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Abstract
Nine gemstone samples were analysed by using a portable X-ray fluorescence–X-ray diffraction (XRF–XRD) system with-
out any destructive preparation processes. The samples were measured by groups based on the transparency and the 
complexity of molecular structure. The XRF and the XRD measurements for each sample were performed simultaneously. 
The key experimental parameters were optimized in order to obtain XRD patterns acceptable for phase identification in a 
limited time. The XRF spectrum of each sample was analysed first to acquire the elemental composition qualitatively, and 
the information was then applied to refining possible phases. The phase analysis process of each sample was described 
in detail and the most likely phases were determined. Normal XRD experiments were conducted in order to verify the 
results. Advantages, disadvantages and applicable range of the system were analysed. The results indicate that the 
portable XRF–XRD system can be applied to identifying particular gemstones effectively, while single-crystal gems may 
not be identified very well. Wider recognition and application of the portable XRF–XRD system in cultural heritage and 
gemological fields call for hardware development, software updating and more real application cases.

Keywords Nondestructive testing · Gem · XRF–XRD coupled technique · Portable apparatus · Museum · Cultural 
heritage

1 Introduction

Gems are always of special meaning on both human’s 
material life and spiritual world. Some gems are either 
rarely found [1–3] or of amazing scale [4–6] so that 
the museums conserve them as priceless collections. 
Undoubtedly, it is important for museums or private col-
lectors to evaluate the authenticity before reserving the 
objects. Due to the preciousness and the unique character, 
destructive methods are usually not applied to identifying 
the gems. Instead, the nondestructive methods play pre-
dominant roles. Traditionally, the physical characteristics 

or phenomena for differentiating gemstones include [7]: 
colour, gloss, transparency, hardness, cleavage, density, 
thermal conductivity, refractivity, birefractivity, reflectiv-
ity, spectral selective absorption, chromatic dispersion, 
pleochroism, polarised light, fluorescence, phospho-
rescence, and special optical effects, etc. Some of these 
methods are based on general characters of bulk materi-
als, such as colour and hardness, while some others are 
only applicable for particular kinds of gemstones. Along 
with the development of science and technology, modern 
analytical techniques have more actively participated in 
the gem identification field and have played significant 
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roles. The most widely recognised instrumental meth-
ods are infrared (IR) and Raman spectroscopies. Both the 
transmittance and the reflectance modes of IR spectros-
copy are applicable [8, 9]. The former mainly provides the 
spectral information about the shortwave region (wave-
number > 2000 cm−1) such as the existence of constitu-
tion water, organic inclusion and other organic matters 
for gem optimisation [8, 10–12], while the latter is useful 
for getting the spectral information about the long wave 
region (wavenumber = 2000–400 cm−1), which is an effec-
tive method for determining the gem species [8, 13]. Thus, 
the complete IR spectra information about gems can be 
obtained by the combination of transmittance and reflec-
tance measurements. The advantages of IR spectroscopy 
are also reflected by the high availability of instruments 
and the mature and complete database of standard mate-
rials [14]. On the other hand, as a rising technique, Raman 
spectroscopy has been commonly introduced into gem-
mology for only about 20 years, but with the advantages 
like quick measurement, low sample content requirement 
and high sensitivity, it is appreciated by museums [15]. 
Raman spectroscopy is applied to identifying different 
gems [15], determining the chemical composition [16, 
17], and deducing the origin [18–20]. Both IR and Raman 
methods are regarded as nondestructive provided that 
appropriate working modes and parameters are adopted. 
However, different gems may have similar IR absorption 
peaks at certain positions [9]; meanwhile, IR spectroscopy 
is a method for detecting chemical groups rather than 
phases. These points indicate that IR spectroscopy cannot 
be singly employed as an absolute method for identifying 
gems. Compared with IR, the Raman method is weak in 
the scale of standard spectra database, the repeatability of 
measurement results, and the availability of instruments. 
Therefore, searching for other instrumental methods with 
higher reliability is a major issue in gemmology.

As a technique for determining the existence of ele-
ments, X-ray fluorescence (XRF) spectrometry has been 
widely used in scientific researches and engineering 
fields [21–24]. XRF spectrometry can be divided into wave-
length-dispersive XRF (WD-XRF) and energy-dispersive 
XRF (ED-XRF). WD-XRF is developed for qualitative and 
quantitative analyses of elements with atomic number ≥ 4 
(Be), which features the quantitative function provided 
that samples are properly prepared and calibration is 
strictly operated; while ED-XRF is applicable for qualitative 
and semi-quantitative analyses of elements from atomic 
number 9 (F) to 92 (U) in principle [25], which features 
quick and sensitive measurement without pretreating 
or touching samples, just fitting in with the needs of the 
museum field [24]. The metallic elements in alloy-based 
artefacts [26, 27], antique polychromy [28], paintings [29, 
30] and porcelains [31, 32] were all successfully detected 

by different types of XRF measurement. Compared with 
WD-XRF, ED-XRF is commoner in the museum field due to 
lower cost, simpler structure and easier operation as well. 
However, ED-XRF is not a rigorously quantitative method, 
which means the data measured are only used for refer-
ence. Moreover, XRF instruments are weak in detecting 
light elements; also, the elemental measurement results 
only characterise one face of the samples, while for the 
other face, the phase composition of particular samples 
(such as patinas), the XRF spectrometry is basically incapa-
ble. These points indicate that XRF spectrometry has some 
intrinsic limitations as a characterisation method for cul-
tural objects. In recent years, the occurrence of portable 
XRF analysers has further expanded the application of XRF 
spectrometry in various walks of life [33]. Especially, their 
cultural heritage applications have attracted even more 
attentions [24, 33]. Higher portability makes them more 
suitable for field detection, which is just a special demand 
of museums [33, 34]. Nevertheless, the higher portability 
is at the expense of function or measurement precision 
in a sense, showing the two sides museums have to think 
about when they purchase the instruments.

Differing from element-measuring XRF, X-ray diffrac-
tion (XRD) is a method for detecting material phases. 
According to the principles of crystallography, solid mate-
rials are generally divided into three types based on the 
ordered degree of their microscopic structures or crystal-
line modes, as single-crystal, poly-crystal, and amorphous 
solid [35]. XRD is the most reliable method for identifying 
crystalline materials [36], while amorphous solids tend to 
form widened dispersive peaks in XRD patterns. The work-
ing mode of XRD instruments is divided into two types, 
as the single-crystal XRD and the powder XRD, which are 
respectively suitable for the analyses of single-crystals and 
poly-crystals in principle. The powder XRD is commoner 
and has a wider application range. In fact, single-crystal 
materials can also be identified by powder XRD provided 
that they are ground to powders as well as that the condi-
tion of the Bragg’s Law is met while the systematic absence 
does not occur [37, 38]. On the other hand, nondestructive 
identification of single-crystal materials by powder XRD 
is also realisable, but some specific conditions must be 
met [37]. Sampling is not an essential process in powder 
XRD experiments for poly-crystal materials as well, but it 
is the guarantee of getting high-quality standard diffrac-
tion patterns [37]. The nondestructive mode is useful for 
getting diffraction data from bulk materials unsuitable for 
breaking or sampling, but the pattern quality may not be 
very satisfactory. Thus, performing powder XRD through 
sampling is usually the primary choice, while the nonde-
structive mode is a favourable complement. As a mature 
method, XRD is equipped with a huge database supplied 
by International Centre for Diffraction Data (ICDD). Users 
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compare their own patterns with 672,313 reference data 
to determine the most likely material phases [36]. XRD 
plays an irreplaceable role in chemistry, material science 
and engineering fields. As for the cultural heritage field, 
the application of XRD is far less popular than that of XRF 
due to the sampling process which is prohibited in prin-
ciple [36]. Moreover, the sample volume demand also 
limits its wider application in the cultural heritage field. 
Therefore, XRD is traditionally applied to identifying cor-
rosion products of metallic objects [39], bulk objects with 
suitable sizes [40], or objects less valuable which can be 
sampled carefully [41, 42], but a very cautious approach 
is always taken concerning the priceless [43]. Along with 
the development of science and technology, more pow-
erful apparatuses and smarter programs are introduced 
to the XRD method constantly, favouring its wider and 
deeper application in the cultural heritage field. One of 
the main advances is the realisation of portable analys-
ers, which lowers the threshold of XRD experiments and 
makes it more suitable for museum use [36]. Portable XRD 
analysers with nondestructive feature are welcomed by 
museums at present, but their applications in the research 
and conservation of cultural heritages seem limited to sev-
eral object types such as ancient coloured pottery [44] and 
paintings [45, 46], which may be associated with the inher-
ent demand of the XRD measurement, as samples having 
flat surfaces are preferred.

The combination of XRF and XRD is a revolutionary idea 
which may not only expand the application range of XRF, 
but also provide people with reliable information to refine 
the possible phases. In a word, the advantages of XRF, like 
the nondestructive feature and the qualitative and semi-
quantitative functions for elemental analysis, can be com-
bined with the phase identification function of XRD, which 
may convert the traditionally destructive XRD to a nonde-
structive method suitable for specific objectives. Several 
research groups’ work jointly advances the establishment 
and development of the relevant theories, the practical 
systems and the actual applications [36, 47–60]. According 
to a review, five systems are especially noteworthy [36]: 
the PT-APXRD system designed by Japanese researchers 
for identifying pigments on ancient Egyptian potteries 
[47]; the Assing S. p. A. commercial system installed at the 
Laboratorio di Analisi Non Distruttive In Situ (LANDIS), 
Laboratori Nazionali del Sud, Istituto Nazionale di Fisica 
Nucleare, Italy, for characterising pigments present in 
ancient Roman frescos [48]; the CheMin instrument devel-
oped for National Aeronautics and Space Administration 
(NASA)’s Mars Science Laboratory mission [49]; the Duetto 
instrument employed by the Getty Conservation Institute 
for characterising art objects and antiquities [50]; and the 
system used in the Louvre Museum for identifying pig-
ments on a mural painting [51]. In addition to reviewing 

and comparing the characteristics of different portable 
XRF–XRD systems, the authors of the article also pointed 
out the key factors for evaluating the practicability of the 
portable XRF–XRD systems for museum use, such as avail-
ability, safety of the measurement process, power, pattern 
resolution, measurement range, software function, and 
mobility [36]. It is easy to find that the applications of the 
systems mainly concentrated on analysing pigments on 
ancient artworks, manuscripts or different kinds of paint-
ing, which ran through the researches by a Japanese group 
[47, 52, 53] and a French group [51, 54–57]. With their 
efforts, this integrated technique is popularly recognised 
in Japan and Europe for museum use currently. Moreo-
ver, Assing S. p. A. (Italy) also makes significant efforts to 
develop and spread this technique [48, 58–60].

As for the identification of gems, it is significantly 
advantageous to apply the nondestructive XRF–XRD tech-
nique. Compared with traditional indirect methods, the 
XRF–XRD coupled method measures the elemental and 
phase composition of gems, which is unique for each sam-
ple. Also, the identification task can be finished with less 
time compared with conducting a series of experiments. 
On the other hand, XRD is superior to IR due to higher 
uniqueness of pattern characteristics; while the Raman 
spectroscopy is not equal to XRD because of less compre-
hensive database, higher difficulty in spectrum interpreta-
tion, and the laser which may destroy the sample surface 
if the energy is not set correctly [36]. Undoubtedly, the 
nondestructive XRF–XRD technique can be recognised as 
a valuable method in the gem identification field if the 
XRF and the XRD functions work in coordination efficiently. 
However, the applications of similar systems are focused 
on cultural objects like paintings at present, while that on 
gemmological field has not been studied adequately, as 
few relevant works have been reported so far [36]. In fact, 
analysing gemstones using XRF and XRD apparatuses sep-
arately is more commonly seen [61–63], indicating that 
availability, option, function, practicability, and operation 
of the XRF–XRD integrated systems are the main consid-
erations when people try to find the best methods for gem 
identification.

In this work, the author designed a series of experi-
ments to analyse the elemental and phase composition 
of several gemstone samples by using an Assing Surface 
Monitor portable XRF–XRD system. The system is com-
posed of a removable apparatus, a controlling laptop and 
a multifunctional case, which are connected by cables. 
The appearance of the whole system, and the surface of 
the operation software, are respectively shown in Figs. 1 
and 2. The samples were analysed without any destructive 
sample preparation processes. The XRF and the XRD meas-
urements were performed on the system simultaneously. 
The XRF results were analysed first and then applied to 
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refining the possible phases recognised by the system. The 
phase identification results were verified by conducting 
normal XRD experiments. The study shows great potential 
for further applying the XRF–XRD integrated method to 
more real cases of gem identification.

2  Materials and methods

2.1  Materials

The gemstones analysed in this study were purchased 
online. The sellers claimed that they were artificial emerald, 
chrysoprase, hematite, larimar, lazurite, nephrite, serpentine, 
sugilite and yttrium aluminium garnet (YAG), respectively. 
Artificial emerald and YAG are single-crystals in theory, while 

the others are polycrystalline. All of them had at least one flat 
surface. Hematite, larimar, lazurite and sugilite were opaque; 
chrysoprase, nephrite and serpentine were translucent; and 
artificial emerald and YAG were transparent. The appear-
ances of them are shown in Fig. 3.

2.2  XRF and XRD measurements

Several glass slides were stacked up to play the role as a sam-
ple carrier. The stones were placed on the glass slides in turn 
to perform the XRF and XRD experiments. The flat surface 
of each sample was placed up to receive the X-ray beams. 
A small ball of plasticine was applied to fixing the samples 
and keeping the flat surfaces as horizontal as possible. After 
these preparation procedures, the parameters of XRF and 
XRD experiments were set as shown in Fig. 4. The acceptable 
working distance from the laser interferometer to the sam-
ple surface is 94.85 ± 0.20 mm, but in this study the distance 
was more strictly set as 94.85 ± 0.05 mm to prevent detec-
tion process from occasional vibration more effectively. The 
measurement scene and the laser spot are shown in Figs. 5 
and 6, respectively.

The experimental order of the stones was hematite, 
larimar, sugilite, lazurite, chrysoprase, nephrite, serpentine, 
artificial emerald and YAG based on both the transparency 
and the complexity of their theoretical molecular structures.

The X-ray penetration depth can be calculated using Eq. 1:

In Eq. 1, Zm is the X-ray penetration depth (μm); ma 
is the average atomic mass of the bombarded area; α is 
the tilt (°); Ei is the energy of the incident electron beam 

(1)Zm = 0.033ma cos �
(

E
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i
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Fig. 1  The whole system including a controlling laptop (left), a 
removable apparatus (middle) and a multifunctional case (right)

Fig. 2  The initial surface of the software

Fig. 3  The appearances of the gemstone samples. a Artificial emer-
ald. b Chrysoprase. c Hematite. d Larimar. e Lazurite. f Nephrite. g 
Serpentine. h Sugilite. i YAG 
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(keV); Ek is the critical excitation energy of the target 
material (keV); ρ is the density of the bombarded area (g/
cm3); Z is the average atomic number of the bombarded 
area. In the case of the hematite sample, for instance, 
ma = 32, α = 45°, Ei = 50 keV, Ek = 9.71 keV, ρ = 5.2 g/cm3, 
Z = 15.2, thus the theoretical Zm = 6.85 μm when the XRF 
experiment was performed. This simulation is more valu-
able for further studies on polycrystalline inhomogene-
ous samples.

For determining the optimal conditions, the step angle 
was also adjusted to 0.05° and 0.02° (2θ), and the voltage 

was adjusted to 40 kV and 30 kV when the first sample 
(hematite) was tested.

For comparing the pattern appearances and verifying 
the phase identification results, normal XRD experiments 
were performed on all the gemstone samples by using a 
Rigaku SmartLab XRD analyser (Cu Kα, 40 kV, 100 mA).

All the raw data are given in the online electronic sup-
plementary material (ESM).

2.3  Analysis of the XRF spectra

Once the measurement of a sample was finished, the XRF 
spectrum was analysed. First, buttons “Analysis”, “XRF Anal-
ysis” and “Qualitative XRF” on the operation panel were 
clicked in turn to access into the XRF match surface. Then, 
possible elements were selected manually by considering 
both the characteristic lines and the detected peaks. The 
elemental selection range is in principle from atomic num-
ber 11 (Na) to 100 (Fm) at the XRF match surface.

2.4  Analysis of the XRD patterns

Once the analysis of XRF spectrum of a sample was done, 
analysis of its XRD pattern was performed. First, buttons 
“Analysis”, “XRD Analysis” and “XRD Match” on the opera-
tion panel were clicked in turn to access into the XRD 
match surface. Then, buttons “Search” and “Search Match” 
were clicked in turn to enter the XRD search match sur-
face (see Fig. 7). At this 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 oper-
ator’s experience. The two options, either “At least one 
must be present” or “All must be present”, can be selected 

Fig. 4  The parameter setting surface. 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 voltage (50 kV), tube current (75 μA), XRD energy 
(9.71  keV, Au target), start angle (20°), stop angle (70°) and step 
angle (0.1°)

Fig. 5  The experimental scene. The left arm was the Newton Sci-
entific Inc. Mini-X X-ray tube (50 kV, 75 μA), the right arm was the 
Amptek X-123 SDD X-ray spectrometer, and the middle was the 
hematite sample fixed at the plasticine with glass slides

Fig. 6  The laser spot illuminated on the hematite sample (spot 
diameter = 2 mm)
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based on the operator’s judgment as well. After these, the 
“NEXT” button was clicked to access into the pattern fitting 
surface (see Fig. 8). In this stage, the “Peaks” button was 
clicked first to enable the selection of characteristic peaks. 
Then, the “Peak Mode” button was clicked, and “MANUAL” 
was selected. The significantly intense peaks were selected 
by directly clicking on the peak positions using the mouse. 
The manually selected peaks can be modified by clicking 
the “ADD” or “DEL” buttons according to the operator’s 
judgment. After that, the “Gauss” button was clicked to 
enable the Gauss fit. By clicking the “Gauss Fit” button, 
the selected peaks were connected by a smooth fitting 
curve (in blue). Other buttons were left without opera-
tion. Finally, the “SEARCH” button was clicked to enable 
the search for possible phases.

On the other hand, the XRD patterns acquired by nor-
mal XRD experiments were analysed by using the Materials 
Data Inc. (MDI) Jade 5.0 software. The standard phase data 
were based on the built-in database ICDD PDF-2(2004).

3  Results and discussion

3.1  Analysis of the hematite sample

Since hematite has only a single phase composition 
(α-Fe2O3) in theory, as well as that the molecular structure 
of α-Fe2O3 is simple, the hematite sample was selected as 
the first to be examined. From Fig. 9a it can be seen that 
the peaks for Fe were predominant while other elements 
could be ignored, which means only Fe should be con-
sidered when selecting the possible elements at the XRD 
search match surface.

The XRD search match results showed that there were 
1007 possible phases when Fe was regarded as the only 
heavy element present, which might cost too much time 
for preliminary screening. For improving the analysis 
efficiency, a strategy was employed, as adding O, the 

Fig. 7  The XRD search match surface

Fig. 8  The XRD pattern fitting surface

Fig. 9  Patterns of the hematite 
sample. a XRF spectrum. b XRD 
pattern (voltage = 50 kV, step 
angle = 0.1°)
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commonest element forming rocks, to the potential ele-
ment list to see if highly matched phases can be recog-
nised among fewer candidates. Based on this, 903 possible 
phases were recognised, which was still a large number for 
screening. In this case, the position of the measured dif-
fraction peaks coincided with the Hematite (ICDD 24-0072) 
very well when the whole pattern was moved to the low 
angle direction for 0.37° (2θ) (see Fig. 9b). The pattern shift 
is caused by the inclining of sample surface. Although the 
samples were placed very carefully before the experi-
ments, it is hard to make the selected surfaces absolutely 
horizontal by naked-eye observation and operation. Nev-
ertheless, the pattern shift generally does not increase the 
difficulty of pattern analysis if the sample is put carefully, 
as it usually can be offset by the system (± 3°, 2θ). The phe-
nomenon was commonly observed in this study and is not 
further discussed below. On the other hand, the intensity 
of peaks seemed different from the standard, which is 

probably caused by the difference between bulk sample 
and powder sample. Since the stones are bulk materials, 
their XRD patterns are different from the standard patterns 
acquired from powder samples [37]. In general, the combi-
nation of XRF and XRD is successful in the nondestructive 
identification of the hematite crystal, but it cost time to 
eliminate those unlikely phases by artificial comparison 
and judgment.

The above phase identification result was confirmed 
by normal XRD analysis (see Fig. 10). It can be found that 
the background noise was considerable when the nonde-
structive measurement was performed by using a normal 
XRD instrument. Also, the measured intensity of diffraction 
peaks did not coincide with the standard.

3.2  Determination of the optimal experimental 
parameters

In normal XRD experiments, 0.02° (2θ) is commonly 
selected as the step angle [41, 64–66]. For the identifica-
tion of unknown gems by XRD, it is certainly favoured if 
samples can be measured as careful as possible so that the 
unconspicuous information like impurity and locality may 
be found or deduced. In this study, the step angle was also 
switched to 0.05° and 0.02° (2θ) to improve the pattern 
resolution and find out if possible to acquire the additional 
information. As shown in Fig. 11a, when the step angle 
was lowered, the patterns became more similar to normal 
XRD patterns in resolution. However, the cost was that 
it needed about 8.5 h to finish the whole measurement 
(0.02°, 2θ). Meanwhile, other information cannot be simply 
obtained due to the limitation of pattern quality. Consid-
ering the balance between pattern resolution and experi-
mental efficiency, the author selected 0.1° (2θ) as the step Fig. 10  Normal XRD pattern of the hematite sample

Fig. 11  XRD patterns of the hematite sample. a Voltage = 50 kV, step angle = 0.1°, 0.05° and 0.02°. b Step angle = 0.1°, voltage = 50 kV, 40 kV 
and 30 kV
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angle because the intensity of main characteristic peaks 
was high enough to play the XRD search match while the 
weak peaks were not quite important in this search, as well 
as that the whole test period (about 100 min) was accept-
able for preliminary identification of crystal phases in a 
sample.

On the other hand, the influence of the working voltage 
was also evaluated. The working voltage of the apparatus 
is limited to 50 kV, and the power cannot exceed 4 W due 
to safety consideration. Thus, the maximum tube current 
is 80 μA in theory, but in fact the upper limit is set as 76 
μA by the manufacturer. In view of this, the tube current 
was fixed at 75 μA while the working voltage was reduced 
to 40 kV and 30 kV in turn to observe the differences. As 
shown in Fig. 11b, the pattern was very similar to that at 
50 kV and it remained most details when the voltage was 
set as 40 kV, but several platforms were observed espe-
cially in the valleys, which means the XRD pattern cannot 
be exhibited adequately at 40 kV. Moreover, when the volt-
age was further reduced to 30 kV, the platform-like peaks 
were commonly observed, and more significantly, it was 
obvious that even the intense peaks were not recorded 
adequately. The results indicate that lower voltages may 
lead to distortion of the XRD patterns. Hence, 50 kV was set 
as the standard working voltage in this study.

3.3  Analysis of the larimar, lazurite and sugilite 
samples

These three samples shared a common point, as the opac-
ity. Also, they were theoretically more complicated than 
hematite in molecular structure. Thus, the cases are dis-
cussed in the same section.

The XRF spectrum of the larimar sample showed that 
Ca was the predominant element in the sample, while 
traces of Mn and Fe may also exist (see Fig. 12a). The Au 
peaks belonged to the Au target, while the occurrence of 

Cu and Zn peaks was caused by the brass material installed 
in the X-ray tube for shielding testers from extra beams. 
These foreign peaks are ignored in the following discus-
sion. Since three metallic elements were detected, two 
cases were considered when the possible elements were 
selected at the XRD search match surface: (1) selecting Ca, 
Mn and Fe as three coexisted elements in a single phase, 
or (2) regarding them as existed in different phases. As 
for case (i), 128 possible phases were recognised by the 
system. Considering the significant differences among 
the three elements’ XRF peak intensities, and the fact that 
the measured pattern did not fit any of the 128 possible 
phases very well, the author believes that it is not quite 
possible for the three elements to be coexisted in a phase. 
Rather, inputting them separately is closer to the reality. 
When Ca was selected as the only element present, 1287 
possible phases were shown by the system. For improving 
the analysis efficiency, O and Si, the two commonest ele-
ments forming the earth’s crust, were added to the poten-
tial element list to see if highly matched phases can be rec-
ognised among fewer candidates. The two elements were 
input separately. In the “Ca + O” case, 1221 possible phases 
were found, while in the “Ca + Si” case the number was 731. 
When Ca, O and Si were all selected, the possible phase 
number was also 731, indicating that the combination of 
Ca and Si cannot be stable without the participation of O. 
In this case, the author found that the measured pattern 
was fairly similar to the Pectolite-1A phase (ICDD 33-1223, 
 NaCa2HSi3O9) (see Fig. 12b). However, although possible 
phases were found by the system when the combinations 
“Mn + O”, “Mn + Si”, “Fe + O” and “Fe + Si” were input, it was 
hard to affirm their existence and species due to the low 
content of elements Mn and Fe, as well as the inadequacy 
of pattern resolution. The analysis process indicates that 
users may need to consider different elemental combina-
tions at the XRD search match surface when they want to 
identify a multi-elemental stone by the system efficiently.

Fig. 12  Patterns of the larimar 
sample. a XRF spectrum. b XRD 
pattern
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The above phase identification result was verified by 
normal XRD analysis (see Fig. 13). Compared with this pat-
tern, it is clear that several characteristic lines (in red) were 
absent in Fig. 12b, which may be a software defect. It is 
necessary for the developer to eliminate bugs like this to 
prevent users from regarding a single phase as multiple 
phases.

As for the case of the sugilite sample, Fe, Ca, Mn and 
K were detected in the XRF measurement (see Fig. 14a). 
Considering the peak intensity, the author regarded Fe as 
the key element in the phase identification stage. When 
Fe was selected singly, 630 possible phases were found. 
Since the other three elements present were much lower 
than Fe in peak intensity, they were considered second-
ary to the possibility of O and Si. When both Fe and O 
were input, 583 possible phases were recognised; when 
the combination of Fe and Si were selected, 266 possible 
phases were found; and the number further decreased to 
260 when Fe, O and Si were all selected. Among the 260 
possible phases, the most likely one was Sugilite (ICDD 
29-0824) (see Fig. 14b). According to the built-in data-
base, the chemistry of Sugilite (ICDD 29-0824) is (K,Na)

(Na,Fe)2(Li,Fe)3Si12O30·H2O which does not contain Ca and 
Mn, indicating that calcium and manganese compounds 
may be too scarce to be detected by the portable XRD, 
while the presence of Na and Li is out of the regular detec-
tion range of the portable XRF. On the other hand, when 
at least two elements were selected from Fe, Ca, Mn and K 
without considering O and Si, any possible phases found 
did not actually fit the measured pattern very well except 
Sugilite (ICDD 29-0824).

According to the normal XRD result, the measured pat-
tern also coincided with the phase Sugilite (ICDD 29-0824) 
(see Fig. 15).

As for the case of the lazurite sample, both the ele-
mental and the phase compositions are more compli-
cated in theory. As shown in Fig. 16a, the major elements 
in the sample were Ca and Fe, while Mn, K, Ti, Ni, Cr and 
S were regarded as trace elements. Similar to the cases 
discussed above, Ca was solely selected first, which 
led to 927 possible phases. When the “Ca + O” case was 
considered, 846 possible phases remained; when the 
“Ca + Si” strategy was tried, 418 possible phases were 

Fig. 13  Normal XRD pattern of the larimar sample

Fig. 14  Patterns of the sugilite 
sample. a XRF spectrum. b XRD 
pattern

Fig. 15  Normal XRD pattern of the sugilite sample
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listed; when Ca, O and Si were all selected, the num-
ber was still 418. Among these possible phases, three 
members were especially notable, as Lazurite-C (ICDD 
17-0749), Diopside (ICDD 09-0460) and Augite (ICDD 
02-0676), which fitted the measured pattern best (see 
Fig. 16b). The three phases have a theoretical chemistry 
as  Na6Ca2Al6Si6O24(SO4)2, CaMg(SiO3)2 and N[CaO·(Mg,Fe)
O·2SiO2]·(Al,Fe)2O3, respectively, according to the built-
in database. Therefore, the presence of Ca, Fe and S can 
be clearly explained. On the other hand, when Fe was 
selected singly, 1363 possible phases were found. When 
the “Fe + O” case was considered, 1074 possible phases 
remained; when the “Fe + Si” strategy was tried, 462 
possible phases were found; when Fe, O and Si were all 
selected, the number further decreased to 405. Among 
these candidates, the phase Augite (ICDD 02-0676) also 
accorded with the measured pattern best. Also, when 
both Ca and Fe were selected, 180 possible phases were 
listed, among which Augite (ICDD 02-0676) was present 
again. However, as for Mn, K, Ti, Ni and Cr, no reliable 
phases were identified by trying the relevant searches, 
indicating that the compounds were not sufficient to 
meet the demand of the phase identification.

The normal XRD measurement indicates that the lazur-
ite sample is composed of at least three phases, as men-
tioned above (see Fig. 17). Moreover, it still remained sev-
eral diffraction peaks which cannot be definitely identified.

In general, as for the above four opaque samples, the 
relation between the XRF results and the phase identifica-
tion results can be classified as four modes:

 (i) Only a single element is detected by XRF, and the 
element can be directly applied to searching the 
possible phases, and actually the sample is com-
posed of only a single phase;

 (ii) At least two elements are detected by XRF, and the 
elements are located in a single phase composing 
the sample;

 (iii) At least two elements are detected by XRF, and the 
elements are located in different phases which can 
be identified;

 (iv) At least two elements are detected by XRF, and the 
elements are located in different phases which can-
not be identified completely.

It is easy to deal with case (i). In fact, it is also possible 
for the only element present in the XRF result to form dif-
ferent phases in a sample, but this case did not occur in 
the present study. As for other three cases, it is necessary 
to employ reasonable strategies to save the time spent 
on screening. When all the elements present are metals, it 
is natural to primarily consider O or Si the possible coex-
isted elements in the minerals. The main reason is that O 
and Si are the primary elements forming the earth’s crust, 
but it is unable to detect O by the ED-XRF system, while 
the peak intensity for Si are necessarily much weaker com-
pared with those for heavy elements, which in fact makes 
it difficult to identify Si definitely. Another reason is that 
light non-metallic elements are either not active enough 

Fig. 16  Patterns of the lazurite 
sample. a XRF spectrum. b XRD 
pattern

Fig. 17  Normal XRD pattern of the lazurite sample
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to directly form chemical bonds with most metallic ele-
ments in common conditions (such as H, He, B, C, N, Ne, Si, 
P and Ar), or so active (F and Cl) that most of their simple 
compounds (salts) tend to be dissolved in water bodies 
and therefore reduce the occurrence of them on land; the 
exceptions are O and S, as they can combine with many 
metallic elements directly, and the products often feature 
poor water solubility, which makes them commoner on 
land; the valences of O (− II) and S (− II, + IV and + VI) indi-
cate the complex structures of their compounds, which 
are just the origin of numerous minerals. Accordingly, in 
the cases no non-metallic elements are detected definitely 
by XRF, the coexistence of O can be considered first, then 
Si and S. The metallic elements with high XRF peak inten-
sity are usually considered prior to the trace elements. The 
difference of XRF peak intensities for measured metallic 
elements is sometimes useful for judging the location of 
metallic elements (coexisted in one phase or located in 
different phases), but the difference between light and 
heavy elements in detection sensitivity should also be 
considered. If both metallic and non-metallic elements 
are present, it is natural to consider the combination of 
them first, and then the involvement of O or Si. Since most 
gems are regarded as composite oxides, silicates, or the 
composites of them, correct identification needs several 
times of search trying different strategies on the system, 
which calls for experience and carefulness when the XRF 
results are complex.

3.4  Analysis of the chrysoprase, nephrite 
and serpentine samples

The common characteristic of these three samples was 
their translucency. Meanwhile, they are all regarded as the 
members of the jade family in Chinese culture. Therefore, it 
is of great meaning to identify these samples with similar 
appearances and Chinese names.

Only Ni was observed in the XRF spectrum of the chrys-
oprase sample (see Fig. 18a), which means either Ni was 
the predominant element in the sample, or that the XRF 
detector was not quite sensitive to the other elements. 
When Ni was solely selected at the XRD search match sur-
face, 118 possible phases were found. However, the pat-
tern did not fit them, implying that light elements may also 
be present, but they cannot be detected by XRF effectively, 
while nickel compounds may not occupy a predominant 
position in real contents. In this case, elements O and Si 
were considered primarily. When O was solely selected, 
545 possible phases were recognised; when Si was con-
sidered singly, the number was 266; and the number fur-
ther decreased to 222 when both O and Si were input. As 
shown in Fig. 18b, the pattern fitted the featured peaks for 
a kind of Quartz (ICDD 05-0490) very well, but no indica-
tion of nickel compounds was found. The result indicates 
that the essence of the chrysoprase sample is a kind of 
quartz, while Ni is probably the colour-causing element 
doped in the crystal as the form of  Ni2+, or the key element 
forming traces of coloured compounds.

The normal XRD pattern of the chrysoprase sample 
clearly accorded with the Quartz phase (ICDD 05-0490) 
very well, verifying the above result (see Fig. 19).

In the XRF spectrum of the nephrite sample, Fe, Ca, Ni, 
Cr and Mn were recognised (see Fig. 20a). Among them, 
Fe and Ca were more significant and they were primar-
ily considered in the following phase identification. When 
both Fe and Ca were selected at the XRD search match 
surface, 379 possible phases were found. When the coex-
istence possibility of O was considered, the possible phase 
number was still 379; when the combination of Fe, Ca and 
Si was tried, the number was 282; and when Fe, Ca, O and 
Si were all selected, the number was still 282. As shown 
in Fig. 20b, the measured pattern fitted the phase Actino-
lite (ICDD 04-0594) best in peak position among the 282 
possible phases. According to the built-in database, the 
molecular structure of Actinolite (ICDD 04-0594) is simply 

Fig. 18  Patterns of the chryso-
prase sample. a XRF spectrum. 
b XRD pattern
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written as Ca(Mg,Fe2+)(SiO2)OH, in which Mg was not obvi-
ously detected by the XRF due to its poor applicability in 
light elements. On the other hand, when one, two or three 
elements from Ni, Cr and Mn were selected and considered 
together with Fe, Ca, “Fe + Ca”, O, Si, or “O + Si”, the possible 
phases found did not actually accord with the measured 
pattern in peak position. Therefore, the presence of Ni, Cr 
and Mn implies the existence of their compounds, but the 
low contents limited further identification.

The normal XRD pattern verified the above identifica-
tion result (see Fig. 21). Moreover, several diffraction peaks 
in the pattern cannot be identified definitely by normal 
XRD due to low content and inadequate resolution as well.

As for the serpentine sample, Fe and Ni were regarded 
as the primary elements, while Cr was present as a trace 
element according to the XRF spectrum (see Fig. 22a). 
Similar to the analysis processes described above, Fe 
was solely selected first at the XRD search match surface, 
which led to 978 possible phases. When the “Fe + O” case 
was considered, 860 possible phases remained; when 
the “Fe + Si” strategy was tried, 258 possible phases were 
recognised; when Fe, O and Si were all input, the number 

further decreased to 254. By comparing the measured pat-
tern with the 254 candidates, the most likely phase was 
determined, as Lizardite-6T1 (ICDD 09-0444) (see Fig. 22b), 
which has a theoretical chemistry as  Mg3[(Si,Fe)2O5](OH)4 
according to the built-in database. On the other hand, 
when Ni was regarded as the only element present at 
the XRD search match surface, 171 possible phases were 
found. When the “Ni + O” strategy was tried, the number 
decreased to 164; when the “Ni + Si” combination was con-
sidered, 102 possible phases were listed; when Ni, O and Si 
were all selected, the number was still 102. Among these 
possible phases, Nepouite-1T (ICDD 15-0580), as theoreti-
cally written as (Ni,Mg)Si2O5(OH)4, fitted the measured pat-
tern best (see Fig. 22b). Moreover, when Fe and Ni were 
selected simultaneously without considering O and Si, 
90 possible phases were found, but actually they did not 
coincide with the measured pattern, implying that Fe and 
Ni are located in different phases.

The normal XRD result indicates that the serpen-
tine sample may be composed of three major phases, 
as Lizardite-1T (ICDD 02-0361), Lizardite-6T1 (ICDD 
09-0444) and Nepouite-1T (ICDD 15-0580) (see Fig. 23). 

Fig. 19  Normal XRD pattern of the chrysoprase sample

Fig. 20  Patterns of the neph-
rite sample. a XRF spectrum. b 
XRD pattern

Fig. 21  Normal XRD pattern of the nephrite sample
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Since the chemistry of Lizardite-1T (ICDD 02-0361) is 
3MgO·2SiO2·2H2O according to the built-in database, it is 
clear why this phase was not considered above. By access-
ing to the XRD search match surface again and inputting 
Mg, O and Si, 249 possible phases were listed, among 
which Lizardite-1T (ICDD 02-0361) fitted the measured 
pattern very well indeed (see Fig. 22b). It can be found in 
this case that when the sample is a member of the Chinese 
jade family, the sample is probably composed of some 
light elements which cannot be adequately detected by 
the XRF, leading to the missing of the relevant phases. 
Furthermore, several uncertain diffraction peaks were also 
observed by the normal XRD, indicating that the serpen-
tine sample may be much more complicated than divided 
into three isolated phases.

These three cases indicate that the nondestructive 
XRF–XRD system can be applied to identifying translu-
cent samples, such as different members of the general-
ised jade family. In fact, although nephrite, serpentine and 
chrysoprase are all regarded as jades in Chinese culture, 
their actual values differ a lot. Therefore, the practicability 
of the system is of significant meaning. Compared with the 

cases of the opaque samples, two more cases were found 
here. One is that the only metallic element present in the 
XRF result may “disappear” in the phase identification, and 
the other is that the undetected elements may form the 
major phases in fact. Both cases are caused by the coexist-
ence and “absence” of O and Si, which is especially com-
mon in identifying jade samples. Moreover, compared with 
identifying samples composed of only a single phase, it is 
undoubtedly more difficult to identify multi-phase sam-
ples, especially those containing elements O and Si like 
jades, due to inadequacy of pattern resolution, missing 
of characteristic lines and more time spent on removing 
unlikely phases.

3.5  Analysis of the artificial emerald and YAG 
samples

The artificial emerald and the YAG samples were both 
man-made and fully transparent single-crystals in the-
ory. According to the XRD theory and the references 
[37, 67–69], the identification of single-crystals is usu-
ally achieved by the X-ray single-crystal diffractometer 
through complicated data analysis processes, which is 
actually undesirable for preliminary identification of gem 
species. In this case study, the portable system, as a kind 
of powder XRD apparatus, was applied to this field to see if 
enough information about single-crystal gems’ elemental 
and phase composition can be obtained by the commoner 
XRD.

As shown in Fig. 24a, Fe was regarded as the predomi-
nant element in the artificial emerald sample by XRF, and 
other elements detected included Cr, Ni and Ca. However, 
only an intense diffraction peak was observed in Fig. 24b, 
while other peaks can be ignored compared with that, 
which is probably caused by the preferential orienta-
tion, an effect indicating that the crystalline grain array 
is highly ordered in a specific direction. This effect is com-
monly observed when single-crystal gems are measured 

Fig. 22  Patterns of the serpen-
tine sample. a XRF spectrum. b 
XRD pattern

Fig. 23  Normal XRD pattern of the serpentine sample
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using powder XRD, causing the enhancement of certain 
peaks’ intensity and the reduction of the others’ [70]. Con-
sequently, the pattern cannot be directly used for phase 
identification.

Although there are one intense and several less intense 
peaks shown in the normal XRD pattern (see Fig. 25), the 

whole pattern cannot be recognised by the Jade software 
automatically, which may be associated with the generally 
low signal–noise ratio of the pattern caused by the X-ray 
fluorescence interference.

As for the YAG sample, Zn and Ca were regarded as the 
primary elements by XRF, and Fe and Y were detected as 
well (see Fig. 26a). However, the signal–noise ratio of the 
XRD pattern was not quite satisfactory, and the platforms 
were also observed (see Fig. 26b), which indicate that the 
pattern’s quality is not high enough to perform the phase 
identification accurately. Unlike the artificial emerald sam-
ple, the YAG sample assumed a multi-peak XRD pattern, 
which implies that the sample cannot be composed of a 
single phase in fact.

The low signal–noise ratio was found in the normal XRD 
pattern as well (see Fig. 27), which made it difficult to per-
form the identification. Similar to the case of the artificial 
emerald sample, the phenomenon may be caused by the 
X-ray fluorescence interference effect.

In a word, when the system is applied to identifying sin-
gle-crystal gems, although the elemental information can 
be obtained by XRF, the preferential orientation leads to a 
significant variance among different XRD peaks’ intensities, 

Fig. 24  Patterns of the artificial 
emerald sample. a XRF spec-
trum. b XRD pattern

Fig. 25  Normal XRD pattern of the artificial emerald sample

Fig. 26  Patterns of the YAG 
sample. a XRF spectrum. b XRD 
pattern
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which makes certain peaks look like missing, causing dif-
ficulty in phase identification. On the other hand, the sys-
tem can be employed to judge if a stone is a single-crystal 
or not, which is useful for quick and preliminary judgment 
of the authenticity of some transparent stones. In this case, 
the low signal–noise ratio can also be observed in the XRD 
patterns, which typically assumes a kind of even diffraction 
pattern without very intense peaks and makes it difficult 
to conduct the identification as well.

3.6  Advantages, disadvantages and applicable 
range of the system

Based on the above discussion, the author believes that 
the element analysis and the phase identification of some 
gemstones can be achieved by the portable XRF–XRD sys-
tem quite well. Compared with employing multiple meth-
ods or devices to obtain the same information, applying 
the XRF–XRD coupled method saves time and manpower. 
Meanwhile, the micro-area measurement feature is a 
favourable advantage compared with normal IR and XRD 
methods.

On the other hand, the author also noticed the disad-
vantages of the hardware system:

(i) As the tube current is lower than those of normal 
X-ray diffractometers by 3 orders of magnitude (while 
the voltage can be set as the same level), the signal–
noise ratio inevitably cannot reach the level by nor-
mal X-ray diffractometers, which causes the missing 
of details in many cases. Nevertheless, since the sys-
tem is designed for portable use and detecting cul-
tural heritages, safety of both operators and objects 
is of the primary consideration. Thus, the inadequacy 
of the signal–noise ratio or the power can be accept-
able.

(ii) The working distance from the laser interferometer 
to the sample surface is 94.85 ± 0.20 mm, which is 
designed primarily for the safety of cultural heritage 
samples, but it increases the interference from air on 
the other hand.

(iii) The continuous mode of XRD is not available, while 
performing the step mode costs about 100 min (step 
angle = 0.1°, 2θ), which is much longer than that spent 
on a normal XRD apparatus.

(iv) The apparatus is not equipped with vacuum devices, 
which makes the XRF detector not quite sensitive to 
the elements from atomic number 11 to 18.

(v) Since the working distance is not fixed absolutely but 
controlled by the tripod, the accuracy of it is highly 
dependent on the stability of the tripod and the calm 
of ground, which means the vibration of ground may 
lead to momentary sharp variation of the working dis-
tance and the angle if the apparatus is not equipped 
with a shockproof cushion.

Also, considering the software, the author thinks there 
are some points needing promotion:

 (i) The automatic phase identification is not quite 
smart so that it may provide users with hundreds 
of possible phases. Thus, the correct screening of 
phases is strongly dependent on users’ experience.

 (ii) In some cases the characteristic lines are not shown 
in the XRD fitting results, which may cause users to 
regard a single phase as multiple phases.

 (iii) The built-in editing function is not developed 
enough to undertake the data processing and con-
version tasks.

Users need to take themselves a consistent part in the 
improvement process of the system, such as providing 
more valuable cases, trying more efficient searching strat-
egies and summarising the relevant experiences, as well 
as communicating with the manufacturer to make their 
demands clearer to the developers.

In a word, the author generalises the essential condi-
tions for the system to perform well on testing gemstone 
samples:

 (i) Samples must have at least one surface to receive 
the whole laser spot for the measurement of the 
working distance. Thus, the surface must have an 
area not smaller than 2 mm × 2 mm.

 (ii) Polycrystalline stones are preferred in the XRD 
measurements owing to the fact that their charac-
teristic peaks are detected more completely than 
those of the single-crystal gems by the powder 
XRD instrument.

Fig. 27  Normal XRD pattern of the YAG sample
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 (iii) For XRD measurements, samples must have at 
least one flat surface to receive the X-ray beams 
at desired angles. Thus, gems with facets are pre-
ferred, while samples with only curved surfaces 
may not be measured very well.

4  Conclusions

The portable XRF–XRD system, in particular cases, can 
be applied to qualitatively analysing the elemental com-
position and the phase of some gemstones without any 
destructive sample preparation processes. The demands 
of gem samples include having at least one flat surface 
not smaller than 2 mm × 2 mm to receive the whole laser 
spot and the X-ray beams at desired angles (for performing 
XRF measurements only, surfaces with lower flatness are 
also acceptable), as well as possessing the polycrystalline 
characteristic. The optimal experimental parameters for 
XRD are as follows: working voltage: 50 kV; tube current: 
75 μA; step angle: 0.1°; working distance: 94.85 ± 0.05 mm. 
Although the resolution of the XRD patterns does not 
reach the level by normal XRD apparatuses, with the ele-
mental measurement results obtained by XRF and proper 
elemental combination strategies, the XRD patterns can 
be analysed effectively and the quantity of the most likely 
phases can be refined to an acceptable range. Considering 
the elemental combination modes properly, such as judg-
ing the location of elements (coexisted in a single phase 
or located in different phases), focusing on the primary 
elements and ignoring the trace elements when neces-
sary, or considering the coexistence possibility of O and Si 
when too many possible phases are found by the system 
automatically, is significant to the correct and efficient 
identification. The whole test process including prepara-
tion, measurement and data analysis, can be finished in 
3 h, which is very efficient compared with conducting a 
series of experiments by various methods. In general, the 
portable XRF–XRD system is a promising tool to play a 
greater role in the nondestructive identification of gems. 
Meanwhile, it still remains great potentials for further 
improving the hardware and software functions, such as 
further developing optional accessories to adapt better to 
real demands of cultural heritage examination, and updat-
ing the software constantly to eliminate bugs and improve 
user experience. Users also need to take themselves a con-
sistent part in this improvement process.
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