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Abstract

Blue calcite mineral formations occurring within Paleozoic marbles of Central Anatolia
have been investigated in terms of their mineralogical and geochemical characteristics, as
well as their potential for use as ornamental stones or decorative objects. XRD analyses of
samples with different color tones (white, grayish-blue, and blue) revealed that the white
sample contains only calcite, the grayish-blue samples include calcite and dolomite, while
the blue sample contains calcite and quartz. XRF and ICP-MS analyses indicate a marked
enrichment of trace elements such as Fe, Cr, and Ni in the blue sample, and Mn and Fe
in the grayish-blue samples, suggesting these elements may influence the observed color
variations. The presence of dolomite in grayish-blue samples and quartz in the blue sample
corresponds to elevated MgO and SiO2 contents, respectively. Based on their distinct colors,
textures, transparency, and other aesthetic properties, the grayish-blue and blue marbles
show significant potential for use as decorative stones or ornamental objects.

Keywords: blue calcite; calcite coloration; trace element geochemistry; Central Anatolia;
marble

1. Introduction
Calcite is one of the most abundant carbonate minerals in nature, with the chemical

formula CaCO3 (calcium carbonate), and it exhibits a wide range of colors and textural fea-
tures [1]. This mineral occurs in significant quantities within sedimentary and metamorphic
rocks. The color variations of calcite (white, black, yellow, orange, blue, etc.) largely depend
on the presence of trace elements incorporated into the crystal lattice, organic residues, and
radiation-induced color centers. Handin (1957) [2] reported that Yule marbles exposed to
gamma radiation showed a color transition from white to bright blue due to deformation,
with the intensity of coloration depending on both the direction and degree of deformation.
In this process, the formation of CO3

3− color centers associated with dislocations and
twinning structures was suggested to play a key role in blue coloration [2,3].

Blue calcite is a rare variety of calcite characterized by translucent to semi-transparent
shades ranging from grayish-pale blue to light navy. Due to its aesthetic appeal, it is often
used in decorative objects and ornamental stone applications. Its coloration is associated
with trace amounts of transition metals and heavy elements such as Fe, Ni, Mn, Cu, Sr,
Ba, V, and Co incorporated into the crystal lattice, as well as possible contributions from
organic matter [4–8].

Globally, occurrences of blue calcite have been identified in various geological en-
vironments, including California, USA [9,10]; Eastern Ontario and New York, USA [11];
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Western Quebec and Eastern Ontario, Canada [11]; Madagascar [6]; Tamil Nadu, India [12];
Estremoz, Portugal [7,13]; Italy [14]; Delos Island, Greece [15]; and in Türkiye, notably in
Denizli [16] and İzmir [17,18].

The Central Anatolia region of Türkiye represents a significant geological belt rich in
natural stone resources such as marble, granite, and travertine [19–21]. The white marbles of
the region were extensively used by ancient civilizations in architectural structures [22,23],
artworks [24], and both functional and ornamental objects [25]. However, there is no
archaeological or written evidence indicating the historical use of blue calcite from the
Kırşehir area in any ancient structures.

Although rare in nature, blue calcites have been used in limited amounts in Anato-
lia for their visual appeal, both in historical architecture [16,18,26,27] and in decorative
artifacts [28–30]. Today, blue calcite continues to be used in modern artworks [31,32]. Never-
theless, aside from the İzmir [17,18] and Denizli [16] regions, there are no existing records in the
literature concerning the geological origin or source areas of blue calcite occurrences in Anato-
lia. Therefore, elucidating the mineralogical, geochemical, and color formation mechanisms of
blue calcites from the Kırşehir region holds both scientific and industrial significance.

2. Materials and Methods
Representative calcite-bearing marble samples were collected from several localities

within the Kırşehir region, Central Anatolia, Türkiye, to investigate their mineralogical
and geochemical characteristics. All analytical procedures were performed following
standard laboratory protocols to ensure data accuracy and reproducibility. Thin sec-
tions were prepared and examined under a bottom-illuminated polarizing microscope in
Mineralogy–Petrography Laboratory in Department of Geological Engineering in Kırşehir
Ahi Evran University. X-ray diffraction (XRD) analyses were performed on unoriented
powdered samples over a 2θ range of 5–90◦, using a Panalytical Empyrean X-ray diffrac-
tometer (Malvern Panalytical Ltd., Worcestershire, England) at the Erciyes University
Technology Research and Application Center in Kayseri in Türkiye. Wavelength Dispersive
X-ray Fluorescence (WD-XRF) analyses were conducted on pressed powder pellets using
a Panalytical Axios Advanced wavelength-dispersive X-ray fluorescence spectrometer
(Malvern Panalytical Ltd., Worcestershire, England) at the same laboratory to determine the
major oxide compositions of the samples. Inductively Coupled Plasma–Mass Spectrometry
(ICP–MS) analyses were carried out on acid-digested solutions of the powdered samples
using an Agilent 7500A ICP–MS (Agilent, Santa Clara, CA, United States) instrument at the
Erciyes University Technology Research and Application Center, in Kayseri in Türkiye, in
order to determine the trace and rare element concentrations.

3. Geology and Field Setting
The Central Anatolia Region, where the study area is located, hosts numerous geo-

logical units that differ in age, geotectonic position, and lithological characteristics [33]
(Figure 1). The region forms part of a north–south-trending geological section extending
from the Black Sea in the north to Central Anatolia in the south and consists of continental
blocks separated by ophiolitic suture zones. These tectonic belts are, from north to south,
identified as the Pontide Continent, the Intra-Pontide Suture Zone, the Sakarya Conti-
nent, the Ankara–Yozgat–Erzincan Suture Zone (Central Anatolian Ophiolites), and the
Kırşehir Continent (Central Anatolian Metamorphics). These continental blocks developed
through the Pan-African, Hercynian, and Cimmerian orogenic events and preserved their
continental character throughout the Neo-Tethyan oceanic evolution of the region [34].
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Figure 1. Regional geological map of the study area and its surroundings (adopted from Başıbüyük,
2006) [33].

The Neo-Tethys Ocean opened during the Liassic period as a result of rifting along two
distinct zones within these continental foundations, leading to the development of the Intra-
Pontide and Ankara–Yozgat–Erzincan oceanic branches [35]. By the Early Late Cretaceous,
the Intra-Pontide Ocean began to subduct northward beneath the Pontide Continent, while
the Ankara–Yozgat–Erzincan Ocean started to subduct beneath the Sakarya Continent in the
west and the Pontide Continent in the east [34]. By the end of the Late Cretaceous, complete
closure of these oceanic basins resulted in ophiolite emplacement, and the compressional
tectonic regime responsible for this closure continued to be effective until the end of
the Paleogene [34].

The North Anatolian Ophiolites represent allochthonous units of the northern branch
of the Neo-Tethys Ocean and were emplaced southward onto the Tauride–Anatolide
Platform during the Late Cretaceous–Paleocene [36] or Late Cretaceous [37]. Following
the complete closure of the Neo-Tethys during the Eocene, vertical tectonic movements
became dominant across the region, accompanied by the development of magmatic rocks
of acidic, intermediate, and basic compositions [38]. Collision-related magmatism led to
the formation of the Central Anatolian Granitoids during the Paleocene [39], the Central
Anatolian Syenitoids during the Middle–Late Eocene [40], and the Central Anatolian
Volcanic Rocks.

Concurrently with the closure of the Neo-Tethys, the Central Anatolian Basins began
to develop over the Sakarya Continent and the Kırşehir Block from the Late Cretaceous
onward [35], and they continued to evolve until the Middle Miocene [41,42]. Beginning in
the Middle Miocene, the region came under the influence of the neotectonic “basin” regime
characteristic of this period [43,44], during which intracratonic basins were formed [42]. This
tectonic regime persisted until the Late Pliocene [41].

The oldest units exposed in the study area are the Paleozoic Central Anatolian Meta-
morphics, composed of marble, gneiss, schist, quartzite, and amphibolite (Figure 2). This
high-grade metamorphic rock assemblage constitutes the basement of the region. Overlying
these metamorphics along a tectonic contact are the Upper Cretaceous Central Anatolian
Ophiolites, which represent allochthonous rock assemblages belonging to the Neo-Tethys
Ocean. The ophiolitic sequence was later intruded by Upper Cretaceous intrusive rocks
through thermal contact, and in some places, these intrusions penetrated the metamorphic
basement. These intrusive rocks, collectively known as the Central Anatolian Syenitoids

https://doi.org/10.3390/cryst16010042

https://doi.org/10.3390/cryst16010042


Crystals 2026, 16, 42 4 of 12

and Granitoids, consist of plutonic rocks of varying compositions such as monzonite,
granite, syenite, and nepheline syenite. All of these units are unconformably overlain by
Eocene–Quaternary marine and continental sedimentary sequences [45–47].

Figure 2. Geological map of the study area (adopted from MTA, 1990; MTA, 1991) [46,47].

In the northeastern part of the study area, in the southern section of Çiçekdağı, dark
grayish-blue marbles (BC-1) are observed, forming a very limited outcrop within a narrow
local extent (Figure 2). This unit consists of coarse-crystalline, well-cleaved calcite crystals
and lacks any apparent foliation plane. Lithologically, these marbles exhibit a massive
texture and a homogeneous crystalline structure characterized by an equigranular gra-
noblastic texture. The coarse-grained texture of the calcite crystals indicates that the unit
has undergone a high degree of recrystallization (Figure 3).

 

Figure 3. Field (a) and close-up (The 50 Turkish kuruş coin was used as the scale) (b,c) views of dark
grayish-blue marble (BC-1), southern Çiçekdağı.

In the southeastern part of the study area, west of Demirli Village, light grayish-blue
calcite (BC-2) occurrences are exposed over a wider area, covering several square kilometers
(Figure 2). These marbles are composed of coarse-crystalline, highly cleaved calcite crystals
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and exhibit distinct foliation planes (Figure 4). They display a granoblastic texture and, in
places, microfold structures.

 

Figure 4. Field (a) and close-up (b,c) views of light grayish-blue marble (BC-2), west of Demirli.

In the western part of the area, north of Durmuşlu Village, the marbles are rich in blue-
colored calcite (BC-3) (Figure 2). These marbles are cut by plutonic rocks belonging to the
Central Anatolian Magmatic Complex through thermal contact (contact metamorphism)
(Figure 5). Blue calcite occurs very close to this contact zone, and the observed color
variation is thought to be related to temperature effects and hydrothermal fluid circulation.
The marbles exhibit coarse-crystalline, well-cleaved, granoblastic textures, and locally show
distinct calcite twinning.

 

Figure 5. Field (a,b) and close-up (The 50 Turkish kuruş coin was used as the scale) (c,d) views of
blue marble (BC-3), north of Durmuşlu.
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In the southern part of the study area, around Alişar Village, white marbles (BC-4) are
observed (Figure 2). These marbles are composed of coarse-crystalline, well-cleaved calcite
crystals (Figure 6) and display a hard, compact, and massive appearance. Structurally,
they are non-foliated and homogeneous. The calcite crystals exhibit high optical purity
and well-developed rhombohedral twinning. Thin section analysis of white marbles has
revealed that, for example, they consist entirely of coarse calcites. These calcites exhibit
polysynthetic twinning and bidirectional cleavage (Figure 7).

 
Figure 6. Field (a) and close-up (The 1 Turkish lira coin was used as the scale) (b,c) views of white
marble (BC-4), south of Alişar.

 
Figure 7. The thin section views of white marble (BC-4), south of Alişar (+N cross-polarized
light (left); //N plain-polarized light (right)).

According to the XRD analysis results, the white-colored sample from the region
(BC-4) consists entirely of pure calcite. The grayish-blue samples (BC-1 and BC-2) contain a
mineral assemblage of calcite and dolomite, whereas the blue-colored sample includes a
combination of calcite and quartz minerals (Figure 8).
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Figure 8. X-ray diffraction (XRD) patterns of the marble samples.

4. Geochemistry
The XRF and ICP-MS analytical results of the white, grayish-blue, and blue calcite

samples show consistent trends when evaluated together with the XRD data. Compared
to the pure calcite sample, the samples containing quartz and dolomite display a distinct
increase in SiO2 and MgO contents, as expected (Table 1).

To determine the cause of the color variations, the major and trace element com-
positions of the grayish-blue and blue calcite samples were normalized to the chemical
composition of the white, pure calcite mineral (Figure 9). The findings indicate that the
grayish-blue samples (BC-1 and BC-2) exhibit internally consistent distributions, except for
the elements Ag, Au, and Pb. In these samples, enrichment was observed in Fe2O3, SrO,
Cr, Mn, Fe, Co, Ni, Cu, Ag, and Au contents, while depletion was detected in Na2O and
Zn contents.

Figure 9. Normalized diagram of grayish-blue and blue calcite samples relative to white calcite (BC-1
and BC-2: grayish-blue; BC-3: blue; BC-4: white).

In the blue-colored sample (BC-3), enrichment was detected in the major oxides Fe2O3,
MgO, V2O5, and SrO, whereas depletion occurred in BaO, Na2O, and TiO2. In terms
of trace elements, enrichment was observed in Cr, Fe, Co, Ni, Cu, and Au, while Pb
showed depletion.
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Table 1. XRF and ICP-MS analytical results of grayish-blue, blue, and white calcite samples.

BC-1

 

BC-2

 

BC-3

 

BC-4

 

Al2O3 (%) 0.215 0.198 0.380 0.194

BaO (%) 0.331 0.269 0.033 0.266

CaO (%) 53.643 52.154 54.006 54.680

Cr2O3 (%) 0.002 0.003 0.002 0.003

CuO (%) >0.001 >0.001 >0.001 >0.001

Fe2O3 (%) 0.014 0.055 0.058 0.012

HfO2 (%) >0.001 >0.001 >0.001 >0.001

K2O (%) >0.001 >0.001 >0.001 >0.001

MgO (%) 1.440 2.567 0.640 0.318

MnO (%) >0.001 >0.001 >0.001 >0.001

Na2O (%) >0.001 >0.001 0.008 0.077

NiO (%) 0.005 0.005 0.004 0.004

P2O5 (%) 0.046 0.027 0.034 0.028

PbO (%) >0.001 >0.001 >0.001 >0.001

SiO2 (%) >0.001 >0.001 0.877 >0.001

SO3 (%) 0.041 0.047 0.060 0.047

TiO2 (%) 0.152 0.144 0.034 0.138

V2O5 (%) >0.001 >0.000 0.003 >0.001

ZnO (%) >0.001 >0.001 >0.001 >0.001

ZrO2 (%) >0.001 >0.001 >0.001 >0.001

SrO (%) 0.047 0.039 0.044 0.028

LOI: (%) 44.73 45.23 43.94 44.68

Cr (ppm) 0.31 0.6 3.39 0.11

Mn (ppm) 14.6 25.71 2.19 1.73

Fe (ppm) 3.2 4.25 14.31 1.85

Co (ppm) 0.13 0.29 0.17 0.08

Ni (ppm) 0.72 1.06 4.39 0.49

Cu (ppm) 0.4 0.55 0.78 0.39

Zn (ppm) 4.95 4.54 5.59 6.57

Ag (ppm) 0.5 >0.001 >0.001 >0.001

Au (ppm) 0.025 0.003 0.006 >0.001

Pb (ppm) 0.13 0.01 0.001 0.01

5. Conclusions
Mineralogical and geochemical investigations indicate that the color variations ob-

served in the calcite samples from the study area are closely related to their mineral
compositions and trace element enrichments.
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XRD analyses revealed that the white sample (BC-4) consists entirely of pure calcite;
the grayish-blue samples (BC-1 and BC-2) contain a calcite–dolomite assemblage; and
the blue sample (BC-3) includes a calcite–quartz assemblage. These mineralogical distinc-
tions are consistent with the chemical compositional variations determined by XRF and
ICP-MS analyses.

Examination of the major oxide compositions shows that CaO contents in all sam-
ples range between 52% and 55%, confirming calcite as the dominant component. The
significantly higher MgO concentrations in the grayish-blue samples (1.44% and 2.57%)
compared to the white sample (0.32%) clearly support the presence of dolomite. In the blue
sample (BC-3), the SiO2 content measured at 0.877% provides geochemical confirmation of
the quartz contribution. The major oxide contents in the samples are consistent with the
mineral association determined by XRD analysis.

The distribution of trace elements plays a key role in understanding the coloration
mechanisms. In the grayish-blue samples (BC-1 and BC-2), enrichment was detected in
Cr, Mn, Fe, Co, Ni, Cu, Ag, and Au; notably, the elevated Mn (14.6–25.71 ppm) and Fe
(3.2–4.25 ppm) concentrations indicate their influence on color formation. The blue sample
(BC-3) shows enrichment in Cr (3.39 ppm), Fe (14.31 ppm), Ni (4.39 ppm), Cu (0.78 ppm),
and Au (0.006 ppm), while Pb (0.001 ppm) and Zn (5.59 ppm) remain relatively low.
These results suggest that blue coloration is primarily associated with the incorporation of
transition metals such as Fe, Ni, Cr, and Cu within the crystal lattice.

Previous studies in the literature support these findings. García-Guinea et al. (2015) [6]
reported that blue coloration in calcite is related to Sr, Ba, V, and Ni; Wiersema (1960) [5]
and Medlin (1959) [4] associated it with Mn and Pb; and Ponnusamy et al. (2004) [12] linked
it to Mn enrichment. Therefore, it can be concluded that the blue hues in the study area are
mainly attributed to the presence of transition metals (Fe, Mn, Ni, Cr, and Cu).

Within Paleozoic marbles that developed under similar geological and evolutionary
conditions (namely regional metamorphism and orogeny), distinct differences emerge
among white, blue, and bluish-gray calcite varieties when evaluated in conjunction with
mineralogical and geochemical findings. According to X-ray diffraction (XRD) analyses,
the white calcite sample is composed entirely of pure calcite phase. The negligible concen-
trations of major oxides (e.g., MgO, Fe2O3) and trace elements (Fe, Mn, Ni, Cr, Cu, etc.)
indicate an absence of chemical heterogeneity capable of inducing coloration. In contrast,
the blue calcite samples display both the presence of quartz and a notable enrichment
in transition metals such as Fe, Ni, Cr, and Cu. This enrichment is directly associated
with hydrothermal fluid circulation that developed during the emplacement of the Late
Cretaceous Central Anatolian magmatic intrusions into the marble sequence. The diffusion
of these trace elements into the calcite lattice within recrystallization zones under the
influence of such hydrothermal fluids is observed to be the principal factor contributing
to the development of the blue coloration. The bluish-gray calcite samples, on the other
hand, are characterized mineralogically by the presence of dolomite and geochemically
by a pronounced enrichment in Mn. These features indicate that the bluish-gray calcites
crystallized under metamorphic and chemical conditions different from those of the blue
calcites. In particular, the incorporation of Mn2+ and Fe2+/3+ ions into the crystal lattice
plays a dominant role in the observed coloration of these samples.

Additionally, it is considered that the twinning, dislocations, and development of color
centers within the crystals of both blue and bluish-gray calcites may have formed during
the tectonic deformations associated with the Alpine orogenies. These structural defects are
interpreted to have interacted with trace elements to produce optical color centers, thereby
influencing the observed color variations.
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In conclusion, the color diversity observed in the Paleozoic marbles of the study area
can be primarily explained by the combined effects of trace-element enrichment (Fe, Mn,
Ni, Cr, Cu), hydrothermal fluid activity, the presence of dolomite, and microstructural
defects induced by tectonic deformation. These findings demonstrate that the blue and
bluish-gray coloration in calcite is the result of a complex interplay between geochemical
and structural metamorphic processes.

The aesthetic appearance and rarity of blue calcite make it a potentially valuable raw
material for decorative and ornamental use. However, properties such as low hardness
(Mohs 3), perfect cleavage, and chemical reactivity can limit its range of applications.
To enhance long-term durability, reinforcement with epoxy- or polyester-based resins is
recommended. Such treatments could expand the aesthetic and economic potential of these
minerals for broader industrial and artistic applications.
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32. İba, Ş.M. The phenomenon of pastiche in contemporary sculpture: The example of Daniel Arsham. RumeliDE J. Lang. Lit. Stud.

2024, 40, 462–477.
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40. Boztuğ, D.; Yılmaz, S.; Kesgin, Y. Petrography, geochemistry, and petrogenesis of the eastern part of the Kösedağ pluton
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46. MTA. 1:100.000 Ölçekli Açınsama Nitelikli Türkiye Jeoloji Haritaları Serisi, Kırşehir–I32 Paftası; MTA Yayınları: Ankara, Türkiye, 1991.
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