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Abstract

effect of rain, while using this method, are provided.

Linging brick is quite popular in Chinese history. Currently, identifying the origin of Linging brick is an important issue
to be studied in the field of archeology and architectural history in China. Hand-Held X-ray fluorescence (HH-XRF)
spectrometry enables the in situ determination of the main elements in Linging brick in a rapid non-destructive man-
ner. HH-XRF is important in identifying the origin of Linging brick. However, HH-XRF could be influenced by certain
factors and may be capable of measuring only the element contents of the surface for the bricks in situ. The present
study aimed to verify the reliability of HH-XRF and to systematically evaluate the different factors influencing meas-
urement precision and accuracy so that scientific advice could be provided regarding the usage of HH-XRF for this
application. Four experiments were performed to determine the influencing factors and assess the reliability through
cross-validation using inductively coupled plasma optical emission spectrometry (ICP-OES). Finally, the influence of
the different studied factors was studied, and the reliability of HH-XRF was ensured. The facts to consider about the
measurement time, cross validation, criteria to select points, treat surface and getting final data and how to avoid the
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Introduction

Linging brick is quite famous in Chinese history. Several
architectural heritages have been built mainly by Linqging
brick, such as the Forbidden City, the Temple of Heaven,
the Ming Tombs, and the Western Qing Tombs [1, 2].
From the beginning of the Ming Dynasty to the end of
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the Qing Dynasty, Linqing brick had continued to be sup-
plied for the construction and repair of the royal build-
ings for more than 500 years in Beijing [2, 3]. Linging
brick is the most intuitive material for studying the his-
tory of its burning, management, transportation and the
history of the construction and repair of the royal build-
ings in the Ming and Qing dynasties. In 2008, “The man-
ufacturing process of Linqging brick” was selected as the
intangible cultural heritage list in China [2].

Currently, the identification of the origin of Linqing
brick is an important concern [4, 5]. Several Linging bricks
have been found with inscriptions that contain informa-
tion regarding their origin [6, 7]. Accurate measurement
of the main elemental contents of the Linqing bricks with
inscriptions may be significant for the identification of
their origin. It could be used to solve some issues about
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the source of materials for the royal buildings in the Ming
and Qing dynasties, which cannot be resolved just through
historical documents. In addition, it could also be used to
build an elemental database of Linging brick to enhance
the scientific understanding of the material [3].

There are a large number of Linging bricks with inscrip-
tions located on the ancient buildings, such as Ming
Tombs [8]. It is impossible to transport these bricks to the
laboratory. Hand-Held X-ray fluorescence spectrometry
(HH-XRF) allows the measurement of the elemental con-
tents of bricks in a rapid and non-destructive manner so
that the elemental contents could be determined in situ.

HH-XRF has been used in the field of archaeology for
several years. For instance, data from HH-XRF were used
to divide the sources of obsidian, which assists in address-
ing the research issues concerning prehistoric mobility,
exchange, and social networking in a specific area [9-11].
Besides evaluating the source of obsidian, several other
archaeological items were studied using HH-XRE, such as
pottery [12, 13], bronze [14, 15], and tiles [16, 17].

However, the accuracy and reliability of HH-XRF could
be influenced by certain factors. How to analyze the
influencing factors, accuracy, and reliability is the sub-
ject of the present research. Many researchers have done
research on verifying the accuracy and reliability of HH-
XRF in different fields [18—22]. The factors concerned by
the researchers in different fields are different. For exam-
ple, in soil science, researchers care more about meas-
urement time, moisture content of soil, bulk sample size,
and particle size [18]. While in characterizing obsidian
sources, researchers were more focused on accuracy and
reliability, mainly by comparing HH-XRF values to those
from another technique [10, 20]. The effects of different
instrument models and different measurement conditions
(hand-held versus test stand operation) on the reproduc-
ibility of HH-XRF measurements were also considered
[22]. Combining the previous research with the charac-
teristics of this application, the main factors considered in
this study are measurement time, rain, surface contamina-
tion, and homogeneity. Such factors are quite important in
this application. Increasing the count time could increase
the possibility that a series of measurements on the same
specimen will yield similar results [23]. If an inappropriate
measurement time is used, the element contents would be
quite different, even if the same point is measured several
times. The rainy weather is also an issue, which influences
the data, especially for in situ measurement. As in this
case, the photoelectric absorption and scattering increase
that leads to higher limits of detection and reduced appar-
ent content [18]. Further, for in situ measurement, only
points on the surface can be considered, which might be
affected by several factors. Therefore, it is very important
to reduce the effect of surface contamination. The volume
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of the brick is large, and the contents at different points
on the surface of the same brick are different [24]. How to
choose points? How many points to choose? How to deal
with the data of these points to get final data represent-
ing the content of the brick? These factors are addressed
in the present study. Four experiments were performed to
assess these factors, and the reliability of the instrument
was assessed through cross-validation using inductively
coupled plasma optical emission spectrometry (ICP-OES).

Materials and methods

Instrument

The instrument used in the present study was Niton
XL2-960 GOLDD XRF Analyzer equipped with an Ag
anode tube operating at a maximum of 45 kV and 100 pA
and a Geometrically Optimized Large Area Drift Detec-
tor (GOLDD). The standard analytical range was up to 30
elements from Mg to U. There are several instrumental
modes (Soils, Mining: Cu/Zn, Minging:Ta/Hf) for par-
ticular analytes. There are two filters for each irradiation
session, including the main range and light range. The fil-
ters are set to include the following elements: Main: Ba,
Sb, Sn, Cd, Pd, Ag, Sb, Sn, Cd, Pd, Ag, Mo, Nb, Zr, Sr, Rb,
Bi, As, Se, Pb, W, Zn, Cu, Re, Ta, Hf, Ni, Co, Fe, Mn, Cr,
V, Ti. Light: Ca, K. Al, B, Si, Cl, S, and Mg. The irradiation
area is circular, with 8 mm in diameter.

The Soils mode is more suitable to measure the elements
lower than 0.5%, while the Mining mode is more suitable to
measure the elements whose contents are greater than 0.5%
for the Mining mode was corrected using the fundamen-
tal parameters (FP), which can eliminate the interference
between the various elements to a large extent. In the X-ray
fluorescence spectrum, the peaks of Cu/Zn and Ta/Hf over-
lap, and a hand-held instrument cannot distinguish them.
Therefore, different modes (Mining: Cu/Zn, Minging: Ta/
Hf) should be selected according to whether the sample con-
tains Ta/Hf. In the present analysis, the contents of the main
elements were higher than 1%, and there was no Ta/Hf in the
brick. Therefore, Mining: Cu/Zn was selected as the mode.
The total contents of elements were calculated through the
built-in algorithm under Mining: Cu/Zn Mode in the HH-
XRE. Two filters were used. The instrument was set to the
irradiation times of 30 s for each of the main and light filters
with the measurement units set to weight percent (%).

A representative brick spectrum obtained from HH-
XRF was shown in Additional file 1: Fig. S1; ‘Counts/Sec’
represent the emitted spectrum intensity at each photon
energy, so they are the basis for quantitative analysis as
well as the built-in algorithm.

Samples and elements studied
Twenty bricks were used as samples (Additional file 1:
Table S1).
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In experiment 1 and experiment 2, only brick 4 was
used. In experiment 3 and cross-validation, all bricks
were used.

The main elements studied in the present research were
Fe, Ca, K, Al, and Si, whose contents were higher than
1%. In Chinese history, brick and tile have always been
mentioned at the same time. Similar to bricks, glazed
tiles are also made of mainly clay. Except for the firing
temperature, other processes of glazed tiles are similar
to bricks. In China, many scholars have studied the char-
acteristics of the main element content of glazed tiles in
different regions [25—27]. The elements used include the
main elements with the highest content for tile, such as
Fe, Ca, Mg, Al, and Si. Yang Guimei et al. distinguished
the glazed tiles from Mingzhongdu Site in Fengyang,
Minggugong Site in Nanjing and Forbidden City in Bejing
by PCA analysis of the main elements [25]. Duan Hongy-
ing et al. conducted the main component analysis on 398
glazed tiles from 13 provinces and determined the main
element characteristics of glazed tiles from different
regions (North China: high silicon and low aluminum;
the Central of China: low silicon and high aluminum;
the Ningxia province: low silicon and low aluminum;
the Liaoning province: high magnesium properties) [27].
According to the research related to the glazed tiles,
combined with the element contents of the Linqging brick
itself, five elements with the highest content (Fe, Ca, K,
Al, and Si) were selected as representatives.

However, in order to determine whether HH-XRF
could measure more elements in a good precision, in
experiment 1, the elements with a content higher than
0.1% were studied (Fe, Ca, K, Al, Si, Ba, Zr, Mn, Mg, Ti,
and Cl). The elements studied in experiment 2, experi-
ment 3, and cross-validation (Fe, Ca, K, Al, and Si) were
the main elements considered in the present research.

Experiment 1: evaluating the effect of measurement time
The measurement time mainly depends on the HH-XRF
Analyzer used, the investigated element, and the content
of the investigated element [18]. All studied objects were
bricks with a similar composition of elements. Thus, in
experiment 1, only 1 brick was used.

Table 1 Criteria for characterizing data quality (US EPA)
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In order to evaluate the effect of the measurement time
on precision, brick 4 was measured five times at a single
point for 60, 90, 120, 150, 180, 210, and 240 s. The point
was used for measurement after polishing with a sickle.
The relative standard deviation (RSD) value for each ele-
ment at each measurement time was used to determine
the effect of the measurement time on the measurement
precision. The US EPA criteria were used to evaluate data
quality (Table 1) [28].

Experiment 2: evaluating the effect of rain on the day

of measurement

Humidity can attenuate the signal of HH-XRF, which
depends on the humidity level in the air and the com-
position of the objects being investigated [29]. In the
research, rainfall, temperature, and humidity were con-
stant. So, in experiment 2, only 1 brick was use.

In order to evaluate the effect of rain, HH-XRF meas-
urements were taken before and after washing brick 4 in
the rain. The point of measurement was polished with a
sickle prior to the measurements (prior to the rain and
immediately after rain).

The measurements were performed at 1 point under 10
conditions: prior to the rain, and at 0, 1, 2, 3, 5, 7, 9, and
12 h after rain. The measurement conditions were as fol-
lows: rainfall 11.2 mm (1 day), the average temperature
of 24.3 °C (1 day), and average humidity of 69.2% (1 day).

Experiment 3: evaluating the effect of surface
contamination and homogeneity

In order to evaluate the effect of surface contamination,
determining the homogeneity, prescribing criteria for
point selection, treating surface, and getting final data,
the following two experiments were performed.

Experiment 3-1: uniformity of element distribution

on the brick surface: direct measurement vs. measurement
after polishing with a sickle

This experiment evaluated the effect of surface con-
ditions on measurement accuracy. Ten points were
selected on each brick surface for the measurement.
The measurements were performed under two surface

Data quality level Statistical requirement

Definitive Q3

R?=0.85-1. Relative standard deviation (RSD) < 10%. Inferential statistics (test for gradient of line=1 and y-intercept=0)

must indicate the two datasets are statistically similar (at the 95% confidence level), i.e,, relationship y =x accepted

Quantitative screening Q2 R?=0.70-1. Relative standard deviation (RSD) < 20%. Inferential statistics indicate the two datasets are statistically different;

i.e, relationship y=mx or y=mx+ c accepted

Qualitative screening Q1
different

R’=less than 0.70. Relative standard deviation (RSD) > 20%. Inferential statistics indicate that two datasets are statistically
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conditions: a direct measurement (DM) and a meas-
urement after polishing with a sickle (MPS). The uni-
formity of the element distribution on the brick surface
was determined through the RSD of 10 points and
Cmax/Cjn (The ratio of the maximum value to the
minimum value of 10 points) [30, 31].

Experiment 3-2: the difference in contents between the brick
surface and the brick interior

This experiment demonstrated the effect of surface
conditions on measurement accuracy and verified the
reliability of MPS. Three fresh sections were cut for
each brick that was subjected to measurements. The
mean elemental contents of these three sections were
compared with the mean elemental contents of the pre-
vious surface points polished with sickles obtained in
experiment 3—1. The Max{Cp,Cs}/Min{Cp,Cs} was used
to evaluate the difference between the points and sec-
tions (The ratio of the larger content of the point (mean
of the 10 points) and section (mean of the 3 sections) to
the smaller value of them).

Cross-validation using inductively coupled plasma optical
emission spectrometry

ICP-OES

The bricks were cut into small pieces, and each brick
sample was subsequently ground into a fine powder with
particle diameter less than 150 pm. Next, total microwave
digestion was used to digest the sample. The digested
sample (500 mg) was placed in a PTFE reactor with 4 mL
HNO3 (70%), 1 mL HyO2 (20%), and 2 mL HF (40%).
When the foam caused by the decomposition of organic
matter disappeared, the container was capped and heated
using a microwave digestion instrument, namely, Solu-
tions MD (Beijing Ying’an Meicheng Scientific Instru-
ment company). The heating process was in accordance
with a three-stage digestion procedure, which included
3 min to reach a temperature of 150 °C, 5 min at 180 °C,
and 5 min to reach 200 °C. After the microwave diges-
tion, the sample was heated in the acid-driven processor.
Subsequently, the digest was transferred into a 50-mL
flask and brought to volume with MilliQ water. Finally,
the diluted digest was analyzed using a device: Perki-
nElmer ICP-OES Optima 8300. The protocol are all from
Sinopharm Chemical Reagent Co.,Ltd.

The instrument equips with two charge-coupled device
(SCD) detectors covering the spectral range from 163 to
782 nm and features a 40 MHz, free-running solid-state
RF generator. The Plasma and shear gas are argon. The
way of plasma viewing is radial. The RF power is 1200 W.
The plasma, auxiliary and nebulizing gas flow are 12L/

Page 4 of 13

min,0.5L/min,0.5L/min, respectively. The pump rate
is 50r/min. The integration time for low WL range and
high WL range are 15 s and 5 s, respectively. The num-
ber of replicates per sample is three. The flush time is
30 s. There are multiple spectral lines for each element
to be tested. The present experiment selected the spec-
tral lines based on the principle of non-interference of
spectral line, intensity, and high sensitivity. The selected
spectral lines are 259.940 nm for Fe, 371.933 nm for Ca,
766.490 nm for K, 308.215 nm for Mg, 251.612 nm for Si.
MilliQ water was used for calibration solutions. Calibra-
tion solutions were prepared by serial dilution of monoe-
lement stock solutions of 1000 mg L™, They included Fe,
Ca,K, Al (0.5 to 2.0 mg L™!) and Si (1.0 to 10.0 mg L™).
All solutions were prepared in 1% (v/v) HNO3.

Cross-validation

Deming regression was used in the comparison between
HH-XRF and ICP-OES values with HH-XRF placed on
the x-axis and ICP-OES on the y-axis. The RSD, coeffi-
cient of determination (R?), and inferential statistics were
used to assess a data quality level and compare the rela-
tionship between HH-XRF and ICP-OES. The US EPA
criteria were used to evaluate data quality (Table 1). If
the data quality meeted the requirement of the US EPA
criteria, the model was used to data correction for HH-
XRF. Rotational (slope, m) and translational (intercept, b)
bias were corrected for HH-XRF data by solving for ‘y’ in
‘y=mx+b’ for each regression model.

Quality assurance

The RSD used in experiment 1 and experiment 3-1 was
calculated by dividing the standard deviation by the
arithmetic mean of the data from the same measurement
time or the data from different points on the same bricks.
RSD was used to evaluate the precision of measurement
time and the uniformity of the brick surface.

The data generated using HH-XRF were assessed using
established criteria through cross-validation (Table 1).
The RSD, R?, and inferential statistics were used to assess
a data quality level and compare the relationship between
HH-XRF and ICP-OES.

For the linearity level, if the Q3 quality level would
to be achieved, the R? obtained in the linear regression
analysis between HH-XRF and the validation method
must be greater than 0.85. For Q2 quality level, R?
must be greater than 0.7 (Table 1).

In regard to precision requirements, if the Q3 qual-
ity level would to be achieved, RSD must be lower than
10%. For Q2 quality level, RSD must be lower than 20%
(Table 1).

In regard to inferential statistics, if the Q3 quality
level would to be achieved, the slope (m)=1 (at 95%
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confidence level), and the y-intercept (b)=0 (at 95%
confidence level) (Table 1). For Q2 quality level, there
is no requirement for inferential statistics.

Results and discussion

Evaluating the effect of measurement time

on measurements

Some previous studies have demonstrated that increas-
ing the measurement time could achieve higher preci-
sion with lower RSD values [32, 33]. However, RSD does
not decrease linearly with measurement time, and an
extended analysis may not result in tangible improve-
ments in measurement precision [18]. A few studies
reported using a fixed measurement time, such as 45 s
[34] or 60 s [33].
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The present study demonstrated that an optimal meas-
urement time is strongly dependent on the element under
investigation (Fig. 1). In the case of Fe, Ca, K, Al and Si, the
main research elements of the present study, RSD was less
than 5% for each measurement time (Fig. 1a). In the case
of Ba, Zr, and Mn, RSD was less than 10% for each meas-
urement time (Fig. 1b). Therefore, it is suggested that 60 s
should be selected as the measurement time for Fe, Ca,
K, Al, Si, Ba, Zr, and Mn (Table 2). However, for Mg, RSD
was 64.93% when 60 s was selected as the measurement
time. The RSD value obviously decreased from 64.93% for
60 s to 11.42% for 180 s. This rule was also applicable to
Ti (Fig. 1c). Therefore, it is suggested that 180 s should be
selected as the measurement time for Mg and Ti (Table 2).
In the case of Cl, RSD values fluctuated, covering a wide
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Fig. 1 Relationships between measurement time and RSD on precision for Fe, Ca, K, Al, Si, Ba, Zr, Mn, Mg, Ti, and Cl. The brick used was measured 5
times at 1 point for each measurement time. The RSD shown are calculated from these 5 replicates. Raw data shown in Additional file 1: Table S9
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Table 2 Suggestions for element measurement times using a Niton XL2-960 GOLDD XRF Analyzer

Element Fe Ca K Al Si Ba Zr Mn Mg Ti
Measurement time 60 s 60 s 60 s 60 s 60 s 60 s 60 s 60s 180's 180's

range; at certain times, the values were larger than 30%,
while at other times, the values were smaller than 5%,
without exhibiting any relationship with the correspond-
ing measurement time (Fig. 1d). Therefore, it was inferred
that using a Niton XL2-960 GOLDD XRF Analyzer to
measure Cl in a Linging brick is inappropriate.

It is clear that the instrument used also affects the
measurements. Therefore, if the instrument is not Niton
XL2-960 GOLDD XRF Analyzer, it is essential to con-
duct preliminary tests on the objected element to deter-
mine the appropriate measurement time.

Evaluating the effect of rain on measurements
The present study demonstrated that all investigated ele-
ments, with the only exception of K, are greatly influenced
by rain, and that it takes a long time for the contents of
these elements to return to the pre-rain values (Fig. 2). In
the present study, it took approximately 7 h to return to
the content prior to the rain (Rainfall: 11.2 mm; Average
temperature: 24.3 °C; Average humidity: 69.2%).

Therefore, it is crucial to perform the measurements on
a sunny day. Meanwhile, if conditions permit, it is better to
select measuring bricks located at the inside of the rooms.

If the rain arrives when performing measurements,
the measurements must be postponed. When the rain is
over, preliminary tests should be conducted on the brick
affected by the rain, and comparison should be made
with the content value measured prior to the rain to
ensure the reliability and accuracy of the obtained data.
In the present study, under certain conditions, it takes 7 h
for Fe, Ca, Al and Si to return to the content before the
rain. In the meantime, after the rain stopped, the content
of these four elements changed greatly every hour until
the pre-rain content was restored. Considering the com-
plexity of the rain (rainfall, temperature, humidity, acid-
ity and alkalinity of the rain, etc.), it is difficult to give
precise suggestions on how long to start the preliminary
tests after rain. Since the content largely changed every
hour until the pre-rain content was obtained (Fig. 2), tak-
ing the preliminary tests every hour after the rain until it
returns to the previous value is suggested.

Evaluating the effect of surface conditions of the brick

on measurements, providing a surface treatment method,
and verifying the reliability of the method

The bricks on the exterior wall of the ancient build-
ings have been exposed to the external environment for

several hundred years, being affected by several factors
such as acid rain, humidity, and dry and wet deposi-
tion. These sources of deterioration may promote efflo-
rescence formation, loss of material, and crystalline
bloom, particularly on the brick surface. These factors
may greatly influence the surface of the brick. There-
fore, to improve the precision and accuracy of the meas-
urements, an applicable surface treatment method is
required to ensure that the measured data could be used
to represent the element content of the entire brick.

Evaluating the uniformity of element distributions on brick
surfaces: DM vs. MPS

It is clear that, regardless of the element under investiga-
tion, using MPS may cause the contents between every
point on the same brick to become closer (Additional
file 1: Table S2-S6). For Fe and Ca, the RSD calculated
from 10 points obtained by MPS is lower than the value
obtained by DM for every brick in the experiment (Addi-
tional file 1: Table S2, S3). Except for some special cases
(K brick5; Al brick 3; Si brick3 and brick 14), the rule was
also suitable for K, Al and Si (Additional file 1: Table S4—
S6). Although the RSD for MPS is a little larger than DM
for these special cases, the differences between them is
quite small and the uniformity of 10 points is good for
both MPS and DM (Additional file 1: Table S4—S6). After
using MPS, the uniformity of surface element contents
was significantly improved.

Cmax/Ciyjn and the RSD calculated from the 10 points
are used to evaluate the uniformity. As observed in previ-
ous studies, if the value of Cmax/Cppip, is lower than 1.3
and RSD is lower than 10%; the uniformity is acceptable
[31]. After using MPS to treat the surface, the RSD cal-
culated from 10 points of all the bricks investigated were
lower than 10% for Fe, K, Al, Si (Additional file 1: Tables
S2, S4-56). The rule was also suitable for Ca, except for
brick 5, brick 10 and brick 18 (Additional file 1: Table S3).
For the Cmax/Ciyjps only 5 special cases did not show
the value lower than 1.3% (Ca: brick 1, brick 5, brick 10
and brick 18; K: brick 18).

For the objects with large volume and inhomogeneity,
measuring multiple points and using the average as the
final measurement value is recommended as an effective
method [24, 30]. In the present study, only a few special
cases cannot meet the requirement of the uniformity
(RSD <10%, Cmax/Cpin < 1.3%). For these special cases,
the differences between the different points of the same
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brick were still large even after using MPS, which might
be caused by the content distributions in the bricks itself.
Therefore, the values were discarded.

In order to ensure the accuracy of the measurements,
10 points must be selected on each brick for measure-
ment. Each point must be polished with a sickle prior to
performing the measurement. After the measurement,
the uniformity should meet the requirement, using the
mean content of the 10 points to represent the elemental
content of the brick. The specific values, whose uniform-
ity did not meet the requirements, were deleted.

Evaluating the content differences between brick surfaces
and interiors

Whether the mean value of ten surface points can
roughly represent the element value of a whole brick, the
differences between the surface element content and the
internal element content must be verified.

The contents of 3 sections and the mean content
of them are shown in (Additional file 1: Table S7). It
is clear that the differences in the values between the
sections and surface points were not much large for
most cases. Max{Cp,Cs}/Min{Cp,Cs} for Fe, Al, and Si
were lower than 1.3% for all bricks (Additional file 1:
Table S8). However, for K and Ca, there were a few
cases whose Max{Cp,Cs}/Min{Cp,Cs} were higher than
1.3 (Additional file 1: Table S8). The main reasons for
this was that Ca and K were highly affected by crys-
talline bloom, while the elements Fe, Al, and Si were
affected less by this phenomenon. However, it is impos-
sible for in situ measurement to cut up the bricks to
evaluate the differences between the surface and inte-
rior. In regard to this phenomenon, it would be better
to select a brick located on a higher position in the wall.
In comparison to the bricks close to the ground, cap-
illary suction of the wall at a higher position is much
smaller [35]. Therefore, crystalline bloom at a higher
position would be lighter, leading to a lesser impact on
K and Ca. This can minimize the possibility of measur-
ing bad data.

Correlation and linear regression analysis
In a previous study, several laboratory techniques,
excluding ICP-OES [32, 36, 37], were used to perform
cross-validation to assess the reliability of HH-XRE.
Examples of such techniques are atomic absorption spec-
troscopy (AAS) [34], inductively coupled plasma mass
spectrometry (ICP-MS) [18], and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) [38, 39].
For instance, certain researchers employed ICP-OES
to perform cross-validation. In 2009, Radu assessed the
reliability of HH-XRF using AAS, while certain other
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scholars employed ICP-MS and ICP-AES to conduct the
comparison using HH-XRE.

In the present study, ICP-OES was employed to conduct
the cross-validation of Fe, Ca, K, Al, and Si. XRF analysis
targets all the atoms present within the limits of critical
penetration depth, irrespective of the mineral structure.
Aqua-regia hot-plate dissolution prior to conducting the
ICP-OES analyses has been demonstrated to result in
reduced recovery of elements, in certain cases, compared
to the microwave extraction protocols incorporating
hydrofluoric acid to break down the silicate phases. In this
context, total microwave acid digestion, which is suitable
for organic-rich and silicate-containing media with proven
recoveries approaching 100%, was used to ensure maxi-
mum comparability between the HH-XRF and ICP data.

In order to verify the reliability of the HH-XRF results
in the present study, Deming regression was used in the
comparison between HH-XRF and ICP-OES values with
HH-XREF placed on the x-axis and ICP-OES on the y-axis.
As it incorporates errors on both x and y axes assuming
the RSD is similar across the measurement range (Fig. 3)
[40]. In case of Fe, Al, and Si elements, all the 20 bricks
were used, while for K and Ca, 15 and 13 bricks were used,
respectively, after removing certain cases in which either
the surface was not uniform or the difference between the
surface and the interior was huge. The contents of HH-
XRF for each brick are the mean value of 10 points after
treated by MPS.

In the case of Fe, Al, and Si, the coefficient of determi-
nation was greater than 0.85 (Fig. 3a and d—e). In the case
of K, the coefficient of determination was greater than 0.7
(Fig. 3c). The RSD for all these four elements model were
lower than 10%. Combined with the inferential statistics
(slope and intercept), all these four models fulfilled the
requirements for a Q2 quality level, i.e., the relationship
y=mXx or y=mx - c was accepted.

In the case of Ca, even after removing certain values as
stated in 3.3.1 and 3.3.2, the R? and RSD for this element
reached only 0.63 and 17.0% (Fig. 3e).

To corrected the data of HH-XREF, Rotational (slope, m)
and translational (intercept, b) bias were corrected for
HH-XRF data by solving for ‘y’ in ‘y=mx+b’ for each
regression model.

Relative proximity (RP =absolute (100-(HH-XRF value/
ICP-OES value) x 100)) is a useful indicator of inaccuracy
as it demonstrates the proportional difference away from
the reference value [41].

After the correction, the mean RP improved from
6.08% to 4.49% for Fe, 8.22%-7.33% for K, 6.05%—4.25%
for Al and from 3.97% to 2.00% for Si measurements
(Fig. 4a1-d2). Although the regression model for Ca is
at Q1 quality level, the RP still improved from 23.84% to
11.20% after correction (Fig. 4f1 and 2).
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Fig.4 continued

When HH-XREF is used to perform the in situ measure-
ments of elements Fe, K, Al, and Si, a few bricks that have
the same matrix as the target bricks should be selected
to perform a preliminary experiment in order to conduct
a Deming regression between HH-XRF and ICP-OES (or
any other reliable laboratory method), which would pro-
vide a cross-validation correction for the values that were
measured in situ.

Conclusion

It was concluded that HH-XRF is a reliable instrument
for the in situ determination of the main elements, with
the exception of Ca. Owing to the complex conditions
of bricks in situ and the characteristics of HH-XRF, a

scientific method is necessary. The scientific suggestions
for the application of HH-XRF in in situ measurements
provided in the present study are as follows.

Part 1 Recommendations related to the selection of the
HH-XRF Analyzer

(1) Measurement time: The suggestions for meas-
urement times for this application using Niton
XL2-960 GOLDD XRF Analyzer are presented in
Table 2. However, the instrument also has some
influence on the data. Therefore, if the instrument
is not Niton XL2-960 GOLDD XRF Analyzer, it is
essential to conduct preliminary tests on the object
to determine the appropriate measurement time.
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(2) Cross validation: In case of elements Fe, K, Al, and
Si, a few bricks should be used in a preliminary
experiment that would allow a Deming regres-
sion analysis between HH-XRF and ICP-OES (or
any other reliable laboratory method), as it would
provide cross-validation corrections for the values
measured in situ.

Part 2 Recommendations for general conditions

(1) Criteria to select points, treat surface, and get final
data: at least 10 points must be selected on each
brick for measurement. Each point must be polished
with a sickle prior to performing the measurement.
After the measurement, if the uniformity meets the
requirement (RSD <10%, Cmax/Ciyjn<1.3%), using
the mean content of the 10 points to represent the
elemental content of the brick. If there are specific
values, whose uniformity does not meet the require-
ments, they should be deleted.

(2) How to avoid the effect of rain: Selecting a sunny
day, when it has not rained for the previous 3 days,
is important. If it begins raining during the measure-
ments, it is essential to halt the measurements and
take the preliminary tests per hour after the rain to
compare the contents measured after the rain and
before rain until previous values are restored.
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