Powder diffraction analysis of gemstone inclusions
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Gemstones are pieces of materials that once cut and polished are used as jewels or adornments.
Gemstones may be single crystal (such as diamonds), polycrystalline (such as lapis lazuli), or
amorphous (such as amber). In any case, gems may have inclusions that may yield a variety of optic
effects. It is also important to unravel the crystal structure of the inclusion(s) in order to determine
the origin of the gem and to help to understand their formation mechanism. Here, we expand the use
of powder diffraction to identify crystalline inclusions in bulk gemstones highlighting Mo K«
radiation to penetrate within compact gems. Initially, rock crystal quartz with rutile needles was
investigated and rutile diffraction peaks were more conspicuous in the Mo pattern than in the Cu
pattern. Next, rock crystal quartz with beetle legs was characterized and the red iron oxide inclusion
was identified as hematite. The study of a fake gem, glass showing aventurine effect, gave the
diffraction peaks of metallic copper. Later, polycrystalline gems, moss agate, and aventurine quartz
were also studied. The powder patterns of these compact gemstones could be successfully fitted
using the Rietveld method. Finally, we discuss opportunities for further improvements in laboratory
powder diffraction to characterize inclusions in compact gems. © 2011 International Centre for
Diffraction Data. [DOI: 10.1154/1.3552672]
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I. INTRODUCTION techniques are being used for this purpose including laser
Raman microspectrometry (Koivula and Chadwick, 2008;

Broadly defined inclusion is any irregularity observable  Renfro, 2010), electron microprobe analysis (Tagliani ef al.,
within a gem by the unaided eye or by using some tools such  2010), UV irradiation to check the luminescence (Karam-
as a hand lens or a microscope. The “irregularity” may be a pelas et al., 2010), cathodoluminiscence (Boiron et al.,
crystalline mineral, a fluid filled cavity, an unfilled cavity, a 1992), and X-ray fluorescence microanalysis. Furthermore,
fracture, or even a growth pattern that produces some optical laboratory X-ray powder diffraction (LXRPD) is used for
effect. The interested reader is directed to a specialized ref- inclusion identification. It is commonly carried out in a mi-

erence bqok m.order to know about the cl'ass'lﬁcatlon of the cropowder sample obtained by adequate scratching of the
types of inclusions and the use of the main instrument, the gemstones in order to obtain a small amount of powder of

optical microscope (Giibelin and Koivula, 1986, 2005, ¢ gegired inclusion (Giibelin and Koivula, 1986, 2005,
2098). The brief history of research in inclusions may also be 2008). Subsequently, the inclusion is identified by compari-
of interest (Hughes, 1997). . . ) ) son of the obtained powder pattern with those reported in the

The study anq charactenzgtlon Of 1nclgs1ons 1nvo.lve Powder Diffraction File (PDF) (www.icdd.com). Unfortu-
some steps, first being to recognize the inclusion(s) by using nately, this “micropowder” methodology is time consuming

optlcalf methoﬁs: hgndl le.n s and/or i).ptl.cal n1.1(c1:ros.cf§)p c. Inthe 14 destructive. Those who are not familiar with the powder
case of crystalline inclusions, a preliminary identification can diffraction technique are addressed to some basic publica-

be c.arried out base:d on previous knowledge of (similar) iq- tions (Langford and Louér, 1996; Jenkins and Snyder, 1996;
clusions by analyzing a number of properties under the mi- Toby, 2007; Pecharsky and Zavalij, 2008)

croscope: color, microcrystal sha'pe, anangement patte.trn, (’)n the ,other hand, LXRPD is \;videly used for character-
mlrieratl thoit,fetc.. Allth.ough};[he riuc.rostc.:ope.is the rpost - izing polycrystalline gemstone materials using Cu K« radia-
portant oo for ICUsIon characlerzaion, 15 use 1s some- tion. Generally, selected pieces of the samples are milled and
times not enough for correct inclusion identification. Several the powders are analyzed for determining the polymorphs
for quantitative phase analysis of the different constituents,

Y Author to whom correspondence should be addressed. Electronic mail: or for characterizing the phase microstructure. We underline
g_aranda@uma.es just a few examples of gemstone materials studied this way:
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opal (Ghisoli et al., 2010), chalcedony (Hatipoglu et al.,
2010), pearls (Oaki and Imai, 2005), lapis lazuli (Tarling
et al., 1988), etc. Finally, we are aware of the use of Mo K«
radiation for the study of the surface of polycrystalline lack-
luster pearls (Qiao ef al., 2007).

Here, we report the use of LXRPD to deeply penetrate
within a bulk gemstone by using Mo radiation. So, the inclu-
sions can be characterized without damaging the gem and
several examples are reported. Furthermore, we discuss fur-
ther possible improvements for better inclusion analysis.

Il. EXPERIMENTAL

The studied gemstones belong to the didactic gemmol-
ogy collection of University of Valencia. The optical micro-
photographs were taken with an Olympus SZX7 stereomi-
croscope (7 to 70X). This device is equipped with an
Olympus SC30 camera, which was PC controlled by CELLA
software (Version 3.3.).

LXRPD patterns for the gemstones were recorded on a
PANalytical X’Pert PRO MPD diffractometer working in re-
flection geometry (60/26) and using the X’ Celerator real time
multiple strip detector with an active length of 2.122°. The
gemstones were loaded in a multipurpose holder which al-
lows the micrometric controlled alignment of samples with a
mass of up to 1 kg.

Two types of data sets were recorded by using copper
and molybdenum radiations. The Cu patterns were collected
with a long fine focus Cu tube working at 45 kV and 40 mA.
The incident beam optic path contained a hybrid monochro-
mator [composed of a W/Si parabolic X-ray graded mirror
and a flat Ge (220) asymmetric monochromator] which
yielded a strictly monochromatic, A=1.540 59 A, parallel
X-ray beam and a fixed 1/8° divergence slit. The diffracted
beam optic path contained a fixed 1/8° antiscatter slit. Both
incident and diffracted beams were equipped with 0.02 rad
Soller slits. A typical scan range was from 5.0 to 80.0°26
with a step size of 0.0167°26 and an overall recording time
of approximately 4 h.

The Mo patterns were collected by using a long fine
focus Mo tube also working at 45 kV and 40 mA. The inci-
dent beam optic path contained a 1° fixed antiscatter slit, a
1/4° fixed divergence slit, and a zirconium filter, which re-
sulted in a divergent beam with Mo Ka,, radiations (N
=0.7093 and 0.7135 A). The diffracted beam optic path con-
tained a fixed 1/4° antiscatter slit. A typical scan range was
from 2.0 to 35.0°260 with a step size of 0.0167°26 and an
overall recording time of approximately 1 h. Due to the high
penetration of the Mo radiation and in order to avoid (dis-
placed) Al diffraction peaks from the holder, the gemstones
were glued to a zero diffraction plate made of single crystal
silicon cut at special orientation of 2.0 mm thick.

lll. RESULTS AND DISCUSSION

First of all, it must be noted that instead powder diffrac-
tion, the technique reported here is better described as X-ray
polycrystal diffraction since in this case the samples are bulk
compact specimens. This nondestructive methodology can be
applied to the main gemstone constituent only if it is poly-
crystalline (see results for gemstones 608 and 498 below).
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Figure 1. (Color online) Optical photographs of the selected gemstones with
their collection codes and scales.

Furthermore, this technique can be applied for characterizing
inclusions if they are crystallines. Voids, liquids, and amor-
phous solid inclusions cannot be studied with this methodol-
ogy. On the other hand, the amount of inclusion microcrys-
tals does not commonly fulfill the requirement of “randomly
arranged infinite number of microparticles” in order to have
its recorded XRD data matched the XRD standard data re-
ported in the PDF of ICDD (2004). Therefore, the reported
methodology identifies the inclusion from the positions of
the XRD peaks and not from their relative intensities. So, the
uniqueness of the solution is less ensured than using both
positions and relative intensities. However, it should be men-
tioned that the inclusion phase is not checked against any
powder pattern but only against the mineral subset. Further-
more, there are many reports of associations of minerals,
which may be used as additional information in case of a
doubtful identification.

Second, it should be noted that a high-resolution setup is
used for recording the Cu radiation patterns (strictly mono-
chromatic radiation coupled with Soller slits on incident and
diffracted beams). This setup significantly reduces the dif-
fracted intensity reaching the detector. This optical configu-
ration has been used to obtain the narrow diffraction peaks
and, so, to minimize the overlapping of the reflections. Since
there are not enough randomly arranged inclusion crystal-
lites, the values of their relative diffraction intensities cannot
be used to identify a given phase as discussed just above. So,
the only criterion for identifying a phase is the peak posi-
tions, which should be measured as best as possible.

Figure 1 displays the optical photographs of the gem-
stones selected for this study, and Figure 2 shows the optical
microphotographs for these gemstones. The microphoto-
graphs highlight the color, shape, and arrangements of the
different inclusions within the gemstones.

Gemstone 815 (Figure 1) is a rock crystal quartz with
rutile needles. The conclusive identification of the inclusion
can be asserted from the optical microphotograph (Figure 2)
and there is no need for further inclusion characterization.
So, this gem was used as a test example. The Cu and Mo
LXRPD patterns for this gem are shown in Figures 3(a) and
3(b), respectively. The diffraction peaks are labeled with the
mineral abbreviations adopted within the mineralogy com-
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munity (Kretz, 1983). The powder patterns are displayed in d
spacings for the sake of comparison. Three conclusions can
be drawn from the diffraction peaks reported in Figures 3(a)
and 3(b). First, the peak positions are situated at the expected
values from the reported patterns: PDF-01-070-3755 (ICDD,
2004) for quartz and PDF-01-089-4202 (ICDD, 2004) for
rutile. Second, the intensities do not match those reported in
the PDF database as there are not enough (micro)crystallites
diffracting towards the detector direction. Third, and very
importantly, the peaks from rutile inclusions are much more
evident in the Mo pattern than in the Cu pattern. The higher
penetration depth of Mo K« allows irradiating a sample vol-
ume containing a larger fraction of rutile inclusions. There-
fore, there are more diffraction peaks of rutile and with
higher intensities in the Mo pattern. Thus, it is shown that the
identification of inclusions deeply buried within a bulk gem-
stone is easier with Mo radiation, as expected.

Gemstone 821 (Figure 1) is a rock crystal quartz with
beetle legs (see Figure 2), where the inclusion is very likely
iron oxide. However, to identify the iron oxide phase (usu-
ally goethite or hematite) from optical microscopy is not
possible. The Cu and Mo LXRPD patterns for this gem are
shown in Figures 3(c) and 3(d), respectively. The Cu pattern
shows, in addition of a quartz peak, two peaks from hematite
(PDF-01-089-8104) (ICDD, 2004) and one likely from goe-
thite (PDF-01-081-0463) (ICDD, 2004). However, the
deeply penetrating Mo radiation yielded a pattern with many
peaks from hematite and no diffraction peak from goethite.
Therefore, it can be concluded that the iron oxide inclusion
within this beetle-leg rock crystal is mainly hematite.

Gemstone 165 (Figure 1) is an almandine garnet. The
inclusions are deep in the gem (see Figure 2), so a Mo
LXRPD pattern was collected. Figure 4(a) shows the pattern
where, in addition to the almandine diffraction peaks (PDF-
01-089-4372) (ICDD, 2004), only peaks from rutile (PDF-
01-089-4202) are evident. Therefore, the needles visible in
Figure 2 arise from rutile. Gemstone 340 (Figure 1) is a glass
fabricated to display the aventurine effect. This beautiful op-
tical effect was achieved with the platelet microparticles (in-
clusions) highlighted in Figure 2. Figure 4(b) shows the Mo
LXRPD pattern of this gemstone. In addition to a broad band
centered approximately at 3.3 A, due to the glass matrix, the
only diffraction peaks are those corresponding to the copper
metal inclusion (PDF-01-085-1326) (ICDD, 2004).
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Figure 2. (Color online) Optical microphotographs of
the gemstones highlighting the shapes, colors, and ar-
rangements of the inclusions.

Gemstone 608 (Figure 1) is a moss agate. The green
inclusions are highlighted in Figure 2. The Cu and Mo
LXRPD patterns for this gem are shown in Figures 5(a) and
5(b), respectively. As the main constituent of this gem is
polycrystalline quartz, the Rietveld method (Rietveld, 1969)
can be applied to characterize the gemstone. This has been
carried out by using the GSAS program (Larson and von
Dreele, 2000) with the EXPGUI graphic interface (Toby,
2001). First, it can be seen that the diffraction peaks of
quartz in the Cu pattern are sharper than in the Mo pattern.
This is due to the optical setup that was used, as the Cu
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Figure 3. (Color online) LXRPD patterns for (a) gem-815 with Cu radiation
(A=1.54059 A), (b) gem-815 with Mo radiations (\=0.7093 and 0.7135
A), (c) gem-821 with Cu radiation, and (d) gem-821 with Mo radiations.
The diffraction peaks are labeled with the corresponding mineral abbrevia-
tion and the asterisk highlights unjustified peak(s).
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Figure 4. (Color online) Mo LXRPD patterns for (a) gem-165 and (b) gem-
340. Labels as in Figure 3.

pattern was collected with strictly monochromatic Cu K«
radiation. Meanwhile, the Mo pattern was collected with
Mo Ka, , radiations. Furthermore, the larger penetration
depth of Mo radiation, working in reflection geometry, also
results in broader diffraction peaks. Second, it is clear that
the recorded diffraction intensities from quartz have the ex-
pected values from the standard PDF data as there are many
crystallites diffracting in all directions. Third, the crystalline
green inclusion has been identified as clinochlore (PDF-01-
089-2972) (ICDD, 2004), a member of the chlorite group.
Finally, clinochlore diffraction peaks are tiny but evident in
the Cu pattern [Figure 5(a)]. However, these peaks are not
detected in the Mo pattern [Figure 5(b)]. This can be ex-
plained because the inclusion was mainly located at the sur-
face of the gem. In fact, skilled lapidary may cut the gem-
stones in such a way to expose inclusions on the surface.
Taking all together, it is clear that Mo radiation is ideal for
the identification/characterization of deep crystalline inclu-
sions and Cu radiation for surface exposed inclusions, as
expected from the penetration powers of these radiations.
The successful application of the Rietveld method to com-
pact polycrystalline gemstones opens the way for the quan-
titative phase analysis in suitable samples. For instance, we
are already analyzing quartz/moganite mass ratios in com-
pact chalcedonies, and the results will be reported elsewhere.
Calcium carbonate quantitative phase analyses for different
pearls and related crystalline materials will also be of high
interest.

Gemstone 498 (Figure 1) is a quartz showing aventurine
effect. The deeply located brown inclusions are highlighted
in Figure 2. Figure 5(c) shows the Rietveld fit to Mo LXRPD
pattern for this gem. This example has been selected for two
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Figure 5. (Color online) Rietveld fitted LXRPD patterns: (a) gem-608 with
Cu radiation; (b) gem-608 with Mo radiation; and (c) gem-498 with Mo
radiation. The insets in the (a) and (b) panels enlarge a selected region to
show the clinochlore diffraction peaks in the Cu pattern and their absence in
the Mo pattern.

reasons. First, the good Rietveld fit supports the use of this
methodology for quantitative phase analysis of compact
gemstones containing two (or more) microcrystalline phases
in mass ratio above a certain limit, still to be established.
Second, it is clear that there are no diffraction peaks in ad-
dition to those arising from quartz. So, this example high-
lights the limitations of the technique as it is not always
possible to identify the inclusion with the (general) optical
setup reported in Sec. II. Microcapillary lens can be used to
focus the incident beam on the inclusions in order to collect
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their diffraction pattern. However, the implementation of this
methodology is still in progress and it will be reported else-
where.

IV. CONCLUDING REMARKS AND OUTLOOK

It has been shown that laboratory X-ray powder diffrac-
tion is very useful for the identification of crystalline inclu-
sions within gemstones. In particular, Mo radiation patterns
are best suited for the identification of deeply buried inclu-
sions. On the other hand, Cu radiation is most adequate for
the characterization of surface exposed inclusion. The main
merit of this work is the extension of the use of powder
diffraction to the bulk gem inclusion characterization without
damaging the gem (i.e., without scratching a small portion of
the inclusions).

We think that there is a lot of room for further advance-
ment. For example two clear improvements can be carried
out. On the one hand, it is possible to use a two-dimensional
detector to collect the powder diffraction peaks. In this way,
there will be many more (inclusion) crystallites contributing
to the diffraction signal. So, the recorded (integrated) inten-
sities will correspond to those gathered in the PDF database,
which will help a lot in the identification process when a few
types of inclusions coexist within the gemstone. On the other
hand, it is also possible to use X-ray microcapillary lens to
focus the incident beam. With this optical component, the
X-rays can be focused on the inclusions in order to enhance
their diffraction signal.
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