream sediment cannot represent the situation in the source
area, whereas more scholars think that stream sediment is a good medium [8,9]. Stream
sediment has been identified as the main sampling medium in China’s national geochem-
ical mapping project [10]. Thus far, China’s geochemical exploration has covered more
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than 6.5 million square kilometers. Based on these geochemical exploration data, several
geochemical anomalies have been discovered, which has prompted the discovery of several
deposits [11]. This example supports the use of stream sediment samples to explore mineral
resources effectively.

Considering geochemical anomalies in mineral exploration, not all areas with large-
scale element anomalies and high anomaly intensity have valuable mineral resources.
Scholars have found through statistical analysis that a small percentage of all geochemical
anomaly areas confirmed by field exploration contain valuable mineral deposits, whereas
most other geochemical anomaly areas do not contain any discovered deposits [12]. This
finding may be due to low sampling density or insufficient attention paid to the field explo-
ration of geochemical anomalies. This situation has long troubled exploration geologists. To
verify the large number of geochemical anomalies based on low-density geochemical sam-
pling, conducting more detailed field investigations of each anomalous area is necessary.
One effective method is to collect more samples from the anomalous areas and perform
element content analysis. The more samples collected, the better. However, analyzing the
element content of multiple samples is very costly. In addition, mineral resource exploration
itself is a high-risk investment activity characterized by large investments, long-term cycles,
high risks, and high potential returns. Therefore, analyzing the element content of multiple
samples from anomalous areas is often impractical. However, pXRF makes this seemingly
impractical method feasible. pXRF has been used in mineral resource exploration [13,14]
and environmental evaluation [15,16], and many other fields. It can analyze sample types
including rock [17,18], soil [19-21], plants [22,23], bone [24], alloys [25], artworks [26,27],
etc. Stream sediment is the most commonly used sample medium in mineral resource
exploration. However, there are few studies on the use of pXRF in analyzing stream sedi-
ment. In addition, in situ measurements were not conducted in the field due to our focus
on the investigation of various factors influencing the results of pXRF analysis, rather than
direct field application. Instead, a comprehensive laboratory analysis of the application
effectiveness of pXRF in analyzing stream sediments was conducted. In this study, we
aimed to provide methodological guidance for verifying geochemical anomalies.

2. Materials and Methods
2.1. Sample Collection and Processing

The stream sediment samples in this study were collected from three different areas.
Table 1 shows basic information about the three sampling areas.

Table 1. Basic information about samples.

Region Center Location Deposit Type in the Area Sample
Longitude Latitude Number
Hatu 84.38 4591 gold deposit 456
Moyu 79.29 36.89 no known deposit 211
Hongliutan 79.28 35.84 lithium deposit 18

The Hatu study area is located northwest of the Junggar Basin, Xinjiang, about 80 km
from Karamay City. It is an important area for gold resources in Xinjiang, and the largest
gold deposit in the area is the Hatu gold deposit. According to 1:200,000 geochemical
exploration data, multiple element anomalies such as Au, Cu, and As are found in this
area [28]. The sediment samples used in this study were collected from natural valleys
around the Hatu gold mine, covering an area of approximately 70 square kilometers. The
Moyu study area is located in the Southern Tarim basin of Xinjiang, about 60 km from
Hetian City. Due to the limited number of samples involved in the 1:200,000 geochemical
exploration work in this area, only a few samples were available. No obvious geochemical
anomalies were found based on these limited samples. To further understand the min-
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eralization potential of this area, fieldwork was conducted on a sampling area covering
approximately 100 square kilometers. The Hongliutan study area is located deep in the
Kunlun mountain, about 150 km from Hetian City. Huge lithium mineral resource potential
has been discovered in this area in recent years [29]. According to geochemical analysis
data in the area, there are also lithium anomalies. To clarify the dispersion and migration
of multiple elements such as lithium in the lithium mining area and downstream sediment
samples, we conducted a field investigation. All of the samples were obtained from valleys
downstream of the known lithium mines. Although pXRF cannot be used to measure
elements with smaller atomic masses, such as lithium, it measuring major elements and
some trace elements in these samples using pXRF is still possible. Therefore, we used these
samples in this study.

Samples from the three areas were directly collected from the inside bend of the
stream backflow at the bottom of the natural valleys, where coarse and fine materials were
concentrated. The samples were placed in polyethylene plastic bags.

2.2. Analyzing Method by pXRF

After sample collection, natural air drying took place indoors. The stream sediments
were then sieved into four different particle sizes using a set of sieves. In this study, these
four particle size samples were referred to as parl, par2, par3, and par4, with particle
diameters (d) of d > 380 um, 150 um < d < 380 um, 75 um < d < 150 um, and d < 75um,
respectively. Each sample of different particle sizes was placed in a polyethylene self-
sealing bag. All samples were placed on a sample testing platform. An energy-dispersive
pXRF (Thermo Fisher Scientific Niton XL3t 950 GOLDD+; Waltham, MA, USA) was used
to analyze the samples. The instrument’s analysis mode was set to ore copper and zinc.
Based on the distribution of various element contents obtained by pXRF analysis, some
samples were selected from stream sediment samples. For each selected sample, the pXRF
analysis time was set to 40 s, 80 s, 120 s, and 160 s, respectively, to obtain element content
data for each sample. Consequently, multi-element content data from different particle size
samples under different analysis test times were obtained.

2.3. Laboratory Analysis Method

The selected samples were entrusted to a professional third-party analytical laboratory
and ground using a grinder until the particle size was <75 um. The content of other
elements was determined using inductively coupled plasma mass spectrometry (ICP-MS,
Agilent 7900, agilent technologies, Tokyo, Japan) and inductively coupled plasma optical
emission spectrometry (ICP-OES, Agilent 5110, agilent technologies, Mulgrave VIC 3170,
Australia) with four-acid (nitric, hydrochloric, perchloric, and hydrofluoric acids) digestion.
After laboratory analysis, most of the analyzed samples still had remaining material, which
was also ground. The elemental content of these remaining samples was analyzed again
using pXRF, and the instrument’s various parameter settings were consistent with those
used above (Section 2.2).

3. Results
3.1. The Elemental Detection Capability of pXRF

A total of 683 records of pXRF analysis results were collected from stream sediment
samples collected from three different regions. We counted the number of samples detected
by pXREF for each element. The results are shown in Figure 1. Among all the samples in this
study, 36 elements were detected by pXRFE. pXRF could not detect 56 elements from atomic
numbers 1-92 in the periodic table. These undetectable elements include light elements
with atomic numbers 1-11, rare earth elements with atomic numbers 57-71, all noble gas
elements, nearly all radioactive elements with atomic numbers 84-92 (except Th and U),
and 18 other elements (Co, Ga, Ge, Se, Br, Y, Ic, Ru, Rh, In, I, Re, Os, Ir, Pt, Au, Hg, and TI).
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Figure 1. The ability of pXRF to detect various elements in stream sediment samples.
3.2. Correlation Analysis between pXRF and Laboratory Analysis Results
To evaluate the reliability of each element content obtained by pXRF analysis, we
studied the correlation between pXRF and laboratory analysis results for 36 elements
(Figure 1). They are compared and analyzed in Table 2. Since the Si, Cl, Ag, and Pd element
results were not included in the laboratory analysis results, we could not compare the
reliability of elements determined by pXRFE. The correlation coefficients of various elements
measured by laboratory and pXRF methods showed relatively reliable results from the
pXRF analysis of 19 elements (the shaded part) such as Mg, S, and Ca (i.e., combined with
the laboratory analysis results, Pearson’s correlation coefficient was >0.5). By contrast, the
correlation coefficient between pXRF and laboratory analysis results was lower for the other
13 elements (the unshaded part). Therefore, the pXRF analysis results for these elements
are unreliable.
Table 2. Correlation coefficient (corr) between pXRF and laboratory analysis.
Element Mg Al Si P S Cl K Ca Sc
corr 0.58 0.27 * —0.03 0.74 * 0.54 0.88 0.07
Element Ti \% Cr Mn Fe Ni Cu Zn As
corr 0.7 0.64 0.54 0.85 0.85 0.02 0.7 0.92 0.98
Element Rb Sr Zr Nb Mo Pd Ag Cd Sn
corr 0.92 0.96 0.75 0.68 0.23 * * # —0.15
Element Sb Te Cs Ba w Pb Bi Th 8]
corr 0.28 -0.22 -0.2 0.64 -0.12 0.58 —0.12 0.89 -0.27

* Specifies elements not analyzed in the laboratory. # The use of pXRF only yielded valid values in four samples.
However, laboratory testing showed that the Cd element content in these four samples was below the detection
limit (i.e., 0.5 ppm).

3.3. Influence of Sample Size on Element Detection Results

In this section, 59 original samples are involved. A total of 236 data sets were analyzed
since each sample was screened into four different particle sizes. Figure 1 shows various
element concentrations in the study samples that were too low for pXRF detection. There-
fore, these elements will not be discussed in this section. Therefore, we only evaluated the
influence of sample size on pXRF detection results by comparing the elements in Table 3.
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Table 3. Correlation coefficients between pXRF and laboratory results for samples with different
particle sizes.

Element parl par2 par3 par4 Element parl par2 par3 pard
Al 0.71 —0.06 —0.03 0.24 Nb 0.74 0.8 0.69 0.44
As 0.84 0.97 0.97 0.99 Pb 0.45 0.73 0.72 0.64
Ba 0.92 0.88 0.21 0.17 Rb 0.78 0.94 0.96 0.96
Ca 0.44 0.85 0.93 0.98 S 0.64 0.41 0.81 0.96
Cr 0.59 0.64 0.49 0.6 Sr 0.92 0.99 0.98 0.98
Cu 0.74 0.83 0.5 0.91 Ti 0.41 0.78 0.58 0.92
Fe 0.82 0.87 0.85 0.97 \% 0.65 0.55 0.48 0.82
K 0.5 0.2 0.76 0.84 Zn 0.62 0.92 0.96 0.99
Mn 0.77 0.86 0.96 091 Zr 0.19 0.37 0.48 0.2

70,000
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30,000
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Note: parl, par2, par3, and par4 represent the particle diameters (d) in the sample, which are d > 380 pum,
380 um < d < 150 um, 75 pm < d < 150 pm, and d < 75 pm, respectively. Changes in the coefficient of the shading
section are relatively unique and will be explained in the main text.

Each value in Table 3 represents Pearson’s correlation coefficient between the pXRF and
laboratory analysis results. With the decrease in sample particle size, the pXRF results for
most elements were more reliable because the correlation coefficient showed an increasing
trend. However, with the reduced sample particle size, the results of Al, Ba, and Nb
elements measured by pXRF tended to be less reliable. Through further analysis of the
content characteristics of these three elements in different particle sizes, we found that the
content variation range and variance of these three elements in fine-grained samples was
lower than in coarse-grained samples despite the average content of these three elements
in fine-grained samples not being significantly lower than in coarse-grained samples.
Table 3 also shows that the correlation between Zr content measured by pXRF in samples
of various particle sizes and the laboratory analysis results is low (i.e., the correlation
coefficient is <0.5). However, the pXRF analysis results for medium particle sizes (par2
and par3) are relatively reliable (i.e., the correlation coefficient is higher than 0.3). Further
analysis showed that the mean, standard deviation, and content range of Zr in the coarse
(parl) and fine-grained (par4) samples were lower than those in medium-grained (par3
and par4) samples (Figure 2).

-

™

mean

— std

range of content

Ba 50
800

T
par3

T
par2
diameter of sample particle size

m‘r]

m‘r«!

E £ g4
& 600 = =
= = 125 g
2 2 e
g — e s 100 — g3
S w0 mean = mean = mean
g — sd e - £ — std 2 — sd
é range of content LE . range of content é 0 range of content
200 -
25
10
T T T T 00 1 T T T T T T T
parl par2 par3 pard parl par2 par3 pard parl par2 par3 pard

diameter of sample particle size diameter of sample particle size diameter of sample particle size

Figure 2. Comparison of basic statistical parameters for Al, Nb, Ba, and Zr in samples with different
particle sizes. parl, par2, par3, and par4 represent the particle diameters (d) in the sample, which are
d > 380 um, 380 pym < d < 150 pm, 75 pm < d < 150 pm, and d < 75 pm, respectively.

3.4. Effect of Sample Grinding on pXRF Analysis

As mentioned above, the samples were sifted into four different particle sizes after the
stream sediment samples were naturally dried. We first analyzed each sample using pXRF
and set the test time to 80 s. We selected 252 samples and entrusted them to ALS Minerals
(Guangzhou, China). They determined various elemental contents using inductively
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coupled plasma mass spectrometry and inductively coupled plasma optical emission
spectrometry. Finally, pXRF was used to analyze samples used in the laboratory analysis.
In this study, we compared and analyzed the data obtained by three different methods. We
measured pXRF data before and after the sample was crushed and compared them to the
laboratory analysis results. Table 4 shows Pearson’s correlation coefficient. In general, the
correlation coefficient between the pXRF analysis results measured after grinding and the
laboratory analysis results was better, indicating that grinding improves the reliability of
the pXRF analysis results. Grinding treatment also influences the pXRF analysis results
of different elements. Grinding treatment significantly improved the reliability of pXRF
analysis results for Al, K, Mn, Nb, Pb, S, and Ti elements (shaded part). pXRF analysis
results for the other elements (unshaded part) also slightly improved. Grinding treatment
even slightly decreased the reliability of pXRF analysis results for the Ba element.

Table 4. Correlation coefficients between elements measured by pXRF and the laboratory before and
after grinding.

Element Uncrushed_Lab Crushed_Lab Element Uncrushed_Lab Crushed_Lab

Al 0.27 0.5 Nb 0.68 0.81
As 0.98 1 Pb 0.58 0.86
Ba 0.63 0.56 Rb 0.92 0.98
Ca 0.88 0.95 S 0.75 0.94
Cr 0.53 0.54 Sr 0.95 0.97
Cu 0.7 0.79 Ti 0.7 0.91
Fe 0.85 0.9 A% 0.64 0.67
K 0.55 0.85 Zn 0.92 0.96
Mn 0.85 0.98 Zr 0.75 0.76

3.5. Influence of Count Time on the Analysis Results

By comparing various elements obtained from four different pXRF count times (i.e.,
40s, 80 s, 120 s, and 160 s) to the laboratory analysis results (Figure 3), we found some
differences between pXRF analysis results obtained from different count times. However,
the difference was slight for some of the elements. However, according to the pXRF analysis
results for 40 and 160 s, the correlation coefficient of 160 s_lab (black line) for most elements
was higher than 40s_lab (red line), indicating that the reliability of pXRF results tends to
increase with the increase in count time. For different elements, the reliability of analysis
results did not necessarily improve with the increase in pXRF count time because the
correlation coefficient of 120s_lab (blue line) for some elements (e.g., Al, Ba, Cr, et al.) was
lower than 40s_lab (red line) and 80s_lab (green line). Overall, the influence of different
pXRF count times on different elements was also different. Al, Ba, Cr, Cu, Fe, K, Mn, Sr, V,
and Zn were relatively affected by count time. As, Ca, Nb, Pb, Rb, S, Ti, and Zr were less
affected by count time.

3.6. Influence of Element Content on Error of pXRF Analysis

To determine the influence of certain elements’ true content on pXRF analysis errors,
we compared the pXRF results to the accurate laboratory results at a count time of 160 s.
For certain elements, all samples participating in the comparative analysis were sorted
from low to high according to the laboratory analysis results. Secondly, we normalized the
organized laboratory results using the min-max normalization method and drew them into
lines (black lines in Figure 4). Thirdly, the sorting results of the first step were treated as a
reference. The difference percentage between the pXRF and laboratory analysis results for
each sample was calculated successively. In the fourth step, the error percentage calculated
in the third step was normalized using the min—-max normalization method and drawn as a
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correlation coeflicient

0.8 1

0.6

041

0.01

line (red line in Figure 4). In the fifth step, a trend line (yellow line in Figure 4) was added
to the error percentage line.

For all elements, Figure 4 shows that the error of pXRF results tends to decrease with
the increase in the sample’s element content. However, this trend is different in different
elements. For example, with the increase in Al, Cr, Ca, and other elements in the sample,
the pXRF errors decrease significantly. As Mn, Sr, and Ti content increases in the sample,
the error reduction of pXRF results is relatively insignificant. In addition, according to Ca,
Cr, S, and V element errors in pXRF analysis, when the element content of the sample is
low, both the error and fluctuation of error are high, indicating that the poor reliability of
pXRF analysis when the element content of the sample is low.

40s_lab
80s_lab
120s lab
160s_lab

Al

Blu

(:a L"r L‘?u Flc k Nin T\:b P'b R'b ; S'r 'Il‘i v 7jn 7|.r

Figure 3. Correlation coefficients between pXRF and laboratory results at different count times.
40s_lab, 80s_lab, 120s_lab, 160s_lab represent the correlation coefficient between pXRF and laboratory
results when the pXRF count times are 40 s, 80 s, 120 s, and 160 s, respectively.
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Figure 4. Cont.
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Figure 4. Influence of the true content of elements on pXRF analysis errors.

4. Discussion

In all stream sediment samples in this study, a total of 36 elements were detected
using pXRE. Multiple elements (14 element kinds) were detected in no more than 30% of
sample species (LPE—low proportion of detectable elements). By calculating the correlation
coefficients between pXRF and laboratory analysis results, we found that only Mg and
Th in LPE had high correlation coefficients (0.58 and 0.89, respectively). By contrast, the
correlation coefficients of other elements were all very low (<0.3 or <0.1), indicating the
unreliability of pXRF in analyzing the element content of stream sediments, especially if
certain elements are detected in <30% of all samples. These results are consistent with the
conclusions of Zhou et al. [18] and should be considered during application. In addition,
PXRF cannot be used to detect all rare earth and noble gas elements, most radioactive
elements (except Th and U), and 18 other elements (Co, Ga, Ge, Se, Br, Y, Tc, Ru, Rh, In,
I, Re, Os, Ir, Pt, Au, Hg, and TI), possibly because the content of these elements in the
samples was too low and beyond the detection capability of pXRF. Specific causes must be
further explored.

The reliability of element content obtained from samples of different particle sizes by
pXRF differs due to the heterogeneity of elements in samples with different particle sizes
and the different enrichment characteristics of various elements in stream sediments [30,31].
In general, the pXRF results of most elements are more reliable in fine particle size samples
because the correlation coefficient between the pXRF analysis results of fine-grained sam-
ples and the laboratory analysis results is higher. However, some elements are relatively
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reliable in coarse particle size samples (e.g., Al, Ba, and Nb) or medium particle size samples
(e.g., Pb and Zr). Considering different geological and ecological environment conditions,
the enrichment trend of different elements in different particle sizes of stream sediment
is different. Therefore, when using pXRF to analyze the contents of various elements in
stream sediment samples, it is necessary to determine the most suitable sample particle
size based on the environmental conditions of the sampling site and the enrichment law of
specific elements. In general, using pXRF to analyze stream sediments of moderate size
may be a more practical strategy.

Some elements have very low correlation coefficients between the pXRF and laboratory
results, or pXRF did not detect the element in all samples. However, this does not imply
that pXRF cannot be applied to element content analysis in stream sediments. Reasons for
this result may include two of the following aspects: (1) The element content in all the tested
samples was lower than the detection limit of pXRF; (2) although the element content in all
the samples was higher than the detection limit of pXRE, the content difference between
each sample was too small, and pXRF cannot distinguish this difference. In the first case,
PXRF cannot be used to detect these elements in stream sediment in general; however, this
inference is only based on the samples in this study. Stream sediment from other areas may
contain high levels of certain elements, making pXRF an effective method to detect these
elements. In the second case, the fitting equation between pXRF and laboratory analysis
results cannot be established, considering the limited value of pXRF results. Therefore, the
actual element content in the sample cannot be inferred from pXRF analysis results. We
suggest increasing the sampling area as much as possible to increase the variation range of
a certain target element in the samples.

Although there is a significant difference between the absolute value of pXRF and
laboratory analysis results for many elements, the fitting equation between pXRF and
laboratory analysis results can often be established. In other words, the relative content of
elements can be effectively inferred from pXRF analysis results. Furthermore, the elements’
spatial trends can be identified based on the sampling location, and the content gradient
can be divided. The content gradient of elements is similar to the true content of elements,
which is valuable for mineral resource exploration.

To clarify the distribution of an element over a wide area, scientists usually collect
geochemical samples with a low sampling density and analyze the contents of various
elements with accurate element content analysis methods. This protocol is reasonable
in the early stages of mineral resource exploration. However, with the development of
mineral resource exploration, the focus has changed to the detailed dissection of some
geochemical anomaly areas in the hope of locating the deposit, which often requires several
samples at a high density and analyzing the element content. Analyzing the elements
indiscriminately is costly and reduces work efficiency, which is not an advisable strategy.
At this point, pXRF can be used to quickly analyze the sample. To analyze the element
content accurately based on preliminary analysis results, a relatively small number of
samples can be selected to accurately analyze the element content. The fitting equation of
pXRF and laboratory analysis results can then be established. Estimating the real content of
various elements can be made based on the equation and all pXRF analysis results. In this
way, working methods can be shifted from the high-precision analysis of small samples
to the low-precision analysis of large samples. This method not only saves funds but also
significantly improves working efficiency.

5. Conclusions

When using pXRF for stream sediment element content analysis, if a specific element
is detected only in <20% or even 30% of all the samples, the pXRF results for that element
are generally unreliable (except for the Th element in this study). Alternatively, we can
argue that the tested samples generally do not contain or contain very small amounts of a
specific element, indicating no significant anomalies for this element in the study area.
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Most fine-grained samples have more reliable pXRF analysis results. However, a
small number of coarse- or intermediate-grained samples also have relatively reliable pXRF
analysis results. The main factors affecting the fitting equation of pXRF and laboratory
analysis results include the mean value, standard deviation, and variation range of element
content in the analyzed samples. The higher the element content, the larger the standard
deviation of the element content and the variation range of the element content. Hence,
it is more favorable for establishing the fitting equation between pXRF and laboratory
analysis results.

Generally, the grinding treatment of stream sediment samples can improve the relia-
bility of pXRF analysis results. However, the impact of grinding treatment on the analysis
results of different elements varies. pXRF can be used directly to measure stream sediments
of medium particle size (particle diameter is between 75 and 380 pum) if preliminarily
clarifying an element’s distribution within a sample is the only goal.

This study shows that pXRF can effectively detect the contents of various elements in
stream sediment samples. The measured element contents of many elements using pXRF
differed from the results obtained from laboratory analysis. However, there was a strong
(correlation coefficient > 0.5) or very strong (correlation coefficient 0.98) correlation between
pXRF and laboratory analysis results. In other words, the pXRF analysis results could
effectively distinguish between different element content gradients, which has practical
significance for mineral resource exploration.
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