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Abstract

Purpose. To investigate the mineralogical, geochemical, and technological characteristics of the Kopriialan (Aydin, SW Tur-
key) feldspar deposit. The study aims to determine its suitability for industrial ceramic applications and to evaluate how quality-
based resource management influences both the economic viability and environmental sustainability of the mining operation.

Methods. Geochemical analysis of 222 samples was conducted together with X-ray diffraction (XRD) to determine mineral
assemblages. Technological tests, including water absorption and shrinkage measurements, were performed to assess industrial
performance. The obtained data were integrated into 3D geological models and geostatistical simulations to evaluate various
mine design scenarios, with a focus on optimizing stripping ratios and reducing material handling.

Findings. Results indicate that the deposit consists predominantly of felsic metamorphic rocks with high SiO, (64.76-
74.87%), elevated alkali oxides (Na,O + K,0), and low Fe>O3 (< 1.72%). XRD analysis confirmed a feldspar-rich composition
with an average content of 62%. Integration of a multi-tier quality classification into the production sequence significantly
increases the project’s economic value. Optimized extraction sequences also reduce the stripping ratio, thereby lowering the
operational carbon footprint by minimizing waste haulage and energy consumption.

Originality. A novel framework is proposed that transforms static mineralogical classification into a dynamic decision-
support system. The approach integrates 3D geological modelling with geostatistical simulations to quantify trade-offs between
quality-driven extraction, economic performance, and environmental sustainability in industrial mineral deposits.

Practical implications. Implementation of the proposed quality-tier system enables operators to optimize production plan-
ning, reduce waste management costs, and improve the environmental sustainability of industrial mineral extraction through
lower green-house gas emissions.
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1. Introduction drives densification via viscous flow, filling interparticle

Although feldspars are the most abundant mineral group ~ Voids gnd seali.ng the ﬁnal cera}mic body. Th? ceramic ir}dus-
on Earth, comprising nearly 60% of the continental crust, Y relies heavily on high-quality raw materials, which influ-
they present a distinct geological paradox: they are listed asa ~ ence the firing behavior, strength, and aesthetic properties of
critical raw material, yet deposits that meet the rigorous  final products [4], [5]. Continuous exploration and character-
chemical and physical purity standards required for modern  ization of new raw material reserves are essential to meet
ceramic manufacturing are scarce [1], [2]. growing industry demands and maintain quality standards.

Feldspar formation in igneous environments occurs Al.though charac?erizing the Kopriialan feldspar-bearing
across an exceptionally wide temperature range from 360 to materllals under the license of Kalemaden Co. (Aydm, Tiirki-
1400°C, with distinct formation mechanisms operating in Y€ Fig. 1) through XRD and XRF is a foundational compo-
different thermal regimes. The formation and quality of the ~ nent of this research, the study’s core contribution lies in
resulting feldspar depend critically on bulk composition, bridging the gap between mllneralogy and mine optimization.
pressure, and water activity [3]. Feldspars act as the funda- Most Contemporary §Chedullqg models focus on hgmogeqe-
mental flux agents in ceramic batches, essential for products ~ ©us grade variables in metallic ores [6]. However, industrial
such as porcelain tiles and sanitaryware. Their utility stems mmergls }1ke feldspar require a more nuanced approach, asa
from their ability to form low-temperature eutectic melts combmatlon .of chemical and physical parameters dictates
with silica and clay minerals. This resulting liquid phase  their economic value.

Received: 8 January 2026. Accepted: 16 March 2026. Available online: 30 March 2026

© 2026. K. Hasozdemir et al.

Mining of Mineral Deposits. ISSN 2415-3443 (Online) | ISSN 2415-3435 (Print)

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

114



http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.33271/mining20.01.112
mailto:hasozdemir@itu.edu.tr
https://orcid.org/0000-0002-2710-9562
mailto:ozturkc1@itu.edu.tr
https://orcid.org/0000-0002-1880-6091
mailto:scangenc@itu.edu.tr
https://orcid.org/0000-0001-6684-4474
mailto:kagankayaci@kale.com.tr
https://orcid.org/0000-0002-9665-8338
mailto:yildizyildirim@kale.com.tr
https://orcid.org/0000-0001-7030-5430
mailto:mehmetkoldanci@kale.com.tr
https://orcid.org/0009-0003-3207-1647
mailto:hasozdemir@itu.edu.tr

K. Hasézdemir et al. (2026). Mining of Mineral Deposits, 20(1), 114-124

. CA
Mediterranca: FM- P

[ Alluvium and Neogene sediments
[Ej Miocene granitoids
@ Lycian Nappes
Bornova Flysch Zone
Menderes Massif rocks

NORTHERN]
UBMASSIE:

.
Selendi

» % [zmir-Ankara Neotethyan Suture

>
)))' Lycian Nappe Front

Figure 1. Geological map of the Menderes metamorphic massif
after [7] (the red asterisk shows the study area)

Integrating these constraints into the production sequence
ensures that selection, processing, and utilization decisions
account for a holistic set of criteria, ultimately leading to
more sustainable and optimized resource use, in line with the
principles established in sustainable mineral resource man-
agement frameworks that emphasize integrating multiple
discrete activities along the resource value chain [8]. This
paper develops a methodology to integrate these multi-
parameter constraints directly into the production sequence,
providing a more accurate assessment of resource efficiency
than traditional single-variable models.

While general mining studies emphasize that maximizing
short-term profits often leads to long-term ecological imba-
lance [9], they typically treat ore as a binary variable (valua-
ble vs. waste). In the specific context of feldspar, the “value”
is a spectrum defined by alkali ratios and coloring oxides. By
failing to account for this quality spectrum during the initial
3D modeling and block-sequencing phase, companies often
engage in blind extraction, resulting in the accidental dilution
of premium-grade materials or the unnecessary stripping of
overburden for low-value yields.

In the mining sector, adopting circular-economy strategies
that include resource recovery systems and digital supply-
chain integration significantly enhance the economic and envi-
ronmental performance of mining operations. Such strategies
prioritize resource efficiency and optimize recovery, thereby
improving economic returns despite the deposit’s inherent
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mineral content [10]. Recent studies extensively discuss the
economic trade-offs in mining, focusing primarily on the con-
flict between immediate GDP growth and environmental deg-
radation [11]. However, a critical oversight in current industri-
al mineral research is the failure to explicitly integrate multi-
parameter quality classification directly into the production
planning phase. As noted by [12], sustainable mining requires
data-driven approaches to balance profitability with ecological
function. We provide evidence that the economic value of such
a deposit is not determined solely by its mineral content, but is
also significantly influenced by a production strategy that
leverages quality ranking to optimize resource recovery.

Our research demonstrates that incorporating a quality-
tier framework into the geostatistical simulation stage serves
as both an economic and environmental optimization tool.
Economically, it enables targeted extraction, optimizing the
stripping ratio and preventing financial losses associated with
processing substandard materials [13]. We argue that quality-
based production planning is the precise mechanism required
to achieve this balance, transforming the Kopriialan deposit
into a roadmap for companies seeking to align financial via-
bility with the rigorous sustainability mandates of the future.
Thus, the methodology involves constructing an integrated
decision framework that merges chemical quality assess-
ments with physical parameter evaluations, employing so-
phisticated data integration techniques and adaptive predic-
tive models to embed these constraints directly into opera-
tional workflows. This results in enhanced resource-
efficiency assessments for feldspar compared to traditional
approaches that rely on isolated parameter evaluation.

2. Geological characteristics of the region

The basement of the region between Aydin, Mugla, and
Milas consists of metamorphic rocks of the Menderes Massif.
These are represented by a Pan-African (Late Neoproterozoic)
aged basement core overlain by a Paleozoic to Early Tertiary
cover sequence. The geology of the region is compiled from
several significant papers[14]-[20]. The Pan-African base-
ment comprises a stratigraphy that includes a partially migma-
tized metaclastic sequence and polymetamorphic acidic and
basic intrusive rocks emplaced within it (Fig. 2).
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Figure 2. N-S sketch cross-section across the Menderes Massif:
1 — Neogene sediments; 2 — Neo-Tethyan ophiolites and
rocks of Sakarya continent and Karakaya complex;
3 — Lycian Nappes; 4 — Augen gneisses; 5 — Mesozoic-
Cenozoic marbles; 6 — Palaeozoic schists [21]

The metaclastic units, consisting of paragneisses and con-
formably overlying schist units, represent the oldest rocks of
the Pan-African basement of the Menderes Massif. Field
observations and geochronological data indicate that the
protoliths of the paragneisses were predominantly litharenitic
sandstones. The paragneisses are interbedded with mica
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schists and biotite-albite schists derived from mudstones and
subarkosic sandstones. The paragneisses are overlain by the
schist unit, with a conformable, gradational contact. An inter-
layering of paragneiss and schist characterizes this transition
zone. The schist unit is rich in micaschists and contains bio-
tite-albite schist levels derived from subarkosic protoliths.
The metaclastic sequence exhibits widespread migmatization
across the massif. Anatectic granites occur within the mig-
matites as shapeless masses with gradational contacts. The
cover sequence is composed of metaconglomerates,
metaquartzites, and alternations of phyllite-metaquartzite-
marble. Overlying the rocks of the Menderes Massif, particu-
larly in the northern regions (between Aydin and Cine) and
in the central parts of the massif, are terrestrial sedimentary
rocks of Neogene and Pliocene-Plio-Quaternary age.

Within the Menderes Massif, feldspar occurrences are
confined to the core gneisses of the massif and are general-
ly located within NE-SW trending (N10-25E) shear zones.
These zones are typically 30-50 meters wide and extend up
to 500-1000 meters in length. They are bounded at the
lower and upper contacts by augen gneisses and/or meta-
granites. The primary characteristics of these zones are
their cataclastic textures and blastomylonitic features (Re-
ferences needed). Albitic feldspar formations have deve-
loped either primarily through aplite/pegmatite intrusions
or through processes such as migmatization and metasoma-
tism. Feldspar occurrences may consist of either pure albite
or a mixed type (comprising both albite and ortho-
clase/microcline). Mixed-type feldspar occurrences charac-
terize the Kopriialan area (Fig. 3). Within this area, mica
schists are found in narrow zones bounded by augen- and
banded two-feldspar gneisses (Na- and K-feldspars).
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Figure 3. Feldspar zone of the study area (yellow colored field)

Between the gneisses, altered zones transformed into feld-
spar are observed along fracture zones, as well as light-colored
feldspar occurrences conformably associated with the gneisses.
The gneisses and the mica schists, which are considered to be
primarily associated with them, generally exhibit a NE-SW
(N35-50E) orientation and dip 15-50 degrees towards the SE.
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Towards the northwest part of the area, the dip direction is
occasionally reversed, shifting towards the NW. This reversal
is likely due to a fault extending along the Egri Stream.

3. Materials and methods

The primary dataset for this study comprises 222 samples
collected from 31 core-drilling operations distributed across
the study area (Fig. 3). The characterization studies began
with X-ray Diffraction (XRD) and X-ray Fluorescence
(XRF) analyses to determine the mineralogical and chemical
composition, followed by technological testing to determine
water absorption, total firing shrinkage, viscosity, and densi-
ty. All analyses were performed in Kaleseramik R&D Center
Laboratories. By integrating these datasets, the chemical,
mineralogical, and technological properties of the deposit
were defined and benchmarked against those of other major
feldspar deposits worldwide.

Physical quality of ceramic tiles, specifically their dimen-
sions, strength, water absorption, and color, is fundamentally
dictated by the chemical interactions between raw materials
(clays, fluxes, and fillers) during the firing process. SiO-
(present as quartz and in the glassy phase) acts as the “filler”
in the microstructure of the final product. This specific micro-
structure contributes to the material’s high technical proper-
ties, such as low water absorption, chemical and frost re-
sistance, high bending strength, and abrasion resistance [22],
[23]. NayO and K»O promote the formation of a viscous liquid
phase at high temperatures. This liquid fills pores, reducing
water absorption and increasing bulk density. MgO acts as a
sintering promoter. When combined with alkaline elements, it
forms a less viscous liquid phase, thereby improving densifi-
cation kinetics. CaCOj is a defining component of wall tile
formulations, introduced by calcite and/or marble. It decom-
poses into CaO and CO,, and the resulting CaO reacts with
amorphous phases to form crystalline phases, such as anor-
thite. This reaction sequence produces a small volume of
liquid phase and maintains high porosity, which is essential
for preventing excessive linear firing shrinkage [24]. The
presence of Iron (Fe;O3) and Titanium (TiO) oxides nega-
tively impacts the whiteness of the fired body [25].

To link these material properties to industrial utility, the
reserves were evaluated using Kale Ceramic Co.’s quality
classification system, which categorizes raw materials based
on specific chemical, mineralogical, and physical criteria. To
assess the impact of these quality classes on economic viabi-
lity, a comprehensive resource modeling workflow was im-
plemented. A 3D model of the orebody was first constructed
from lithological cross-sections. Subsequently, geostatistical
analyses were conducted to define the spatial continuity
ranges, and the study area was discretized into a block mod-
el, with ore properties interpolated via kriging. Finally, hypo-
thetical open-pit mine designs were developed to demon-
strate how targeting different quality tiers directly affects the
project’s economic metrics, specifically stripping ratio.

3.1. Geochemistry of Koépriialan
feldspar-bearing materials

The geochemical data provided in Table 1 reveal
significant insights into the lithological and compositional
characteristics of the sampled areas, offering a robust
framework for interpreting the geological history and rock-
forming processes within the study region.
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Table 1. Geochemistry of the Kopriialan feldspar-bearing materials

Value Min Average Max
LOI 0.35 1.01 4.58
SiO2 50.03 72.01 82.35

AlO3 10.15 14.99 21.89
TiO2 0.13 0.31 1.02

Fe203 0.03 1.69 14.54
CaO 0.14 0.57 3.2
MgO 0.01 0.51 8.83
Na:0O 0.23 4.22 11.28
K20 0.68 4.38 7.84
P>0s 0.1 0.23 1.45

When examining the minimum values, the mixed feldspar
content falls below the threshold with a total alkali value of
4.75%. In contrast, the maximum values reveal significantly
high concentrations of Na>O, K,O, and total alkalis. The
maximum iron content reaches 14.54%, while MgO levels
can reach 8.83%, corresponding to highly micaceous (biotite,
phlogopite) gneisses. Elevated levels of CaO and iron also
indicate the presence of rare pyroxenes and amphiboles. The
source of CaO is attributed to both plagioclase minerals (oli-
goclase and andesine) and amphibole phases. To better un-
derstand these relationships, variations in chemical composi-
tion should be compared with mineralogical data using XRD
(X-ray Diffraction) analyses.

3.2. Mineralogical characterization
of Kopriialan feldspar-bearing materials

As introduced in the sections above, the Kopriialan feld-
spars are represented by orthoclase/microcline and albite-
bearing gneisses. From the perspective of ceramic produc-
tion, the minerals to consider in the Kopriialan material are
quartz, total feldspars, and total micas. The XRD analyses
from the Kopriialan deposit reveal a mineralogical assem-
blage dominated by feldspars, averaging 62% and primarily
comprising albite, orthoclase, and microcline, which align
with the geochemical prevalence of alkali oxides (Na,O,
K,0) and high SiO,. Quartz (27% average) further corrobo-
rates the silicic nature of the deposit. The presence of micas

(10% average), including biotite, phlogopite, annite, and
muscovite, suggests that the protolith contains some iron and
magnesium. At the same time, trace minerals such as pyrox-
ene, amphibole, and hornblende reflect minor mafic inputs.
The varieties of these rocks, particularly those low in mafic
minerals such as biotite and phlogopite (leuco-feldspathic
gneisses), are used as mixed feldspar.

3.3. Technological characterization
of Képriialan feldspar-bearing materials

Density, viscosity, water absorption, and shrinkage ana-
lyses were also conducted on core samples to assess the poten-
tial of the study area as a ceramic raw material. Technological
test results for the Kopriialan feldspathic material are presen-
ted in Table 2, including minimum and maximum values.

3.4. Kopriialan feldspar-bearing materials
as a raw material for the ceramic industry

Kopriialan Feldspar has significant potential as a raw mate-
rial for the ceramic industry, driven by a geochemical profile
that rivals those of established commercial deposits worldwide.
Compared with the feldspar sources currently used in the indus-
try, as shown in Table 3, the Kopriialan samples exhibit a fa-
vorable oxide balance, essential for high-quality wall and floor
tile production. Specifically, the Kopriialan deposit exhibits a
balanced fluxing capacity, with Na;O (4.53%) and K,O
(4.32%) levels comparable to, or exceeding, the total flux
values of widely utilized deposits. Crucially, the Fe,O3 (1.72%)
and TiO2 (0.33%) contents suggest that Kopriialan is particular-
ly suitable for ceramic bodies where firing color is critical.

Kopriialan’s suitability for feldspar-bearing materials is
further supported by quality classifications established by
leading industry players (e.g., Kale Ceramic Co.). These
classifications confirm that the Kopriialan deposit falls with-
in the ranges required for premium ceramic manufacturing.
While variations in oxide levels may occur, the deposit’s
high silica (71.06%) and moderate alumina (15.39%) content
align it closely with standard recipes for vitrified tile bodies,
minimizing the need for extensive processing or formulation
adjustments compared to lower-grade alternatives.

Table 2. Technological properties of the Kopriialan province

Viscosit Densit Water .
(cps) ' (gr/lt)y absorption (%) _ prinkage (%)
Albite Min 51 1607 41.92 1.71
(Mica-bearing albite / =\ 314 1727 19.87 11.87
mica-bearing feldspar)
Gneiss / Feldspathic Min 52 1615 0 3.32
gneiss Max 955 1732 16.08 11.87

Table 3. Comparison of the study area with feldspar deposits of different parts of the world

Oxides Képritalan Turkey (Menderes Turkey Italy (Sardinia) Thailand
Massif) [26] (Cine) [27] [4], [28] (Lan Sang) [29]
SiO2 71.06 62.23 69.53 70.79 68.38
TiO2 0.33 1.00 0.29 0.37 0.41
ALO3 15.39 16.76 18.25 14.35 15.34
Fe203 1.72 5.85 0.10 3.13 243
MnO 0.05 0.02 - 0.06 -
MgO 0.70 2.48 0.15 0.69 0.84
CaO 0.57 2.06 0.70 1.72 2.95
NaxO 4.53 2.37 10.10 3.21 3.33
K>O 4.32 3.19 0.28 4.13 3.96
P>0s 0.26 0.23 0.25 0.22 -
LOI 1.06 2.68 0.35 1.00 1.21
Total 99.99 98.87 100.00 99.67 98.85
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3.4.1. Chemical content

The chemical composition of the mineral reserve is criti-
cal for determining its suitability for ceramic applications, as
it influences the firing behavior, strength, and aesthetic prop-
erties of the final product. Reserves with chemical composi-
tions within these ranges are suitable for premium ceramic
products like tiles and sanitaryware. Key chemical parame-
ters and their typical ranges for quality classifications are
given in Table 4.

Table 4. Quality classification with respect to chemical content (%)

—Content 1 0+K:0  Si0» ALOs Fex0s  TiO:
Quality class
Ultra-high > 11 <68 >20 <035 <04
High 11-9 68-70 20-17 035-1 04-0.6
Medium 97 7074 17-14 12 0.6-08
Low <7 >74 <14  >2  >08

3.4.2. Mineral content

The mineralogical composition determines the reserve’s
processing behavior and compatibility with ceramic formula-
tions. A balanced mineral profile within these ranges ensures
optimal processing and high-quality ceramic output. Re-
serves with higher feldspar and moderate quartz content are
particularly valued for their fluxing and stability properties.
The key mineralogical parameters and their typical ranges for
quality classifications are given in Table 5.

Table 5. Quality classification with respect to mineralogical content (%)

Content

Quality class Mica Feldspar Quartz
Ultra-high <5 > 85 <10
High 5-9 85-55 10-30
Medium 9-18 55-25 30-50
Low > 18 >25 >50

3.4.3. Physical properties

Physical properties dictate the material’s performance dur-
ing processing and the quality of the final ceramic product.
The key parameters and their ranges for quality classification
are given in Table 6; these categories are established in rela-
tion to worldwide standards, specifically ISO 13006, which
defines the technical requirements for ceramic tile classifica-
tion, and the ISO 10545 series, which standardizes the testing
methodologies for physical and chemical properties.

Table 6. Quality classification with respect to physical properties

Content

Quality Viscosity, Density, Color, Water Shrink-
0, 1 0 0,
class cps g/L L% absorption, % age, %
Ultra-high <75 <1650 >85 <0.35 >12
. 1650-
High 75-100 1675 85-65 0.35-6 12-9
. 1675-
Medium  100-120 1690 65-50 6-11 9-5
Low > 120 >1690 <50 >11 >5

4. Results and discussion

4.1. 3D modeling of feldspar body

Before the exploratory data analysis, a three-dimensional
geological model was constructed to define the volumetric
boundaries of the feldspar mineralization and the host
rock units (Fig. 4).

118

The plan view illustrates the surface projection of these
units, revealing the lateral extent of the albite-rich zones. At
the same time, the accompanying cross-sections provide a
vertical perspective that demonstrates the subsurface geome-
try and structural continuity of the deposit. In this frame-
work, these lithological wireframes are treated as hard
boundaries to ensure that the subsequent quality distribution
reflects the true structural dip and orientation of the ore body.
Specifically, the deposit is differentiated into three primary
lithological units based on their mineralogical characteristics
and industrial potential. The Albite unit comprises albite-
dominated felsic gneisses with low mica and mafic mineral
concentrations, making it the primary focus for high-quality
raw material extraction. This is distinguished from the
M-Albite unit, which consists of micaceous albite-dominated
gneiss; in this domain, the increased presence of mica miner-
als necessitates more rigorous processing considerations.
Finally, the F-Gneiss unit comprises the broader feldspathic
gneiss sequences that form the surrounding geological and
metamorphic matrix. By establishing these spatial boundaries
within the 3D environment, the model facilitates a precise
transition from descriptive geology to a structured geostatis-
tical evaluation, enabling more accurate estimation of the
deposit’s total industrial volume and resource distribution.

4.2. Geostatistical analysis

To understand the geochemical relationships within the
Kopriialan feldspar deposit, a multivariate correlation analy-
sis was conducted on the major oxides. Figure 5 illustrates
the correlation matrix, highlighting strong negative correla-
tions between SiO» and Al,O3 and between SiO; and NayO.
This inverse relationship is characteristic of feldspathic
mineralization, where an increase in silica content typically
indicates a transition towards quartz-rich zones, thereby
reducing the alumina and sodium concentrations essential for
high-quality feldspar. These correlations justify selecting
Si0; as the primary variable for geostatistical modeling, as it
serves as a robust proxy for overall mineralogical quality.

Experimental semi-variograms were calculated for SiO»,
which constitutes over 70% of the deposit volume and serves
as the distinct indicator of ore quality. An anisotropic spheri-
cal model was fitted to the experimental data to capture the
spatial continuity of the mineralization. As shown in
Figure 6, the variogram analysis reveals geometric anisotro-
py with a major range of approximately 63 m, a minor range
of approximately 23 m, and a significantly shorter vertical
range of approximately 9 m. This structural trend suggests a
stratiform or lenticular depositional environment where min-
eralization is continuous along the strike but varies rapidly in
the vertical direction. The nugget effect is relatively low,
indicating good continuity at short distances.

Based on the parameters derived from the variogram
modeling, a 3D search ellipsoid was constructed to define the
neighborhood for block model estimation (Fig. 7). The ellip-
soid is oriented with an azimuth of 45.0° and a dip of -15.0°,
aligning with the geological trend of the feldspar body. The
dimensions of the ellipsoid (63, 23 and 9 m) correspond to the
major, minor, and vertical ranges of the variogram model,
respectively. This anisotropic search volume ensures that the
chemical content estimation prioritizes samples along the axis
of greatest continuity, thereby increasing the reliability of the
resource model before classifying the ore types according to
the quality rankings presented in Table 4.
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4.3. Effect of quality classes on the economic
value of the mineral reserve

In the economic architecture of open-pit mining, the dis-
tinction between profitability and loss is often drawn by the
volume of non-revenue-generating waste material that must be
displaced to access the orebody. Determining the pit’s geomet-
ric boundaries directly dictates the stripping ratio, a metric that
serves as the primary lever for controlling operational costs. It
is the strategic minimization of this stripping ratio that secures
the project’s financial health [30]. Consequently, the spatial
distribution of quality classes becomes a decisive economic
factor; by aligning excavation schedules to prioritize high-
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grade zones, the operation can effectively lower the stripping
ratio required to recover a unit of value. This section evaluates
how integrating quality classification into the pit design drasti-
cally enhances the project’s overall profitability by reducing
capital expenditures wasted on overburden removal. The quali-
ty classification of the ore zone (Fig. 8) reveals a critical con-
straint regarding the in-situ characteristics of the deposit.

As summarized in Table 7, the distribution of ore types is
heavily skewed towards lower grade intervals; “Ultra-High”
and “High” quality classes comprise a mere 0.0057 and
3.21% of the total volume, respectively, while “Medium” and
“Low” quality materials account for over 96% of the reserve.
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Figure 8. Quality distribution across the feldspar zone

This distribution indicates that the direct extraction of
high-grade final products is not feasible at the current stage
of the reserve body, and that downstream mineral processing
is required to upgrade the run-of-mine material to meet pre-
mium market specifications.

(b)

Table 7. Amount of material classified according to the chemi-

cal content

Quality class Volume (%)
Ultra-High 0.0057
High 3.21
Medium 40.81
Low 55.97

Classifying the mineral reserve into distinct quality clas-
ses and developing a targeted production plan significantly
enhances its economic value by optimizing resource utiliza-
tion and meeting market demands for high-value ceramic
products. To demonstrate this, three distinct mine plans
(Fig. 9) have been designed to focus on producing materials
of varying quality classes. The initial design aims to encom-
pass all quality classes, whereas the second design omits the
low-quality class, and the third design exclusively targets the
high and ultra-high classes. Variations in the stripping ratio
(Fig. 10) across these production scenarios elucidate the
critical role of quality classes in determining the economic
viability of the mineral reserve.

The diagram in Figure 11 illustrates the ore and waste
distribution across three mine designs, highlighting the im-
pact of quality classes on economic viability.

Design 1 includes all quality classes (low, medium, high,
ultra-high) with a high stripping ratio (0.68 m>/t) and signifi-
cant waste (55%). Design 2 excludes the low-quality class,
reducing waste to 15% and the stripping ratio to 0.1 mt,
while focusing on medium and high/ultra-high classes.

p .‘\\

Figure 9. Different mine production plans with respect to quality classes: (a)

ultra-high classes

all classes; (b) excluding low class; (c¢) targeting high &
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Figure 10. Cross-section of pit designs
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Design 3 targets only high- and ultra-high-grade ore, fur-
ther reducing waste to 10% and maintaining a low stripping
ratio (0.08 m3/t), demonstrating that prioritizing higher-grade
ore improves efficiency and economic value. The technical
efficiency of the proposed quality-tier framework is most
evident when analyzed through the lens of operational cost
reduction. As shown in Figure 11, the transition from a bulk
extraction scenario to a quality-driven targeted strategy re-
sults in a significant decrease in the stripping ratio from 0.68
to 0.08 m*/t. To contextualize this improvement within the
Turkish mining sector, [31] indicates that waste management
costs (WMC) constitute a substantial burden on mining oper-
ating costs in Turkey, often exacerbated by high land-use
fees and the technical requirements of waste storage facili-
ties. This optimization does not merely lower the cost per
tonne of ore produced; it effectively lowers the deposit’s
“break-even” quality threshold. Consequently, our model
confirms that treating quality as a selective mining constraint
enhances the project’s financial resilience against the high
waste-handling costs characteristic of the Turkish mining
regulatory environment.

The environmental significance of the proposed multitier
quality system extends beyond economic metrics, primarily
through reductions in the carbon footprint associated with
waste haulage. According to [32], energy consumption and
greenhouse gas emissions in open-pit operations are intrinsi-
cally linked to the scale of excavation and the efficiency of
the haulage cycle. In their assessment of energy conservation
potential, they highlight that optimizing the pit limit and
reducing the transport of non-valuable material are essential
strategies for mitigating a mine’s carbon intensity.

By applying these principles to the Kopriialan deposit,
reducing waste material directly translates into lower diesel
consumption and lower atmospheric emissions. This reduc-
tion in the stripping ratio represents a form of “source-level
energy conservation”, where the geological model itself
serves as a tool for decarbonization. Consequently, our fin-
dings support the argument that quality-driven production
planning is a critical technical lever for achieving modern
environmental sustainability targets, as it effectively aligns
operational productivity with carbon-emission mitigation in
the industrial minerals sector.

Taken together, this evidence confirms that the economic
value of mineral or material deposits is dynamic and can be
substantially improved through targeted production strategies
that exploit quality rankings and optimize resource recovery
pathways. Optimizing how and when materials of varying

qualities are extracted and processed can increase resource
utilization efficiencies and profitability beyond what could
be achieved from the mineral content alone.

5. Conclusions

The investigation of the Kopriialan feldspar-bearing mate-
rials confirms its significant potential as a high-grade source
for the ceramic industry, particularly for floor and wall tile
production. The geochemical and mineralogical signatures not
only align with the geological evolution of the Menderes Mas-
sif but also rival established commercial deposits globally in
terms of fluxing capacity and low impurity levels. However,
this study demonstrates that the industrial utility of the deposit
is best realized through a systematic quality classification
framework rather than traditional bulk characterization.

The transition from material characterization to economic
modeling reveals that the project’s viability is not a static
property of the mineral content but a function of selective
mining strategies. By utilizing 3D spatial continuity analysis
and quality-tiered mine designs, it was shown that strategic
resource recovery significantly improves economic perfor-
mance and reduces operational overheads compared to non-
targeted extraction. Consequently, the Kopriialan deposit
serves as a model for how integrating technological charac-
terization with quality-driven mine planning can maximize
the value of critical industrial raw materials.

Looking forward, several avenues for further research
emerge from this study to refine the integration of mineral
quality into mining operations. Future work should focus on
multi-scenario economic analysis, using stochastic modeling
to assess the project’s sensitivity to fluctuating market de-
mand and energy prices. Such an approach would enable an
even more resilient production schedule that adapts to the
varying price points across different quality tiers. Additional-
ly, there is a clear opportunity to conduct a detailed life cycle
assessment. This would explicitly quantify the environmental
benefits of the suggested quality-tier classification, specifi-
cally measuring the reduction in greenhouse gas emissions
and cumulative energy demand achieved through optimized
stripping ratios and reduced haulage. Finally, integrating
real-time sensor-based sorting technologies could be ex-
plored to validate the 3D quality models during the active
extraction phase, further bridging the gap between digital
geological twins and physical mine production.
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HOMY BHPOOHHIITBI, @ TAKOXX HA OI[IHKY BIUIMBY YIPaBIiHHS PeCypcaMH Ha OCHOBI SIKOCTI HA eKOHOMIYHY €()eKTHBHICTh Ta €KOJIOTIYHY CTiii-
KIiCTh TipHUYOTO IiANPHUEMCTBA.

Metoauka. ['eoxiMiuamii anani3 222 npo0 BUKOHAHO y MOEIHAHHI 3 peHTreHoaudpakiifauM ananizoM (XRD) st BU3HaYeHHST MiHepallb-
HUX acomianiii. [l oniHKM IPOMHUCIIOBOT MPUIATHOCTI MaTepialy MpOBeeHO TEXHOJIOTIYHI BUIIPOOYBaHHS, 30KpeMa BH3HAYEHHS BOIOIOTIIH-
HaHHA Ta ycanku. OTpUMaHi JaHi iHTErpoBaHO y TPUBUMIPHI I'€0JIOTIYHI MOZENI Ta FeOCTaTUCTHYHI CHMYJLILI JUTS OIiHIOBAaHHS Pi3HHX BapiaH-
TIiB IPOEKTYBAHHS TiPHUYUX POOIT 3 aKIEHTOM Ha ONITUMI3aliio KoedillieHTa pO3KpUBY Ta 3MEHILICHHS 00CATIB NepeMillleHHs MaTepiaiy.

PesyabTaT. BcTaHOBIIEHO, 1110 POJOBUIIE CKIAJCHE NMEPEBAKHO KUCIMMH METaMOP(IYHUMHU MOPOAAMH, SIKi XapaKTEePU3YIOThCs BHCO-
kuM BMicToM SiO2 (64.76-74.87%), ninBuieHMM cyMapHUM BMicTOM JTy>KHUX OKCHIIB (Na20 + K20) ta Huspkum BMicToM Fe203 (< 1.72%).
PenTrenonudpakuiiinuii aHaii3 niATBEpAUB MONBOBOIINATOBUH CKIIaJ CHPOBHHH i3 CepeHIM BMICTOM IOJILOBOTO IImaTy 62%. BusHaueHo,
o iHTerpauis 6araTopiBHeBOiI Kiacu(ikamii SKOCTI y MOCTIIOBHICTh BiAIPAILIOBAHHS CYTTEBO MMiABUIIYE CKOHOMIUHY ILiHHICTb HPOEKTY.
JloBeneHo, 0 ONTUMIi30BaHI MOCIIIOBHOCTI BUAOOYTKY TaK0XX 3MEHIIYIOTH KOE(II[ieHT pO3KPHBY, IO, CBOEIO YEProro, CIPHSE 3HIKEHHIO
BYTJICTIEBOTO CJIiy BUPOOHUIITBA 3aBISKH CKOPOUCHHIO 0OCATIB TPAHCIIOPTYBAHHS PO3KPUBHUX MOPIJ 1 CHOXKUBAHHS SHEPTii.

HaykoBa HoBHM3HA. 3alIpOIIOHOBAHO HOBHUH MiAXiJ, SIKMI NEPETBOPIOE CTATHYHY MiHEpaNoriuyHy KiacHuQikalilo Ha JUHAMIYHY CHCTEMY
MIATPUMKH NPUAHATTSA piens. Lleit miaxing moexHye TPHBUMIPHE I'e0JIOTidHE MOJETIOBAHHS Ta F€OCTATHCTHYHI CUMYJILIT AT KUTBKICHOT
OLIIHKHA KOMIIPOMICIiB Mi)kK BUIOOYTKOM, OPi€HTOBaHUM Ha SIKICTh, EKOHOMIYHOIO e(DEKTHBHICTIO Ta €KOJIOTIYHOIO CTIHKICTIO PO3pOOKH POI0-
BUIIl IPOMUCIIOBUX MiHepalliB.

IpakTHyHAa 3HAYHMICTB. 3aIIPOBAKEHHS 3alIPOIIOHOBAHO] OaraTopiBHEBOI CHCTEMH SKOCTI JIa€ 3MOTY ONTHMI3yBaTH BUPOOHHYE TIIa-
HyBaHHS, 3HU3UTU BUTPATH HA MOBOPKEHHS 3 BiOXOJAMH Ta MiABHUIIHUTH €KOJOTIYHY e(eKTHBHICTh BHIOOYTKY MPOMHUCIIOBHX MiHEpajiB
IIIIXOM CKOPOYEHHS BUKHIB ITAPHUKOBHX T'a3iB.

Knrouosi cnosa: nonvosuil wnam; kepamiuna cupoguna; npoeKmy8ans 2ipHudux pobim, pooosuuje Kvonproanan
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