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Abstract
Agates from Yozgat province are appreciated on the gem market for their white and purple-blue banded colours. In this study, 
we present a detailed investigation aimed at the identification of the atomic and structural origin of this peculiar colouration 
of chalcedony. X-ray diffraction and Raman spectroscopy revealed the presence of fine grains of quartz and moganite with a 
preferential accumulation of the latter in the blue bands. Near-infrared diffuse absorption spectra show overtones of hydroxyls 
vibrations at 1425, 1900, and 2250 nm. In the visible, the broad absorption at about 500 nm, as well as its behaviour at low 
temperatures, is compatible with the optical activity of iron impurities in quartz matrices, such as that observed in amethysts. 
Peak intensities and shapes are very similar for spectra collected in blue and white bands. Accordingly, trace-element com-
position from laser ablation inductively coupled mass spectrometry confirmed that the two regions have similar Fe content. 
The perceived changes in band colours are indeed originated by differences in microstructural arrangement and size of the 
grains visualised through scanning electron microscopy. White and blue stripes have grains of about 5 µm and 300 nm in 
size, respectively, resulting in an accentuated scattering component for the white bands. Therefore, the unique purple-blue 
shades typical of Yozgat agates are a combination of iron-related colour centres and scattering effect.
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Introduction

Chalcedony is a micro- or crypto-polycrystalline form of 
silica which has the chemical formula  SiO2. It comes in a 
wide variety of patterns and colours (Gliozzo 2019). Many 
of these varieties have specific names, such as the green 
chrysoprase, orange-red carnelian, bloodstone, onyx, and 
agate, which, in particular, is the variety that displays a 
distinct banding with successive different coloured layers 
(O'Donoghue 2006). The different varieties of chalcedony, 
including agate, have been used for a long time as gemstones 
in jewellery and as carving materials for producing orna-
mental objects, such as cameos and intaglios. The typical 
silica phases occurring in chalcedony are α-quartz, the most 
relevant mineralogical phase, and moganite, a polymorph 

of silica, approved as a new mineral species in 1999 by 
the Commission on New Minerals and Mineral Names of 
the International Mineralogical Association (Heaney et al. 
2007). Moganite has a widespread distribution in most 
microcrystalline  SiO2 varieties (Heaney and Post 1992) and, 
in particular, is commonly inter-grown with quartz in chal-
cedony. Moganite has a monoclinic symmetry, instead of the 
trigonal symmetry of α-quartz and its structure consists of 
alternating (101) layers of right- and left-handed α-quartz, 
twinned periodically at the unit-cell scale according to the 
Brazil-law (Miehe and Graetsch 1992). Agate occurs in a 
wide range of colours, which are caused by a variety of dif-
ferent impurities, occurring as trace elements substituting 
Si or as embedded minerals (Götze et al. 2001). According 
to Götze et al. (2001), iron oxides are the main colouring 
pigments in orange- and red-coloured agates. The charac-
teristic rhythmic colour banding seems to be largely chemi-
cally controlled, reflecting variations in the deposition of 
pigmenting impurities. The origin of colour, in particular 
the blue one, can also result from light scattering, but the 
exact causes of this optical phenomenon in agates are still 
unclear and strongly depends on the geological specificity of 
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the extraction site. According to Zolensky et al. (1988) and 
references therein, blue colouration is believed to arise by 
Rayleigh scattering from submicrometric-sized solid mineral 
inclusions, whereas in Deer et al. (2004), the bluish-grey 
colour is attributed to scattering of light from fine-grained 
chalcedony fibres. Chalcedony, including agate, can be found 
in deposits all over the world, in widespread geological envi-
ronments. For many centuries, Turkey has been known for 
being an important source of multi coloured, gem-quality 
chalcedony. There are many blue chalcedony deposits with 
economic reserves located in different regions of Tur-
key. According to Hatipoğlu and Chamberlain (2009) and 
Hatipoğlu et al. (2013), they include: Saricakaya (Eskisehir), 
the most relevant Turkish blue chalcedony deposit used since 
the Roman period, Kibriscik (Bolu), Bayat (Afyon), Aliaga 
and Bergama (Izmir), and Zile (Tokat). Recently, purple-
blue agates coming from the Yozgat Province, which is 
located in the northeast part of central Anatolia, have come 
onto the gem market (Başıbüyük 2018). The agate samples 
from the Yozgat area can be found in the cavities of post-
Lutetian alkaline andesites volcanic host rocks (Büyükonal 
1985). The formation of this agate, accompanied by pres-
ence of amethyst, white quartz, and reddish brown amethyst 
(Başıbüyük 2018), occurred during secondary processes 
in volcanic rocks, which is the most common process of 
agate genesis (Götze et al. 2001). In this work, we present 
a characterisation of agate from Yozgat Province, investi-
gating both the bulk mineralogical composition by means 
of X-ray powder diffraction and the mineralogical phases’ 
variations in correspondence of the differently coloured 
bands using confocal micro-Raman spectroscopy. The aim 
of this study is to provide an explanation of the origin of 
banded colours of Turkey purple-blue agate by combining 
XRD and Raman investigation with trace-element compo-
sition analysis, UV–Vis–NIR spectroscopy, and scanning 
electron microscopy.

Materials and methods

Minerals and gemmological tests

In the present study, we have examined agates from Yoz-
gat, the sample set includes one rough sample (76 g), one 
cabochon cut gems (1.95 ct), and a 1 mm thick polished 
slab. The gemmological properties were measured only on 
cabochon cut specimen. The refractive index was measured 
using a Kruss refractometer with ordinary light source with 
a sodium filter (589 nm) and methylene iodide saturated with 
sulphur as a contact liquid (RI = 1.80). A Mettler hydro-
static balance was used to determine the specific gravity 
in distilled water, whereas the ultraviolet fluorescence was 

investigated with a short (254 nm) and long (366 nm) wave-
length ultraviolet Analytic Jena Wood lamp.

Phases’ identification

X-ray powder diffraction (XRD) measurement were carried 
out on the rough sample, previously crushed, by means of a 
PANanalytical X’Pert Pro diffractometer, equipped with an 
X’Celerator detector, using CuKα radiation. A step scan of 
0.02° 2θ was performed over the range 15–80° 2θ. Confo-
cal Raman microscopy has been performed with a Labram 
(JobinYvon) spectrometer and a He–Ne laser at 632.8 nm, 
focussing the beam on a circular spot of about 2 μm through 
the optics of a microscope (Olympus) and a long working 
distance objective with magnification 50 × and NA 0.60. The 
diffused light was detected in backscattering configuration 
by means of a Peltier-cooled silicon charge-coupled-device 
detector, after a notch filter and a monochromator with a 
spectral resolution of 1  cm−1.

Chemistry determination

Quantitative elemental analysis was performed by Laser 
Ablation Inductively Coupled Mass Spectrometry (LA-ICP-
MS), using an ICP-MS PerkinElmer ELAN DRC-e coupled 
to a sampler New Wave UP 213 working with a quintupled 
Tempest laser at 213 nm. The protocol used for this analysis 
is based on the PerkinElmer proprietary semiquantitative 
method TOTALQUANT based on the instrument internal 
standardisation. For this analysis, the internal standardisa-
tion has been improved by a single measure of NIST SRM 
610, a glassy multielemental solid standard.

UV–Vis spectroscopy

Optical absorption spectra were measured using a Perkin 
Elmer Lambda 950 spectrophotometer equipped either 
with a standard Photomultiplier detector or with a 60 mm 
Spectralon-coated integrating sphere. In-line transmission 
spectra were recorded placing the sample in the optical focus 
of the spectrophotometer at about 10 cm from the entrance 
port of the standard detector, whereas diffuse absorption was 
measured positioning the sample at the entrance port of the 
integrating sphere. Low-temperature spectrum was collected 
with in-line geometry and using a GALILEO cryocooler.

Electron microscopy

Morphologies were analysed by scanning electron micros-
copy (SEM; Tescan Vega Model 5136XM). Before image 
acquisition, samples underwent to chemical etching using 
a 10%vol solution of hydrofluoric acid (Sigma Aldrich) in 
deionized water for 5 min. Finally, samples were coated with 
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a thin film (about 10 nm) of gold using a sputter coater Quo-
rum Q150RS.

Results and discussion

Sample description, crystallographic phases, 
and composition

The chalcedony samples from Yozgat are all translucent with 
a pale purple-blue colour, distributed in bands of millimetric 
size, photographs of the rough sample and of a polished 
slab are reported in Fig. 1. The refractive index measured 
at 589 nm by the distant vision method is 1.53, whereas the 
density ranges from 2.56 to 2.59 g/cm3. These values are 
consistent with data reported in the literature on cryptocrys-
talline quartz minerals (O'Donoghue 2006). The samples 
exhibit a weak to moderate bluish white reactions to both 
long- and short-wave UV radiation, without evidence of 
strong luminescence phenomena.

The XRD pattern of the powdered sample (Fig. 2), rep-
resentative of both blue and white bands, presents peaks 
ascribable to silica polymorphs, specifically quartz and 
moganite. The strongest peaks located at 20.9° and 26.7° 

correspond to diffraction from the (100) and (101) planes 
of α-quartz, respectively, accompanied by all the expected 
minor reflections (JCPDS card no. 46-1045). The presence 
of moganite is often masked by the diffraction pattern of 
quartz as a result of their high similarity (Graetsch et al. 
1987; Smith 1998). However, characteristic signals from 
moganite can be found by analysing in detail the diffraction 
pattern in the range 18°–32° (Lee et al. 2021; Rodgers and 
Cressey 2001). Indeed, we register moganite reflections as 
minor contributions in this region (inset of Fig. 2). Shoulders 
at 19.9°, 25.9°, and 28.9° are ascribable to diffraction from 
(110), (−121), and (−112) planes of moganite, respectively 
(JCPDS card no. 38-360).

Another technique for the discrimination between quartz 
and moganite is Raman spectroscopy (Rodgers and Cressey 
2001). In addition, in this case, there are strong overlaps 
between the two spectra as a consequence of the similari-
ties in the crystal structures (Kingma and Hemley 1994). 
The differentiation is normally based on the position of the 
main Si–O–Si vibration which is located at 464  cm−1 and 
501  cm−1 for α-quartz and moganite, respectively. Although 
the attribution of the 501  cm−1 band to Si–O–Si vibration 
in moganite is controversial and it is possibly related Si–O 
vibrations of non-bridging Si–OH (Schmidt et al. 2013, 
2012).

The Raman spectrum of the sample effectively shows the 
presence of both phases (Fig. 3a). Acquiring spectra in cor-
respondence of white and blue bands leads to very similar 
results. In both cases, the spectra are fully compatible with 
the reported data on α-quartz with main  A1 mode contribu-
tions at 206  cm−1 and 465  cm−1, corresponding to Si and O 
displacement around the threefold screw axis and the sym-
metric bend of  SiO4 tetrahedra, respectively (Masso et al. 

Fig. 1  a Photograph of the rough sample of agate from Yozgat, Tur-
key and b reflected light microscopy image of a plane and parallel cut 
slab sample about 1 mm thick. Indicative location of Raman measure-
ments (dots) and line mapping (dashed line), LA-ICP (squares), and 
SEM analysis (stars) are reported

Fig. 2  X-ray diffraction of powdered sample, expected position of the 
main diffraction peaks of quartz and moganite are reported as line 
guides
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1970; McMillan and Hess 1990; Umari et al. 2001). In addi-
tion, the characteristic peak of moganite at 501  cm−1 can be 
appreciated. Importantly, neither XRD nor Raman analyses 
register the presence of phases other than quartz and mogan-
ite. A more detailed comparison of Raman peaks in blue and 
white bands indicates that the relative abundance of the two 
phases is not constant across the sample. Spectra normalised 
to the quartz peak maximum indicate that bluish stripes have 
a more intense moganite peak with respect to white stripes 
(inset in Fig. 3a). We highlight that changes in the peak at 
501  cm−1 may be originated also by different content of 
SiOH groups; however, we did not observe strong differ-
ences in hydroxyl content from near-infrared absorption 
features which will be discussed in detail further on. The 
same behaviour has been observed in other agates found in 
Permian basalt rocks showing moganite accumulation in the 
darker regions (Dumańska-Słowik et  al. 2018). Further 

information on the relation between moganite content and 
agate bands comes from Raman map analysis along a line 
perpendicular to agate bands. After baseline removal, the 
intensity ratio of moganite (501  cm−1) over quartz peaks 
(465  cm−1) has been studied as a function of the position 
along the line collecting a spectrum every 2 µm. The line 
map (Fig. 3b) confirms that the ratio follows a trend related 
to the bands. In particular, an accumulation of quartz can be 
noted in correspondence of boundaries between bands (red 
lines in Fig. 3b and c). This is the result of the peculiar 
accretion of agates which leads to preferential formation of 
different structures or accumulation of impurities at the 
edges of the bands (Park et al. 2015; Walger et al. 2009). The 
intensity ratio, excluding local maxima and minima, varies 
between ≈20% and 60%. This range corresponds to a 
moganite content of the order of 50–75 wt% (Götze et al. 
1998). It is well known that moganite content in agates is a 
good indicator of the forming era (Moxon and Ríos 2004), 
and our results are in good agreement for agates found in 
volcanic rocks formed in Eocene period (Zhang et al. 2020). 
Remarkably, this change of phases across bands is not asso-
ciated with strong differences in the chemical composition 
of the bands. Table 1 summarises the average value of the 
concentrations of trace elements measured by LA-ICP-MS 
and collected in four different points on white and blue 
bands. The results are qualitatively in accordance with those 
reported by Başıbüyük (2018) from agate mined in the same 
region, albeit our concentration is one order of magnitude 
lower. It is interesting to note that the small but statistically 
significant variations between the white and blue areas 

Fig. 3  a Raman spectra of a 1 mm thick slab collected on white and 
blue zones. b Raman line map of the intensity ratio of moganite/
quartz signal taken perpendicularly to band alignment, the map cor-
responds to the sample photograph reported in c 

Table 1  Results of the main ions measured by LA-ICP analysis for 
white and blue bands and their difference

Element Content (ppm)

White Blue Difference (white–blue)

Li 20 ± 5 15 ± 4  + 5 ± 8
Na 156 ± 12 141.7 ± 0.4  + 14 ± 12
Mg 9.4 ± 1.6 7.2 ± 0.8  + 2 ± 2
Al 17 ± 4 13.3 ± 0.5  + 3 ± 4
K 63 ± 4 53 ± 3  + 10 ± 8
Sc 2.14 ± 0.11 1.69 ± 0.03  + 0.40 ± 0.14
Ti 3.5 ± 0.4 3.4 ± 0.9 0.0 ± 1.4
Fe 19.5 ± 1.1 23 ± 4 − 3 ± 5
Cu 3.6 ± 1.1 2.78 ± 0.16  + 0.8 ± 1.3
Zn 2.31 ± 0.16 2.52 ± 0.08 − 0.2 ± 0.2
Ge 9 ± 3 21 ± 4 − 12 ± 8
As 4.7 ± 0.1 4. 8 ± 0.1 − 0.1 ± 0.2
Zr 108 ± 24 141 ± 4 − 33 ± 28
Hf 2.4 ± 0.5 2.2 ± 0.4 0.2 ± 0.9
Ta 1.42 ± 0.09 1.11 ± 0.02 0.32 ± 0.11
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concern only ions that do not cause significant colouration 
in quartz. In fact, among all the elements identified, possible 
sources of greyish and bluish tints in the quartz can be traced 
back to Al, Ti, and Fe ions (Götze et al. 2021; Rossman 
2018; Seifert et al. 2011). Moreover, although the iron con-
tent is quite low, it is high enough to induce violet coloura-
tion in amethyst quartz (Barry et al. 1965; Czaja et al. 2017; 
Dennen and Puckett 1972). Indeed, absorption spectra, 
reported in Fig. 4, reveal band possibly related to iron impu-
rities. The in-line absorption is characterised by a strong tail 
which covers almost all the visible spectra, arising from 
Tyndall effect and Rayleigh scattering, typical of blue chal-
cedony (Götze et al. 2020). This scattering contribution 
gradually attenuates in the infrared, where hydroxyl over-
tones, either from SiOH and free water, can be easily 
detected at 1425, 1900, and 2250 nm (Flörke et al. 1982; 
Murphy 2015). Superimposed to the scattering tail a minor 
shoulder contribution can be distinguished at about 500 nm. 
This peak can be fully appreciated by taking the same spec-
trum in diffuse geometry. It is very broad, with a full width 

at half maximum (FWHM) of more than 100 nm, and it is 
centred at 570 nm. Indeed these peak position and FWHM 
is compatible with one of the three peaks distinguishing the 
violet colour of amethyst (Rossman 2018). These three 
peaks are approximately located at 357, 545, and 950 nm 
and they are very sensitive to light polarisation and direction 
(Hassan and Cohen 1974). Their precise origin has been 
debated for long times, although the attribution is undoubt-
edly related to iron impurities. In particular, they are consid-
ered to arise from absorption of  Fe4+ in tetrahedral coordina-
tion (Rossman 2018), possibly originated by precursors of 
 Fe3+ and  H+ or other alkali metals (Di Benedetto et al. 
2010). In addition, the position and relative intensity of these 
bands is the result of the thermal history of the amethyst 
covering. The 545 nm peak can shift up to 620 nm and, as a 
consequence, the same sample may appear coloured in pur-
ple, grey or yellowish only by changing the treatment tem-
perature (Cheng and Guo 2020). Thus, the observed charac-
teristics of the 570 nm peak in our sample is in agreement 
with Fe-related colour centres of amethysts and, notably, in 
some geodes from Yozgat Province this mineral has been 
found associated with agates (Başıbüyük 2018). Further 
experimental evidence about this interpretation can be found 
examining the absorption peak collected at low temperature 
(inset of Fig. 4a), which basically remains unaltered with 
respect to room temperature measurement. The registered 
minor blue-shift and slight area increment is indeed in 
accordance with the behaviour reported in the literature 
(Bappu 1952). A last consideration about diffuse absorption 
features regards the acquired spectra collected in corre-
spondence of blue and white stripes on a thick sample of 
about 5 mm with cabochon cut (Fig. 4b). It is evident that 
the two spectra are very similar and the small variations in 
intensity can be attributed to small differences in the local 
sample thicknesses. Importantly, this consideration implies 
two important consequences: (1) the hydroxyl content is 
very similar in the two regions, thus supporting the hypoth-
esis that the differences observed in the intensities of the 
501  cm−1 Raman line are mainly due to differences in the 
moganite/quartz ratio content rather than in Si–OH content 
and (2) that the apparent band coloration is not due to differ-
ent concentration of colour centres since collecting the trans-
mitted diffuse light there are no appreciable changes in the 
shape and strengths of absorption peaks. The change of col-
our is, therefore, controlled by some nano- or microstruc-
tural characteristic which dictates the diffuse to in-line trans-
mission ratio and, eventually, the resulting band tints seen 
by the eyes. Effectively, the SEM images taken on white 
(Fig. 5a) and blue (Fig. 5b) bands show significant differ-
ences in crystallites mean size. The particle dimensions in 
the white zones are about 5 µm, while in the blue ones is 
about 300 nm. If now we consider the scattering of a com-
pact agglomeration of birefringent crystallites, then the 

Fig. 4  a In-line and diffuse absorption spectra of a slab about 1 mm 
thick, spectra are collected on an area which covers both blue and 
white bands. Inset: main peak spectrum collected at room tempera-
ture and at low temperature. b Diffuse absorption spectra collected on 
a cabochon cut sample about 2–3  mm thick and collected in corre-
spondence of blue and white bands
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expected in-line transmission is inversely proportional to 
grain size (Apetz and Van Bruggen 2003). The loss scatter-
ing contribution γ can be expressed as a function of wave-
length � , birefringence (with refractive index anisotropy 
Δn ), and crystallite radius ras � = 3

�2
Δn

2

�
r (Apetz and Van 

Bruggen 2003). If we neglect differences in refractive indi-
ces of quartz and moganite and we assume that the anisot-
ropy Δn is equal for the two polymorphs, then the expected 
scattering losses for the white part will be about 16 times 
greater than those of the blue zone (i.e. it increases as the 
ratio of crystallites size). Since this is a Mie scattering, it 

affects almost all the visible wavelengths and the appearance 
of bands with big grains will be milkier and opaquer. This 
also implies that the colour due to the peak at 570 nm will 
be emphasised where the scattering losses are lower since 
the scattering will play a minor role in these zones. It should 
be noted that in agate samples also the Rayleigh scattering 
plays an important role. In this case, the power law govern-
ing the scattering losses as a function of wavelength is of the 
form � ∝ �−4 (Naus and Ubachs 2000). Therefore, the blue 
part of the spectrum is more affected by scattering with 
respect to the green and red ones leading to a blue colora-
tion. We can argue that, for this particular type of agates, the 
colour is the results of different contributions. In white 
bands, the Mie scattering is the dominant effect, while for 
blue bands, this effect is significantly reduced and the result-
ing colour is partly due to the presence of Fe ion impurities, 
as in amethysts, and partly due to Rayleigh scattering.   

Conclusions

Using different experimental approaches, we have identi-
fied the main chemical, structural, spectroscopic, and mor-
phological features of banded agates from Yozgat Province. 
Moganite content follows the rhythmic bands typical of 
agates with a preferential location in blue bands possibly 
accompanied by differences in hydroxyl content. The chem-
ical composition between different bands is quite similar, 
especially as regard colour-bearing impurities. Both blue and 
white bands exhibit very similar diffuse absorption spectra, 
characterised by peak attributable to Fe impurities closely 
resembling those found in amethysts. The origin of different 
colouration between bands is indeed caused by structural 
features and not by strong differences in the volumic number 
of colour centres. White bands are in fact constituted by a 
compact matrix of crystallites of the order of few microns 
which causes strong Mie scattering. Purple blue bands are 
instead formed by tiny crystals of the order of few hundreds 
of nanometres. This structure has two main consequences 
on the apparent colour of blue bands: (i) the amethyst-like 
peak is enhanced when the agate is viewed in in-line trans-
mission and (ii) the Rayleigh effect is also enhanced causing 
a further increase of blue shades. The combination of these 
two concomitant processes leads to the unusual purple-blue 
nuances distinctive of Yozgat agates.
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