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Abstract 
Cinnabar (α-HgS) is a common mineral used in various fields. The identification of cinnabar can be achieved by classic 
mineralogical methods and instrumental methods. X-ray diffraction (XRD) is the most reliable instrumental method for 
identifying material phases, but the sampling process and the immovable instrument limit its wider application in the 
cultural heritage field. The occurrence of Assing S. p. A. Surface Monitor, a portable system integrating X-ray fluores-
cence (XRF) and XRD, provides researchers with a new solution. Raw mineral, polished gemstone, pigment powder and 
Chinese ink stick claimed to be composed of cinnabar were measured by the system as well as laboratory-type XRD and 
micro-Raman techniques in this study. The qualitative XRF results were applied to determining the elements existing in 
the samples and thus defining the range of possible phases. Patterns obtained were compared carefully with the char-
acteristic lines to determine the most likely phases, while the pattern appearances were compared in order to recognize 
the different states of cinnabar and generalize the experience for identifying cinnabar by the system. The Raman spectra 
obtained were compared and analyzed in order to learn the best parameters and determine the real composition of 
each sample. The results indicate that the XRF detector is sensitive enough to distinguish cinnabar from another red 
pigment, minium  (Pb3O4), without destructive preparation provided that the desired phases occupy a major content 
in the sample, while the laser micro-Raman is even better in application range and measurement speed but correct 
analysis of the spectra is highly dependent on experience and literatures. The portable coupled XRF-XRD system and the 
micro-Raman provide researchers with convenient and efficient options to preliminarily identify minerals like cinnabar, 
which is significantly meaningful to several research fields including mineralogy, heritage science, material science, etc.
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Article highlights 

• Two efficient and non-destructive methods for the preliminary identification of minerals like cinnabar were developed.
• The optimum instrument parameters for the effective measurement of different cinnabar samples were given in detail.
• The study provides useful data for various fields including analytical science, material science, heritage science, etc.
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1 Introduction

Originated from volcanic activity [1], cinnabar (α-HgS) 
is commonly used in various fields such as metallurgy 
[2] and medicine [3]. Cinnabar is concerned by archae-
ometry because it was commonly applied to producing 
the red color on ancient objects [4, 5]. Pure bulky cinna-
bar crystals, or cinnabar-containing minerals of special 
shape or pattern, are even regarded as gems. Therefore, 
it is meaningful for curators to develop simple and effec-
tive methods to identify cinnabar in various objects. 
Classic mineralogical methods and instrumental meth-
ods are efficient in identifying cinnabar under normal 
conditions, but the special requirements in the cultural 
heritage field such as simple, non-destructive and field 
inspection should also be considered. Powder X-ray dif-
fraction (XRD) is the most reliable instrumental method 
for identifying material phases [6], but its application in 
the cultural heritage field is limited due to the sampling 
process and the immovable instrument. One promising 
solution is the Assing S. p. A. (Italy) Surface Monitor, a 
portable system integrating X-ray fluorescence (XRF) and 
XRD, which not only meets the above requirements, but 
also features the phase identification assisted by the 
simultaneous element detection. The system has been 
typically applied to the identification of pigments used 
on ancient Roman frescoes [7] and Renaissance oil paint-
ings [8], but the identification of phases in other objects 
has not been recognized adequately.

Raman spectroscopy is useful in phase identifica-
tion due to some advantages like quick measurement, 
low sample content and high sensitivity, which make it 
appreciated in some special application scenarios [9]. For 
example, Raman spectroscopy is widely applied to iden-
tifying special samples, such as gems [9, 10], precious 
traditional herbs [11] and cultural objects [12–14]. The 
Raman technique is regarded as non-destructive pro-
vided that appropriate working modes and parameters 
are adopted. Compared with XRD and infrared methods, 
however, Raman is weak in the scale of standard spectra 
database, the difficulty of spectra analysis, and the avail-
ability of instruments [15]. As for the curators, Raman 
spectroscopy is an ideal non-destructive method for the 
identification of unknown pigments, minerals, patinas, 
etc., provided that the key instrumental parameters for 
the similar objects have been determined and the dif-
ferences between similar objects have been considered 
carefully. Therefore, accumulation and analysis of Raman 
data is an important and constant work of museum 
researchers.

Raw mineral, polished gemstone, pigment pow-
der and Chinese ink stick claimed to be composed of 

cinnabar were measured by the Surface Monitor sys-
tem as well as laboratory-type XRD and micro-Raman 
techniques in this study. The patterns were analyzed 
and compared in order to generalize the experience for 
identifying cinnabar existing in different objects. The 
four samples tested were applied to simulating the cases 
of real cultural objects. The intention of the application 
study is to give advices to testers who are not quite 
familiar with the feature of cultural relic samples so that 
they can be experienced when they face more compli-
cated samples and bad experimental conditions, or have 
to find the best testing method for a specific object. This 
study also gives mineralogists and museum conservators 
practical methods to learn the real composition of some 
unknown objects.

2  Materials and methods

2.1  Materials

Four samples (raw mineral, polished gemstone, pigment 
powder and Chinese ink stick) were measured in this study. 
The pigment powder sample was pressed into a thin tab-
let on a glass slide for holding the whole laser spots in 
portable coupled XRF-XRD and micro-Raman measure-
ments, while other samples were measured without spe-
cial preparation.

2.2  Portable coupled XRF‑XRD measurement

The samples were measured using an Assing Surface 
Monitor XRF-XRD integrated system in situ. For XRF, the 
main parameters included step acquisition time (10 s), 
pre-heating time (0 s), tube angle (45°) and detector angle 
(45°); for XRD, the main parameters included working volt-
age (50 kV), tube current (75 μA), XRD energy (9.71 keV, Au 
target), start angle (20°), stop angle (70°) and step angle 
(0.1°). The experiment scenes are shown in Figs. 1 and 2. 
The surface of the operation software is shown in Fig. 3.

2.3  Analysis of the portable XRF spectra

Once the portable coupled XRF-XRD measurement of 
a sample was finished, the XRF spectrum was analyzed 
first. Possible elements were selected manually at the XRF 
match surface by considering both the characteristic lines 
and the detected peaks. The elemental selection range is 
in principle from atomic number 11 (Na) to 100 (Fm) at the 
XRF match surface (see Fig. 4).
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2.4  Analysis of the portable XRD patterns

Once the analysis of XRF spectrum of a sample was done, 
analysis of its XRD pattern was performed. At the XRD free 
search surface “Mineral” was selected from the database 
options. The possible elements detected by XRF were 
selected from the periodic table (in green); the “AUTO” 
button can be used to automatically rule out the heavy 
elements and inert elements not present (in red); other 

cells corresponded to light elements not detected or 
out of the application of XRF, and they can be selected, 
removed or left without operation according to the opera-
tor’s experience. The two options, either “At least one must 
be present” or “All must be present”, was selected based on 
the operator’s judgment as well (see Fig. 5). After these, 
the “SEARCH” button was clicked to enable the search for 
possible phases.

2.5  Laboratory‑type XRD measurement 
and analysis of the patterns

Polished gemstone (0.885  g) and pigment powder 
(0.050 g) were also measured using a Bruker D8 ADVANCE 
poly-functional X-ray diffractometer (40 kV, 40 mA, Cu tar-
get) while the other two samples were not measured due 
to their unsuitable sizes. The patterns acquired were ana-
lyzed by using the Materials Data Inc. (MDI) Jade 5.0 soft-
ware. The standard phase data were based on the built-in 
database ICDD PDF-2(2004).

2.6  Raman spectroscopy measurement and analysis 
of the spectra

The four samples were measured using a Renishaw inVia 
Reflex laser micro-Raman spectrometer in situ. The exci-
tation wavelength employed included 532 nm, 633 nm 
and 785 nm. The instrument parameters were adjusted 

Fig. 1  Portable coupled XRF-
XRD experiment scenes for 
the samples. a Raw mineral. b 
Polished gemstone. c Pigment 
powder. d Chinese ink stick. 
The left arm was the Newton 
Scientific Inc. Mini-X X-ray tube, 
the right arm was the Amptek 
X-123 SDD X-ray spectrom-
eter, and the middle was the 
samples placed on glass slides. 
The polished gemstone was 
fixed at the plasticine to ensure 
the flat surface measured was 
parallel to the ground. The 
laser spot indicated the meas-
urement position

Fig. 2  The whole system including a controlling laptop (left), a 
removable apparatus (middle) and a multifunctional case (right)
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according to the specific cases of each sample (see 
Table 1). The experiment scene is shown in Fig. 6. The 
spectra acquired were analyzed by seeking the relevant 
information from references.

Raw data obtained in portable coupled XRF-XRD, 
laboratory-type XRD and micro-Raman experiments are 
given in Electronic Supplementary Material 1 (ESM1).

3  Results and discussion

3.1  Portable coupled XRF‑XRD results

It can be seen from Fig. 7 that Hg and S were commonly 
detected from raw mineral, polished gemstone and pig-
ment powder samples, while the characteristic lines for 

Fig. 3  The initial surface of the 
operation software

Fig. 4  The XRF match surface
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Au were originated from the Au anode. Ca and Fe were 
detected as trace elements from the pigment powder 
sample, which indicates additives or impurity substances 
in the pigment, while raw mineral and polished gem-
stone samples seem to be purely composed of Hg and 
S. The detection of S was more obvious in the raw min-
eral sample, but in general it was insignificant from the 
three samples, as the portable XRF is insensitive to the 
light elements in principle. On the other hand, Pb was 
detected as the primary element from the Chinese ink 

stick sample, and S, Ca and Fe were also detected. The 
absence of Hg implies that the Chinese ink stick sample 
is unlikely to be composed of cinnabar. The detection of 
S, Ca and Fe was more obvious than from the other three 
samples, indicating that additives or impurity substances 
occupy a more significant position in the sample. Since 
Au was the anode material set in the portable system, 
the relative content of elements can also be compared 
roughly by calculating the ratios of peak intensity (dif-
ferent elements) to peak intensity (Au) (see Table 2). The 

Fig. 5  The XRD free search 
surface

Table 1  Instrument parameters 
for different samples

Sample Raw mineral Polished gem Pigment powder Ink stick

Laser wavelength = 532 nm
Time 1000 ms 1000 ms 1000 ms 1000 ms
Spot diameter 865 nm 865 nm 865 nm 865 nm
Power 1% 0.5% 1% 0.05%
Accumulations 32 32 32 12
Laser wavelength = 633 nm
Time 1000 ms 1000 ms 1000 ms 1000 ms
Spot diameter 1030 nm 1030 nm 1030 nm 1030 nm
Power 1% 1% 1% 1%
Accumulations 12 12 1 202
Laser wavelength = 785 nm
Time 1000 ms 1000 ms 1000 ms 10,000 ms
Spot diameter 1277 nm 1277 nm 1277 nm 1277 nm
Power 10% 5% 1% 10%
Accumulations 12 12 1 1
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XRF results give a clear direction that element Hg (or Pb) 
should be considered primarily in the phase identifica-
tion, and S should be regarded as the most likely non-
metallic element.

Based on the above recognition, Hg and S were both 
selected as the elements present in raw mineral, pol-
ished gemstone and pigment powder samples. The sys-
tem then showed that there were 59 possible phases 
in each case. Cinnabar was regarded as the most likely 
phase for the pigment powder sample by comparing 
the measured pattern with the characteristic lines. From 
Fig. 8c it can be seen that the major peaks fitted the lines 
well, which proves that cinnabar is the major component 

in the sample. However, there still remained some peaks 
which cannot be recognized by the system, which may 
be originated from the trace additives or impurity sub-
stances, or caused by the absence of some featured lines, 
as a defect of the software [15]. Raw mineral and pol-
ished gemstone samples were both regarded as mainly 
composed of cinnabar, but the pattern characteristics 
and the phases identified were different. The raw mineral 
featured an intense peak and several weak peaks on the 
pattern, and the peak positions fitted the standard lines 
in general (Fig. 8a), while the suspicious intense peak for 
the polished gemstone was located at a very low angle, 
and it was actually hard to definitely confirm the identi-
fication due to the preferential orientation [16] (Fig. 8b). 
On the other hand, Pb and S were both selected as the 
elements present in the Chinese ink stick sample, but 
the 95 possible phases given by the system actually did 
not fit the measured pattern, indicating that S probably 
exists in the trace additives or impurity substances. In 
this case, as the commonest element on the earth which 
just in principle cannot be detected by the portable XRF, 
O was considered. By selecting Pb and O simultaneously, 
302 possible phases were found by the system automati-
cally, among which minium  (Pb3O4) was regarded as the 
most likely phase (Fig. 8d). The unmarked peaks may also 
be attributed to the software defect or trace additives or 
impurity substances. In general, it is practicable to iden-
tify the major phases of some pigments using the sys-
tem, but the system is not sensitive enough to the trace 
phases. The presence of heavy elements is advantageous 
to the efficient identification, as the portable XRF is more 
sensitive to heavy elements. For minerals fully composed 
of light elements, it is necessary to further generalize 
experiences in choosing phase search strategies and 
simplifying the screening process. Moreover, since the 
measured position is indicated by a laser spot generated 
from the built-in interferometer, the measured surface 
must hold the whole laser spot (radius = 1 mm) to ensure 
accuracy and effectiveness of the working distance. 
Besides, the measured position must be thick enough 
to prevent penetration by X-ray beams. On the whole, 
only a tiny sample volume is needed in theory, while in 
this study it was determined by experiments that the vol-
ume of the cinnabar pigment powder needed is around 
0.001 g.

3.2  Laboratory‑type XRD results

Polished gemstone and pigment powder samples are 
both regarded as mainly composed of cinnabar (JCPDS 
42–1408) by laboratory-type XRD (Fig. 9). It was found that 
the powder sample was reflected well by the pattern with 
various intense and weak peaks when it was measured 

Fig. 6  Micro-Raman experiment scene for the raw mineral sample

Fig. 7  Portable XRF spectra for the four samples
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Table 2  Peak intensity counts 
obtained from portable XRF 
and peak intensity ratios 
calculated

Samples Elements Peak position 
(keV)

Intensity counts Element/Au

Raw mineral Au 9.71 3345 1.000
S 2.31 184 0.055
Hg 10.01 16,482 4.927

Polished gemstone Au 9.71 1703 1.000
S 2.31 116 0.068
Hg 10.01 12,568 7.380

Pigment powder Au 9.71 2853 1.000
S 2.31 102 0.036
Ca 3.69 200 0.070
Fe 6.40 83 0.029
Hg 10.01 12,296 4.310

Chinese ink stick Au 9.71 4231 1.000
S 2.31 84 0.020
Ca 3.69 206 0.049
Fe 6.40 1120 0.265
Hg 10.01 271 0.064
Pb 10.55 17,385 4.109

Fig. 8  Portable XRD patterns. a Raw mineral. b Polished gemstone. c Pigment powder. d Chinese ink stick
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Fig. 9  Laboratory-type XRD patterns. a Polished gemstone. b Pigment powder

Fig. 10  Raman spectra. a Spectra for raw mineral, polished gem-
stone and pigment powder excited by 532 nm laser. b Spectra for 
raw mineral, polished gemstone and pigment powder excited by 

633  nm laser. c Spectra for raw mineral, polished gemstone and 
pigment powder excited by 785 nm laser. d Spectrum for Chinese 
ink stick excited by 785 nm laser
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using the portable integrated system, which was similar 
to that in the laboratory-type XRD case; raw mineral and 
Chinese ink stick samples were reflected by the portable 
XRD patterns with lower quality, while details of the pol-
ished gemstone sample showed by both methods were 
the fewest. The results indicate that the integrated system 
is more suitable to be applied to powder samples, while in 
some cases measuring bulk samples may lead to absence 
of pattern details.

3.3  Micro‑Raman results

The Raman spectra obtained under the optimal param-
eters are shown in Fig. 10. The following characteristics 
were found in the spectra:

1. In the cases of 532 nm and 633 nm wavelength, the 
spectra for raw mineral and polished gemstone pre-
sented a baseline drift, while the spectra for pigment 
powder did not present an obvious baseline drift.

2. In the case of 785 nm wavelength, the spectra for raw 
mineral, polished gemstone and pigment powder did 
not present an obvious baseline drift.

3. For raw mineral, polished gemstone and pigment pow-
der samples, the baseline drift in the case of 532 nm 

was the most significant, while less significant in the 
cases of 633 nm and 785 nm in proper order.

4. The spectra appearances for raw mineral, polished 
gemstone and pigment powder were similar in each 
case of excitation wavelength.

5. The significant peaks found for raw mineral, polished 
gemstone and pigment powder were similar in posi-
tion in the three cases, as 253.9, 286.0 and 343.5  cm−1 
on average (see Table 3).

6. The characteristic peaks for the Chinese ink stick sam-
ple were not excited by employing 532 nm wavelength 
but 633 nm and 785 nm wavelength (see Figs. 10 and 
11).

7. For the Chinese ink stick sample, the baseline drift 
was more significant in the case of 633 nm than that 
of 785 nm wavelength, especially in the region lower 
than 1200  cm−1.

8. The spectra for the Chinese ink stick sample were 
totally different from those for raw mineral, polished 
gemstone and pigment powder.

9. The significant peaks found for the Chinese ink stick 
sample were similar in position in the cases of 633 nm 
and 785 nm wavelength, as 120.3, 150.8, 225.8, 312.7, 
390.7, 549.8, 748.0, 969.4, 1107.0, 1175.6, 1230.2, 

Table 3  Peak positions  (cm−1) for different samples

Sample Raw mineral Polished gem Pigment powder Chinese ink stick

Peaks (532 nm) 253.8, 288.3, 343.7 253.8, 288.3, 343.7 253.8, 288.3, 343.7 no peak
Peaks (633 nm) 254.0, 285.1, 343.0 254.0, 287.7, 344.4 254.0, 282.5, 343.0 549.8, 747.2, 967.1, 1105.7, 1172.0, 1226.6, 1259.7, 1359.0, 

1378.4, 1452.3, 1486.2, 1557.7, 1593.1
Peaks (785 nm) 254.3, 284.2, 343.4 253.0, 285.5, 343.4 254.3, 284.2, 343.4 120.3, 150.8, 225.8, 312.7, 390.7, 549.7, 748.7, 971.6, 1108.2, 

1179.1, 1233.8, 1264.1, 1364.8, 1382.8, 1455.3, 1490.6, 
1555.4, 1600.2

Fig. 11  Raman spectra for Chinese ink stick excited by a 532 nm laser and b 633 nm laser
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1261.9, 1361.9, 1380.6, 1453.8, 1488.4, 1556.6 and 
1596.7  cm−1 on average (see Table 3).

The authors made the corresponding explanations to 
the above phenomena:

1. The surface energy is accumulated rapidly when the 
material is irradiated by the laser, which may cause 
the Raman scattering effect, as well as fluorescence. 
The fluorescence spectrum features wide bands while 
looks like a curve of low slope when only a small 
region is measured, which is the origination of base-
line drift in Raman spectra [17]. In other words, the 
baseline drift in fact reflects Raman spectra interfered 
by fluorescence [18, 19], which may significantly cover 
the key Raman signals sometimes. The results indicate 
that raw mineral and polished gemstone are sensitive 
to laser of 532 nm or 633 nm wavelength, while pig-
ment powder is insensitive and thus little fluorescence 
is produced.

2. Raw mineral, polished gemstone and pigment powder 
were insensitive to laser of 785 nm wavelength, indi-
cating that 785 nm is the best wavelength for measur-
ing these three samples and getting the Raman spec-
tra without significant fluorescence.

3. Based on the above results and discussion, it is clear 
that 785 nm is more suitable to be used as the excita-
tion wavelength for the measurement of cinnabar.

4. Raw mineral, polished gemstone and pigment powder 
samples are almost identical in chemical composition.

5. The significant peaks found for raw mineral, polished 
gemstone and pigment powder are in accord with 
those for cinnabar reported in the references [20–23]. 
The peak centered at 253.9  cm−1 is attributed to the 
typical stretching vibration of Hg–S bond, while the 
peaks centered at 286.0 and 343.5  cm−1 are regarded 
as the transverse optical phonon signals of the semi-
conductor cinnabar [21, 24].

6. 633 nm and 785 nm are more suitable to be set as the 
laser wavelength for identifying the Chinese ink stick 
sample.

7. Fluorescence interference was very significant in the 
case of 633 nm, but 633 nm wavelength is useful for 
exciting the Raman signals in the region between 
1000 and 1600  cm−1. On the other hand, 785 nm wave-
length is more suitable for acquiring the information 
included in the region between 100 and 1000  cm−1. 
Thus, the two wavelength values were both adopted 
in order to obtain the full structural information about 
the Chinese ink stick sample.

8. The Chinese ink stick sample is different from raw min-
eral, polished gemstone and pigment powder in the 

chemical composition. Namely, cinnabar is probably 
not the basic composition of the Chinese ink stick sam-
ple according to the Raman spectra.

9. The significant peaks centered at 120.3, 150.8, 225.8, 
312.7, 390.7 and 549.8  cm−1 for the Chinese ink stick sam-
ple are in accord with those for minium reported in the 
references [20, 25–27]. The peaks in the region between 
1000 and 1600  cm−1 are attributed to the following sig-
nals according to the literatures [28, 29]: 1175.6  cm−1: C–N 
azo symmetric bending; 1230.2  cm−1: phenyl-OH modes; 
1261.9  cm−1: C–C skeletal stretching; 1361.9  cm−1: aro-
matic rings vibrations; 1380.6  cm−1: N-phenyl stretching; 
1453.8  cm−1: N = N stretching; 1488.4  cm−1: azo-benzene 
ring vibration; 1556.6  cm−1: naphthalene ring stretching; 
1596.7  cm−1: aromatic quadrant stretching.

The above results indicate that cinnabar is the basic 
component of raw mineral, polished gemstone and pig-
ment powder samples, while the Chinese ink stick sample 
is basically composed of minium  (Pb3O4) instead of cin-
nabar, which are in accord with the portable coupled XRF-
XRD results. Furthermore, the Raman bands in the region 
between 1000 and 1600   cm−1 indicate a characteristic 
signal of the azo dyes, which means the producer of the 
Chinese ink stick sample had added some red dyes to the 
minium powders to simulate the color of cinnabar.

3.4  Comparison of the three methods

Based on the above experiment process and results, it is 
clear that:

1. Less time is needed if micro-Raman is selected as 
the method to acquire a spectrum including enough 
structural information. However, the optimization of 
Raman instrument parameters is highly dependent 
on operators’ experience, while the analysis of Raman 
spectra is based on the relevant information available 
in scattered literatures. Raman is thus regarded as a 
rapid non-destructive technique for identifying min-
erals like cinnabar, as well as a highly technological 
method including great challenges to users.

2. Portable coupled XRF-XRD has no advantage in meas-
urement speed because only the step mode is avail-
able in the system. Currently, this technique is also 
inferior to laboratory-type XRD in the intelligence of 
result analysis because there is no automatic compari-
son and sort function for hundreds of possible phases 
found by the built-in software, increasing the work-
load, while users have to be very careful in order to 
reduce judgment error.

3. With mature instrument, software and database, lab-
oratory-type XRD is the most reliable technique for 
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material identification among the three, but it is not 
quite suitable for the cultural heritage field mainly due 
to the sample preparation, the limitation of sample 
size and its low sensitivity to trace phases.

4. Both portable coupled XRF-XRD and micro-Raman 
are promising techniques in the cultural heritage field 
because of their non-destructive feature. Micro-Raman 
shows less limitation of sample size, which widens its 
application to more samples, especially irregularly-
shaped objects, big objects or traces of samples. 
The improvement of method and the integration of 
database are the main directions of the development 
of micro-Raman. By contrast, portable coupled XRF-
XRD is less suitable for the measurement of the above 
samples. Both its hardware and software have a large 
space to improve.

Main characteristics of the three techniques are com-
pared and listed in Table 4.

Cultural objects are quite different from common sam-
ples in several aspects. Compared with samples which can 
be reproduced by modern techniques, cultural objects are 
unique, which not only means their preciousness, but also 
indicates irregularity and complexity in identification. The 
uniqueness of cultural objects is reflected physically by the 
variety of size and chemically by the variety of composi-
tion. In many cases museum conservators have to face the 
difficulty of identifying big objects made from multiple 
components. Typical examples include oil paintings made 
of canvas (or board) and mineral pigments, Chinese paint-
ings made of paper, mineral pigments and vegetable dyes, 
ancient bronzes made from copper, tin, lead and certain 
trace elements, Chinese porcelains composed of various 
minerals and pigments, etc. Portable coupled XRF-XRD 

and micro-Raman are useful for the identification of cin-
nabar according to the present study, but weak points still 
remain. It is still hard to learn the exact composition of the 
trace phases by both methods in this study, indicating that 
in real cases of measuring cultural objects the minor com-
ponents may not be exactly identified as well. On the other 
hand, real cultural objects of various sizes and materials 
certainly bring more challenges. Wider application of both 
techniques in the cultural heritage field calls for hardware 
improvements, software updates, more real application 
cases and more user experiences.

4  Conclusions

The Assing Surface Monitor XRF-XRD integrated system is 
useful for identifying a mass of cinnabar existing in pow-
ders and bulk materials. Samples must have a flat surface 
large enough to hold the whole laser spot (radius = 1 mm) 
to ensure accuracy and effectiveness of the measurement. 
The sample volume needed can be as low as 0.001 g if 
the sample is mainly composed of cinnabar. Pigments 
with similar color, such as minium, can be easily distin-
guished from cinnabar by using the system. The presence 
of heavy elements favors the identification of possible 
phases in the software. The system has a great potential to 
be more widely applied to cultural heritage conservation 
and other fields such as mineralogy and material science 
for the non-destructive identification of major phases in 
the samples. Hardware and software of the system, and 
the phase search strategy, leave much room to improve. 
The micro-Raman technique is superior to the XRF-XRD 
integrated system in application range, measurement 
period, method sensitivity and pattern resolution. Samples 

Table 4  Comparison of laboratory-type XRD, portable coupled XRF-XRD and micro-Raman techniques

Instrument type Laboratory-type XRD Portable coupled XRF-XRD Micro-Raman

Instrument model Bruker D8 Advance Assing Surface Monitor 2.0 Renishaw inVia Reflex
Detection target Phase Element, phase Group
Measurement area cm level mm level μm level
Measurement speed Fast XRF: very fast; XRF-XRD: slow Very fast
Analysis strategy Comparing results with standard 

cards automatically
Comparing results with standard 

cards manually
Searching literatures for the relevant 

information available
Analysis difficulty Easy XRF: easy; XRD: hard Hard
Database development Developed Developed Developing
Method sensitivity Low XRF: high; XRD: low High
Result reliability Good Good Good
Typical applications in 

cultural heritage field
Ordinary inorganic powders or small 

objects; patinas
Inorganic pigments on oil paintings; 

gems; minerals; porcelains
Pigments; organic dyes; patinas; 

gems; precious objects
Main disadvantages Unfit for large precious objects; low 

sensitivity to trace phases
Unfit for samples without flat sur-

faces; low pattern quality; software 
defects

Weak signals; incomplete database; 
high requirement for operator’s 
experience
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composed of cinnabar, other minerals, organic additives, 
or other impurities, can be identified by the highly-sen-
sitive micro-Raman technique provided that the relation 
between peak position and group information is available. 
Further development and integration of Raman databases 
are key to the improvement of Raman applications.
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