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Abstract 

The Upper Oligocene–Lower Miocene Alibonca Formation retains an essential record of 

intricate relationships among carbonate platform evolution, volcanic–sedimentary in-

flow, and high-purity silica deposition. This study examines the stratigraphic structure, 

paleoenvironmental development, and industrial viability of the Ağın diatomite deposits 

using comprehensive sedimentological, mineralogical, and geochemical investigations. 

Stratigraphic evidence indicates that the formation commenced with Early Miocene al-

luvial fan and shallow restricted marine sub-basin sedimentation prior to evolving into a 

significant marine incursion. This marine phase created a resilient carbonate platform 

structure consisting of reef-core, fore-reef, and back-reef sub-environments. Simultane-

ously, vigorous regional synsedimentary volcanism introduced high-flux silica pulses 

into the basin, acting as a major catalyst for diatom proliferation and high biological 

productivity within a restricted sub-basin setting. Geochemical analyses indicate that 

these bright white, diatomite deposits formed in conjunction with potassium-rich clays in 

a relatively deep, low-energy, and confined sub-basin of the Alibonca Sea. The high 

concentration of bulk SiO2 and low trace element baselines are consistent with a 

high-purity deposional system and a low total rare earth element (ΣREE) abundance. 

However, their relatively high Al2O3 and K2O contents indicate significant volcanic and 

terrigenous detrital input together with authigenic clay mineral formation during diat-

omite deposition, classifying the deposits as clay-bearing (argillaceous) diatomites rather 

than exceptionally pure diatomites. Chemical Index of Alteration (CIA) values indicate 

moderate continental chemical weathering under mostly hot and humid paleoclimatic 

conditions. The rapid terrestrial runoff and nutrient influx stimulated significant diatom 

growth before the ultimate late Early Miocene marine regression, transforming the area 

into a subaerial, volcanically influenced terrestrial environment. The Ağın deposits ex-

emplify intra-platform marine silica sinks, demonstrating how tectonic–magmatic in-

fluences can surpass typical carbonate factory conditions to provide economically valu-

able biogenic mineral resources. 
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1. Introduction 

Diatomite is a lightweight, extremely porous, silica-rich sedimentary rock that re-

sults from the geological deposition and compaction of fossilized skeletal remains (frus-

tules) of microscopic, unicellular aquatic algae called diatoms. Diatomite is a biogenic si-

liceous rock distinguished by its remarkable porosity, low density, and elevated specific 

surface area, resulting from the post-mortem deposition and consolidation of amor-

phous hydrous silica cell walls from aquatic diatoms [1–3]. The disparity in viscosity di-

rectly influences eruption style; high-viscosity lavas impede degassing and encourage 

explosive activity, resulting in substantial fine-grained volcaniclastic material, whereas 

low-viscosity lavas facilitate effusive eruptions with minimal fragmentation [4,5]. Sub-

sequent to deposition, diatomite materials experience swift diagenetic modification, 

wherein unstable volcanic glass and primary minerals are converted into secondary 

phases, notably clay minerals like smectite, via hydration, dissolution, and reprecipita-

tion processes [6,7]. Upon the death of a diatom, its soft tissue initially decomposes and 

vanishes, ultimately accumulating as silt [8–10]. Diatomite deposits are created when si-

liceous shells accumulate and undergo petrification. Diatomite is a lightweight, silica–

clay composite rock that readily disintegrates. Diatom shells, feldspars, volcanic glass, 

silica sand, iron oxides, and organic molecules are the primary constituents that supply 

H2O [11]. Pure diatomites often exhibit a high melting point, low thermal conductivity, 

and a pale coloration. Diatomite rocks may also contain silica polymorphs, silica sand, 

volcanic glass, carbonates, feldspars, clay minerals, iron oxides, and organic compounds 

[12–14]. Diatomites are insoluble in acids, with the exception of hydrofluoric acid (HF). 

The rock’s hardness is roughly 1.5 on the Mohs scale, whereas the grains exhibit a hard-

ness between 4 and 6.5. Dry diatomites can exhibit a specific gravity of 0.4 g/cm3, how-

ever their typical specific gravity ranges from 1.9 to 2.4 g/cm3. Due to its 90% porosity, it 

can absorb three times its weight in water. The distinctive characteristics of diatomites, 

including their low density, high porosity (up to 80%), and specific surface area, are 

attributed to their diverse morphologies [15–20]. Consequently, free isolated silanol 

groups (-SiOH), free double silanol groups (-Si(OH)2), and -Si-O-Si bridges with surface 

oxygen atoms constitute the active centers of diatomites, possessing hydroxyl groups 

that facilitate the adsorption of rare earth elements (REEs). Silanol groups, due to their 

elevated reactivity, can engage with a diverse array of chemical and inorganic com-

pounds. Diatomite-based materials have been utilized as adsorbents to isolate and re-

cover rare earth elements from aqueous solutions [21]. The distinctive properties of di-

atomite, such as its extensive specific surface area, chemical stability, and micronized 

and submicronized porous structure, render it valuable across various industries, in-

cluding environmental engineering and construction [22]. The application of diatomites 

as a substitute for cement has recently attracted significant interest [23–29]. Diatomites 

are extensively utilized in the food industry as filtration media for products like sugar 

syrups, water, and fruit juices, owing to their distinctive attributes of high porosity, low 

bulk density, permeable microstructure, chemical inertness, high purity, substantial spe-

cific surface area, and robust adsorption capacity. In addition to filtration, these charac-

teristics render diatomites exceptionally valuable for various industrial applications, 

such as adsorbents, catalyst supports, pozzolanic additives in cement, construction ma-

terials, environmental remediation agents, components in textile dye processing, glass 

manufacturing, porous ceramics, moisture-control products, and controlled-release drug 

delivery systems [29–36]. The main aim of this study is to ascertain the specific paleoen-

vironmental and depositional conditions that led to the diatomite horizon in the 

Alibonca Formation, and to thoroughly clarify its mineralogical and geochemical prop-

erties to evaluate its potential as an industrial raw material. 
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2. Geological Setting 

The Upper Oligocene–Lower Miocene Alibonca Formation, which constitutes the 

last sedimentary record of the Neo-Tethys realm, is extensively exposed in the Eastern 

Anatolia Region [37]. The Alibonca Formation, extensively spread around the Ağın 

network and composed of marine deposits, rests upon the Keban Metamorphites with 

an angular unconformity (Figures 1 and 2). The unit typically commences with densely 

stratified and occasionally substantial limestones at the base, evolving into marls that 

incorporate thickly bedded sandstone interlayers in the top strata. At the summit, it has 

alternating strata of tuff and tuffaceous marl. The setting of the Alibonca Formation’s 

deposition originally signifies a shallow and dynamic environment. This ecosystem 

progressively evolved into a more profound and tranquil setting, where turbidity cur-

rents generated alternating sandstone–tuffaceous marl deposits [38,39]. The Alibonca 

Formation is characterized by a pale yellow–beige hue and typically displays soil-like, 

worn, and occasionally stratified features. The clay–marl strata, characterized by severe 

weathering, have a softer topography, whereas the stratified sandstone–limestone for-

mations present a more rigid topography [39]. The diatomite layers of the Alibonca 

Formation, which spans extensive areas in the region, reach a thickness of 1.5 to 2.0 m in 

certain locations and conformably extend to the strata. 

 

Figure 1. The geological map of the study area (taken from MTA [40]. The map was generated us-

ing the MTA Geoscience Map Viewer (Yerbilimleri Harita Görüntüleyicisi) developed by the Gen-

eral Directorate of Mineral Research and Exploration (MTA) (accessed June 2022). 
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Figure 2. Generalized stratigraphic section of the study area (modified from Sönmez [41] and 

Turkmen et al. [42]). 

3. Samples and Analytical Method 

3.1. Sampling 

The diatomite outcrops at Ağın (Elazığ) manifest as a horizontal layer of 1.5–2.0 m 

thick, located in the central sections of the Alibonca Formation, roughly 2 km east of the 

town of Ağın, near the peaks. Twelve diatomite specimens were systematically collected 

from the base to the apex of this stratum (Figure 3) at the following coordinates: 1-N 

38.927462°, E 38.692389°; 2-N 38.927075°, E 38.692423°; 3-N 38.926995°, E 38.692480°; 4-N 
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38.926695°, E 38.692674°. Thin sections were produced from these specimens, and sam-

ples were collected for XRD and SEM analysis, as well as for the examination of main 

oxides, trace elements, and rare earth elements (REEs). 

  

Figure 3. Appearance of diatomite in the study area. 

3.2. Analytical Methods 

The mineralogical composition of the diatomite samples was analyzed using a 

Bruker D8 Advance X-ray diffractometer (XRD) (Bruker Corporation; Billerica, MC, 

USA) at Ankara University/YEBIM. Each sample was ground in an agate mortar and al-

lowed to dry at ambient temperature. The samples were then gathered onto a silicon 

sample holder. Measurements were performed utilizing Cu K radiation, with a cumula-

tive counting duration of thirty minutes. The XRD patterns of the reference materials 

were correlated. The intensity and frequency of these mineral peaks are illustrated in 

figures as results of XRD investigation. Scanning Electron Microscope–

Energy-Dispersive Spectroscopy (SEM-EDS) analyses and images were performed on 

Ağın diatomite utilizing the Thermoscientific-Scios 2 model (Thermo Fisher Scientific, 

Waltham, MC, USA) at Munzur University Laboratories. The examinations employed a 

maximum magnification of 100,000, and EDS evaluations were performed by selecting 

pertinent regions on the materials. This study utilized descriptive statistics to clarify the 

characteristics of geochemical data and to examine the correlations among variables 

(elements), with statistical analyses performed using STATA ver. 13 software. Ce and Eu 

anomalies were determined by dividing REE values by Post-Archean Australian Shale 

(PAAS) values [43–45]. Eu/Eu* = Eun/√[Smn*Gdn]; Ce/Ce* = Cen/√[Lan*Prn]. 

Twelve samples from the diatomites of the Alibonca Formation were initially 

crushed, reduced to a 200 mesh size, and subsequently dried in an oven at 60 °C for one 

day. The principal oxides were subsequently tested via ICP-AES, while the trace ele-

ments and rare earth elements were examined using ICP-MS. The error margins in the 

repeated assessments of the diatomites were found to be within 5%. Acme Laboratory 

(Canada) offers ICP-AES and ICP-MS analysis services, specifically for ascites or trace 

elements in silicate rocks. A multi-acid method was utilized for the dissolution of diato-

mite samples; thereafter, a 0.25 g aliquot was heated in HNO3, HCl, and HF until fum-

ing, dried, and subsequently dissolved in HCl. Secondly, powdered diatomite samples 

underwent digestion for one hour in an HCl solution, HNO3:H2O (1:1:1, v/v; 6 mL for 1.0 

g of sample). The detection limits for trace elements are as follows: 0.01 ppm for Mo, Cu, 

and Pb; 0.1 ppm for Zn, Ni, Co, Sc, Ga, Rb, Sn, and Zr; 0.02 ppm for Sb, Bi, Cs, Hf, and 

Nb; 0.5 ppm for Sr and Ba; 1 ppm for Mn and V; 10 ppm for Ti; and 0.02 ppm for rare 
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earth elements (REEs). Procedural blanks were integrated and analyzed as part of the 

QA/QC protocol during sample freezing and preparation. Blank results were examined 

for each analytical batch, and any blank values exceeding the detection limits (DLs) or 

indicating potential contamination were thoroughly scrutinized. In these cases, the per-

tinent samples were either reanalyzed after instrument recalibration or re-preparation, 

or excluded from the dataset if contamination could not be resolved. 

4. Results 

4.1. Mineralogy 

The mineralogical investigation of the sample reveals a composition predominantly 

consisting of amorphous silica, chiefly sourced from volcaniclastic material (Figure 4). 

X-ray diffraction (XRD) data corroborates this explanation, revealing a large scattering 

hump between 20° and 30° (2θ), indicative of poorly organized or amorphous silica. A 

distinct and prominent peak at 26.7° (2θ) signifies the presence of α-quartz as a major 

crystalline phase rather than a trivial impurity. XRD examination of the diatomites ma-

terials indicates that the predominant phase is Opal-A (SiO2 · nH2O, hydrated amor-

phous silica or biogenic silica) (Table 1). Secondary phases comprise quartz (SiO2), cris-

tobalite (SiO2), and opal-CT (SiO2 · nH2O), whereas minor phases consist of clay minerals 

and trace amounts of carbonate minerals. This mineral paragenesis indicates a restricted 

marine intra-platform sub-basin affected by intermittent volcanic ash deposition, suc-

ceeded by early diagenetic alterations under low-grade settings. The collection indicates 

a gradual transformation of biogenic silica linked to diatomite, together with the inclu-

sion of detrital quartz sourced from adjacent terrestrial environments. These mineralog-

ical associations are characteristic of volcanic-influenced restricted marine basins, where 

primary sedimentation, volcanic contributions, and early diagenesis together dictate the 

developing mineral framework of diatomite-bearing sequences. 

 

Figure 4. X-ray diffraction pattern of the diatomites in Alibonca Formation. 
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SEM–EDS analyses of the diatomite samples indicate that their elemental composi-

tion is dominated by O and Si, with subordinate amounts of Al, C, Mg, and Ca (Figure 5). 

The elemental composition confirms that the diatomites are composed predominantly of 

amorphous biogenic silica accompanied by clay minerals, including chlorite, smectite, 

and vermiculite. SEM observations reveal the close spatial association of these clay min-

erals with the siliceous matrix (Figure 5). Elemental mapping of a representative sample 

(Figure 6) indicates a homogeneous distribution of O and Si throughout the diatomite 

matrix, whereas Al and Mg are concentrated within clay-rich domains. Calcium occurs 

only in minor amounts and does not provide conclusive evidence for discrete carbonate 

minerals. In agreement with the XRD results, which do not show diagnostic carbonate 

reflections, the detected Ca and Mg are more likely associated with clay minerals than 

with carbonate phases, although trace carbonate contents below the XRD detection limit 

cannot be entirely excluded. The SEM–EDS observations therefore support the predom-

inance of biogenic silica with subordinate clay mineral admixtures in the Ağın diato-

mites. 

Table 1. Semi-quantitative mineral distribution and matrix budget in Ağın Diatomites. 

Opal-A 

SiO2 · nH2O 

Predominant Phase 

(Constitutes the bulk 

matrix) 

• Identified via a large, diffuse 

scattering halo/hump between 

20° and 30° 

• Composed of amorphous hy-

drous biogenic silica from diatom 

frustules. 

• Reflected in the high total SiO2 

(mean: 66.6 wt%). 

• Accounts for structural water in 

LOI (mean: 6.39 wt%). 

Quartz 

(α-quartz) 

Major Secondary 

Phase 

• Verifiable through a distinct, 

sharp, and prominent reflection 

peak at 26.7°  

• Introduced as detrital terrestrial 

inputs into the platform. 

• Contributes heavily to the overall 

SiO2 pool. 

Cristobal-

ite/Opal-CT 
Secondary Phase 

• Formed as crystalline to mi-

cro-crystalline modifications or 

early low-grade diagenetic 

products 

• Linked with the total silica budget. 

Clay Minerals 

(Smectite, Chlorite, 

Vermiculite) 

Subordinate/ 

Minor Phase 

• Verified through microstructural 

spatial association via SEM-EDS. 

• Derived from syndepositional 

and diagenetic halmyrolysis of 

volcanic air-fall ash. 

• Smectite/chlorite package forms 

local concentrations 

• Al2O3 (mean: 15.7 wt%). 

• K2O (mean: 2.78 wt%) tracking 

potassium-rich clays. 

• Minor MgO (1.56 wt%) and Fe2O3 

(1.62 wt%). 

Carbonates 

Trace Phase 

(Below direct XRD 

detection limit) 

• No diagnostic reflections visible 

on XRD patterns 

• Ca/Mg ions are bound within the 

clay lattice sheets rather than 

discrete carbonate minerals. 

• Strictly limited by low bulk CaO 

content (mean: 2.47 wt%). 
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Figure 5. SEM-EDS analyses of the diatomite. 
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Figure 6. SEM-EDS maps of the cross-section of spinel coating. 
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4.2. Major Oxides and Bulk Composition of Diatomite Deposit 

The main element oxide concentrations (% weight) and descriptive statistics (mean, 

standard deviation, minimum and maximum values) of the examined diatomite samples 

are given in Table 2 and Figure 7. The SiO2 content varies between 61.35% and 69.63%, 

reflecting a predominant siliceous matrix. The existence of a pronounced XRD peak at 

26.7° (2θ) verifies that a significant fraction of this silica exists as crystalline quartz (Fig-

ure 4). The elevated amounts of Al2O3 and K2O are geochemically relevant, as they coin-

cide with substantial terrestrial or volcanic detrital input and imply robust clay for-

mation during diatomite development. The Fe2O3 concentration (~1.05%) and minimal 

CaO contents suggest that the non-siliceous layer predominantly consists of silicate 

minerals rather than carbonates or evaporites. 

 

Figure 7. Major oxide distributions of the diatomites in the study area. 

Table 2. Major element oxide concentrations (wt. %) and descriptive statistics (Mean, Standard 

Deviation, Min and Max values) of the studied diatomite samples. 

 SiO2 TiO2 Al2O3 MnO MgO CaO Na2O K2O P2O5 Cr2O3 Fe2O3 LOI Total 

Mean 66.6 0.14 15.7 0.05 1.56 2.47 1.61 2.78 0.04 0.02 1.62 6.39 99.06 

SD 1.54 0.02 0.89 0.03 0.33 0.34 0.27 0.62 0.01 0.01 0.22 0.59 0.77 

Min 64.4 0.1 14.2 0.03 0.79 2.11 1.10 1.47 0.03 0.01 1.37 4.81 97.7 

Max 69.6 0.19 17.5 0.16 1.83 3.25 1.96 3.47 0.06 0.03 2.11 7.31 100.1 

The X-ray diffraction patterns exhibit a broad scattering hump between 20° and 30° 

(2θ). While this diffuse halo typically indicates the presence of poorly ordered or amor-

phous silica (e.g., diagenetically altered volcanic glass), it may also incorporate diffuse 

reflections from poorly crystalline or fine-grained potassium feldspar. The presence of a 

K-feldspar component within this amorhous-to-cryptocrystalline matrix is strongly 

supported by the bulk geochemical data, specifically accounting for the elevated con-

centrations of Al2O3 and K2O observed in these samples. Figure 8 shows the ternary dia-

grams for SiO2-MgO+CaO-Al2O3+Fe2O3 and SiO2-Al2O3+TiO2–Fe2O3. This diagram indi-

cates that the diatomites in the region are rich in SiO2. 
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Figure 8. Ternary diagram: (a) SiO2-MgO+CaO-Al2O3+Fe2O3; (b) SiO2-Al2O3+TiO2–Fe2O3. 

4.3. Trace Elements 

The logarithmic scale concentration graph in Figure 9 illustrates that the geochemi-

cal trace element profile of diatomites displays a pronounced element gradient, with 

concentrations ranging over five orders of magnitude from macro-trace to ultra-trace 

element levels. Manganese (Mn) and Barium (Ba) predominate in the trace element 

composition; Mn exhibits the highest average concentration at roughly 1.2 × 102 ppm, 

with a broad range from a minimum of approximately 60 ppm to a maximum of about 5 

× 102 ppm. The lower end of the spectrum is characterized by severely depleted metals 

like Ag, indicating the minimal average concentration recorded at around 1.1 × 10−2 ppm. 

 

Figure 9. Average. minimum and maximum concentrations of trace elements of diatomites. 

PAAS-normalized trace element patterns mostly exhibit relative enrichment or de-

pletion in comparison to the upper continental crust, rather than indicating a specific 

source or habitat. The distribution of trace elements normalized to Post-Archean Aus-

tralian Shale (PAAS) [43–45] offers a systematic representation of elemental fractionation 

in relation to average upper continental crust compositions (Figure 10). The normalized 

patterns for the diatomite samples typically exhibit a depleted signature (<1) for most 
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trace elements, a characteristic mainly ascribed to the elevated biogenic silica concentra-

tion that significantly attenuates the detrital signal. 

The consistent coherence of these patterns throughout the entire sample set indi-

cates a stable sedimentary source and a uniform depositional environment, where minor 

vertical variations probably represent slight fluctuations in the influx of terrigenous clay 

minerals rather than a shift in the primary geological provenance. 

 

Figure 10. Trace element pattern normalized according to PAAS [43–45]. 

To differentiate between elements originating from detrital crustal inputs and those 

augmented by authigenic or biogenic processes, Enrichment Factors (EFs) were com-

puted utilizing Ti as a conservative and generally stable reference element [46]. The EF 

data indicate clear patterns of trace-element behavior in the diatomaceous deposits (Fig-

ure 11). Most trace elements display enrichment factor (EF) values below 1.5, signifying 

minimal to no enrichment compared to the detrital background and implying that their 

concentrations are predominantly influenced by terrigenous mineral contributions [47]. 

Conversely, Ba and Mn exhibit moderate enrichment (1.5 < EF < 5), potentially indicating 

increased biological productivity linked to diatom blooms and the ensuing accumulation 

or scavenging of these elements in the sedimentary milieu [48,49]. Elements with EF 

values exceeding 10 indicate significant enrichment compared to the crustal background 

and are understood as results of authigenic concentration processes. This enrichment 

may relate to redox-controlled precipitation at the sediment–water interface, early dia-

genetic mineral production, or localized mineralogical concentrations within the diato-

maceous matrix [50]. 

The incorporation of trace element paleoredox proxies (V/Cr, Ni/Co, and U/Th) 

from the restricted marine sub-basin sequence suggests a primarily oxic water column 

interspersed with frequent, episodic bottom-water dysoxia. The consistently low U/Th 

ratios (mean: 0.22, maximum: 0.50) are firmly below the oxic threshold (<0.75), defini-

tively indicating the lack of sustained deep-water anoxia and restricted authigenic ura-

nium enrichment in the basin. A notable decoupling is observed as the V/Cr (mean: 1.47, 

peaking at 2.78) and Ni/Co (mean: 5.53, peaking at 11.00) ratios often swing within 

dysoxic and suboxic ranges. This geochemical disparity in a dynamic restricted marine 

sub-basin environment strongly suggests a pseudo-anaerobic condition. Although the 

main water column was adequately oxygenated, seasonal thermal stratification or surges 

in primary productivity likely induced temporary oxygen depletion and localized re-

ducing conditions exclusively at the sediment–water interface, facilitating the swift, ki-

netic uptake of redox-sensitive nickel and vanadium without creating stable, long-term 

anoxia throughout the basin. 
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Figure 11. Enrichment factor calculated with respect to Ti considered as immobile element (Elsam-

ple/Tisample)/(ElPAAS/TiPAAS). 

4.4. Rare Earth Elements 

The rare earth element (REE) patterns of the diatomite samples, normalized to 

Post-Archean Australian Shale (PAAS) (Figure 12), exhibit a generally flat distribution 

with a slight relative enrichment of heavy REEs (HREEs) compared to light REEs (LREEs) 

[51–53]. The average total REE concentration is 35.4 ppm, indicating low overall abun-

dances that yield normalized values ranging from roughly 0.1 to 0.5 times PAAS. The 

Rare Earth Element (REE) data exhibit a distinct positive Cerium anomaly, with Ce/Ce* 

ratios ranging from 0.83 to 2.25, yielding a clear average of 1.52 and positive Europium 

anomaly, with Eu/Eu* ratios ranging from 0.74 to 1.20, yielding a clear average of 1.04. 

This distinct positive enrichment indicates significant fractionation of Cerium relative to 

neighboring light REEs (La and Pr) during deposition and early diagenesis [53,54]. A 

subtle fractionation is evident in the middle REE (MREE) segment; a slight positive eu-

ropium anomaly is observed in select samples (DY-08 and DY-10), which is believed to 

indicate localized redox-sensitive processes occurring during sedimentation or early di-

agenesis, as well as contributions from clay minerals or minor feldspar. Light rare earth 

elements (La–Nd) exhibit the lowest normalized abundances, reaching roughly 0.08 

PAAS, whereas heavy rare earth elements (Tb–Lu) establish a very stable and slightly 

elevated plateau. The distribution of these rare earth elements exhibits a relative en-

richment of heavy rare earth elements within a silico acid-dominant matrix, likely influ-

enced by a combination of source rock inheritance, adsorption onto amorphous silica, 

and post-sedimentary diagenetic alteration [55]. 
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Figure 12. Rare earth elements pattern normalized to PAAS [43–45] in the diatomite samples. 

4.5. Genesis and Geochemical Provenance of the Diatomite 

The binary variation diagrams of select trace elements and major oxides (Figures 13 

and 14) serve as mathematical foundations to unravel the sedimentary mechanisms op-

erating in the restricted Alibonca sub-basin. A fundamental feature of the dataset is the 

pronounced, statistically robust negative correlation between SiO2 and immobile terri-

genous indicators such as Al2O3 and TiO2. This relationship strongly supports a 

two-component system governed by biogenic dilution. It mathematically confirms that 

variations in the silica grade of the Ağın deposit were not controlled by fluctuating con-

tinental sand delivery, but rather by pulses of explosive biogenic opal-A productivity 

that overwhelmed and diluted a persistent background influx of volcanic air-fall ash and 

terrigenous clays. Concurrently, Al2O3 displays high-coefficient positive correlations with 

K2O, Fe2O3, MgO and select transition metals. Geochemically, this systematic coupling 

indicates that these elements reside within a singular, shared mineral host phase. This 

directly substantiates our XRD and SEM-EDS findings: the clay mineral framework 

(dominated by smectite, vermiculite, and chlorite) was formed via the syndepositional 

and early diagenetic alteration (halmyrolysis) of an intermediate to felsic volcanic glass 

precursor. The potassium enrichment K2O tightly tracks Al2O3, demonstrating that the 

volcanic ash possessed an alkaline-to-shoshonitic affinity characteristic of the regional 

Miocene magmatic background. Furthermore, the absolute lack of covariance between 

biogenic productivity indicator Ba and detrital monitors (TiO2, Zr) points to complete 

geochemical decoupling. This lack of correlation proves that the moderate to high Bar-

ium Enrichment Factors (EFBa > 1.5) are entirely decoupled from terrigenous or epiclastic 

inputs. Instead, they reflect legitimate variations in primary biological output, where 

barite was trapped during intensive diatom blooms, providing independent geochemical 

validation for our high-productivity depositional model. Robust positive correlations 

between specific transition metals and rare earth elements (REEs) indicate a shared min-

eralogical host phase, possibly linked to the fine-grained detrital fraction and/or acces-

sory heavy minerals [52–54]. This coherent trend generally indicates linked inclusion 

during sediment transit and deposition, together with post-depositional concentration 

within certain authigenic or detrital phases. The lack of substantial relationships be-

tween biogenic proxies like barium (Ba) and lithogenic tracers signifies disconnected 
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geochemical activity. This indicates that Ba is predominantly regulated by processes as-

sociated with marine productivity rather than detrital input, aligning with its correlation 

to biologically driven barite production in marine environments [56]. 

 

Figure 13. Binary diagrams between trace elements in the diatomites. 

The inter-element correlations among major oxides and trace constituents illustrat-

ed in Figure 14 offer essential insights into the distribution of trace elements throughout 

the silicate, carbonate, and biogenic phases. A strong positive association between alu-

minum oxide (Al2O3) and most trace elements indicates that the detrital clay fraction 

serves as the principal carrier for these constituents, thereby functioning as a proxy for 

terrestrial inflow into the basin. The relationship between SiO2 and trace elements typi-

cally demonstrates an inverse correlation, illustrating the “dilution effect,” wherein the 

buildup of biogenic opal-A from diatom frustules diminishes the relative concentration 

of practically all other geochemical constituents. These binary trends clearly illustrate 
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the struggle between silica-rich biogenic production and the intermittent deposition of 

aluminosilicate minerals. 

 

Figure 14. Binary diagrams between major oxide and trace elements in the diatomites. 

5. Discussion 

5.1. Stratigraphic Evolution 

The Upper Oligocene–Lower Miocene Alibonca Formation exhibits a clearly delin-

eated, regionally correlatable transgressional–regressional cycle. The base Çobandere 

Member, consisting of red conglomerates, sandstones, mudstones, siltstones, and 

coal-bearing layers, documents the onset of continental sedimentation in alluvial fan and 

shallow restricted marine sub-basin environments during the Early Miocene [42]. A 

subsequent regional marine transgression resulted in the formation of a shallow–marine 

carbonate platform system, characterized by the marl–chert–limestone sequences of the 

Kınık Member and the extensive limestones of the overlying Suceyin Member [37–42]. 

The presence of silica-rich volcano–sedimentary facies interspersed with marine car-

bonate units offers compelling evidence of synsedimentary volcanic activity. The lateral 

and vertical transitions of chert and altered diatomite strata into platform limestones 

suggest that regional volcanism commenced earlier than previously recorded. While 

historical conceptions confined this volcanism to the Middle Miocene, our data corrobo-

rate the interpretation of Türkmen et al. [42] that magmatic activity commenced in the 

Early Miocene. Comparable early-stage volcanic contributions have been demonstrated 

to substantially influence silica super saturation and accumulation in confined marine 

and restricted marine sub-basin basins throughout [41]. At the end of the Early Miocene, 

a regional regression of the Alibonca Sea ended marine carbonate deposition, restoring a 

terrestrial landscape characterized by diatomites and restricted marine sub-basin pro-

cesses [42]. 

Diatomite development in the depositional environment occurred according to the 

following model: 

1. Marine and Lacustrine Environment: The diatomites of the network were deposited 

within a restricted, semi-enclosed, low-energy marine sub-basin or intra-platform 

lagoon associated with the Alibonca Sea. This restriction allowed for local freshwa-
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ter-brackish water conditions due to significant continental currents and concurrent 

pyroclastic/volcanic input. 

2. Transition from Marine to restricted Marine Sub-basin Environment: Regional ma-

rine regression occurred at the end of the Early Miocene, shifting the entire area into 

a terrestrial environment. The diatomite layer studied here is located in the middle 

sections of the Alibonca Formation (Kınık Member); this means it was deposited 

during an active marine phase within a sheltered intra-platform depression before 

the last regression.  

3. Stratigraphic and Geochemical Adequacy: Existing stratigraphic relationships (di-

atomites interspersed with marl and chertified/platform limestones of the Kınık 

Member; Figure 2) strongly support this intra-platform marine sub-basin model. 

Geochemical indicators (e.g., low Sr/Ba ratios, trace element redox sensitivities) have 

been recontextualized to reflect a limited, freshwater marine environment rather 

than a fully lacustrine lake system. 

5.2. Geochemical Fingerprints and Provenance 

The Ağın diatomite deposits exhibit significant silica enrichment (mean: 66.6 wt.% 

SiO2), accompanied by diminished trace element concentrations and a markedly low total 

rare earth element content (ΣREE = 35.4 ppm). The predominance of biogenic opal and 

amorphous diatomite over minor detrital quartz and clay minerals corresponds with 

standard primary silica deposits globally [57,58]. Nonetheless, PAAS-normalized REE 

patterns indicate an enrichment of middle-to-heavy REEs (MREEs–HREEs) alongside 

significant positive Ce and Eu anomalies (Figure 15). This behavior significantly differs 

from typical open-marine or exclusively biogenic silica deposits, which generally exhibit 

a pronounced negative Ce anomaly derived from surrounding seawater or oxygenated 

freshwater [59]. To understand the origin of this distinct positive Ce anomaly, multiple 

competing processes must be considered, including redox variations, diagenetic over-

prints, and particulate adsorption. Because a strong correlation between Ce anomalies 

and Fe2O3 or MnO is lacking in our dataset, classical scavenging by Fe-Mn oxyhydroxides 

can be excluded as the primary driver. Instead, we attribute the positive Ce anomaly to a 

combination of restricted basin redox dynamics and intensive particulate scavenging 

driven by syndepositional volcanism. The active volcanic background introduced mas-

sive amounts of fine-grained ash into the restricted Alibonca sub-basin. The halmyrolysis 

(marine weathering) of this volcanic glass to smectite generated a high surface-area par-

ticulate phase capable of efficiently adsorbing REEs from the water column [60–62]. 

Moreover, the simultaneous positive Eu anomaly offers definitive proof of the introduc-

tion of primary volcanic material, indicating hydrothermal or direct pyroclastic contri-

butions to the basin [63]. Immobile element discrimination strategies were utilized to re-

strict the magmatic source of the diatomite components. The La/Sc vs. Co/Th (Figure 16a) 

and Hf vs. La/Th (Figure 16b) graphs reveal that the diatomite samples constitute a dense 

cluster, with La/Sc values ranging from approximately 4 to 8 and Co/Th values from 1 to 

4. The results are distinctly separated from the basaltic field and exhibit the greatest re-

semblance to the andesitic compositional domain, suggesting that the detrital fraction 

primarily originated from intermediate volcanic source rocks. The constrained dispersion 

of the samples indicates minimal heterogeneity in source composition and reflects a 

reasonably uniform provenance during deposition [64]. The noted enrichment of La in 

relation to Sc and the relatively low Co/Th ratios align with a source from intermediate to 

felsic volcanic materials, as La and Th are typically concentrated in evolved magmatic 

rocks, while Co and Sc are preferentially enriched in mafic lithologies. The lack of sam-

ples trending towards the basaltic end-member further suggests that mafic volcanic in-

puts were negligible. The absence of a notable transition to upper continental crust 
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compositions indicates that the sediment supply was primarily influenced by volcanic 

detritus rather than by substantially worn continental material. Furthermore, the close 

clustering of the data signifies a geologically significant signal rather than a product of 

analytical uncertainty. Even when accounting for 2σ errors, the samples remain restricted 

to the intermediate volcanic field and are distinctly differentiated from basaltic composi-

tions. This pattern is typically regarded as indicative of a stable volcanic source region 

and minimal mixing of sediments from compositionally diverse origins [65–68]. 

 

Figure 15. PAAS-normalized REE patterns of modern marine sediments and seawater (taken from 

Xiong et al. [58]). 

  

Figure 16. (a) La/Sc vs Co/Th; (b) Hf vs La/Th diagrams of the diatomites (data taken from Jia et al. 

[59]). 
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5.3. Paleoenvironmental and Paleoclimatic Reconstructions 

Various geochemical proxies were utilized to elucidate the hydrochemistry, redox 

architecture, and climatic variations throughout the development of the Ağın basin: 

• Paleosalinity: Sr/Ba ratios vary from 0.19 to 0.60 (mean: 0.31), consistently aligning 

with the range characteristic of a freshwater to moderately brackish depositional 

environment. Nonetheless, as Sr2+ can replace Ca2+ in carbonate lattices, these values 

should be regarded as upper-bound limitations, as localized carbonate precipitation 

may artificially inflate raw Sr/Ba trends [58–61]. 

• Redox Conditions: To mitigate the confusing influences of changing detrital dilu-

tion, redox-sensitive trace element ratios (V/Cr, Ni/Co, U/Th, and V/(V+Ni)) were 

examined [61–70]. Concurrently, our paleoredox proxies (V/Cr and Ni/Co) indicate a 

transition toward suboxic to dysoxic bottom waters. In such restricted environ-

ments, the trapping of organic matter alongside the rapid deposition of altered vol-

canic material facilitates the preferential retention of Ce over its REE neighbors, ei-

ther via the preferential settling of Ce(IV) bearing particles or diagenetic immobili-

zation under weak reducing conditions. Therefore, while the Ce anomaly does not 

directly fingerprint a volcanic source magma, it represents an indirect sedimento-

logical expression of the massive volcanic ash influx coupled with basin restriction. 

These proxies collectively suggest that the water column was primarily oxic. None-

theless, intermittent elevated V/(V+Ni) ratios suggest temporary dysoxic occur-

rences. High-frequency redox swings are indicative of confined basins, where sea-

sonal stratification or intermittent volcanic/hydrothermal events import thick, oxy-

gen-poor or nutrient-rich waters. 

While the close spatial and temporal association between tuffaceous interlayers, 

negative Eu-Ce anomalies, and pure diatomite horizons strongly implies a volcanic in-

fluence on the silicon cycle, we note that volcanic input alone does not automatically 

equate to biological dominance. In marine systems, diatom blooming is typically 

co-limited by silica and micronutrients like iron (Fe). The devitrification and syndeposi-

tional alteration of volcanic glass (evidenced by the formation of smectite in our samples) 

not only saturated the restricted Alibonca sub-basin with dissolved silica (H4SiO4) but 

likely released bioavailable iron and trace metals. Therefore, rather than volcanism being 

the sole independent driver of productivity variations, it is more accurately interpreted 

as a fundamental environmental trigger. It bypassed the typical nutrient limitations of 

the sub-basin, sustaining prolonged high-flux biological productivity when coupled with 

favorable solar irradiance and restricted basinal circulation. 

• Paleoclimate: The paleoclimatic indications indicate an unstable and changeable 

regime during the Early Miocene. The Chemical Index of Alteration (CIA) varies 

from 67 to 74 (mean: approximately 70), indicating considerable silicate weathering 

in a warm, humid atmosphere [71]. In contrast, interbedded horizons have increased 

Sr/Cu ratios (3.14–33.2; mean: 9.43), indicative of greater temperatures, aridity, and 

high evaporation rates [72]. This geochemical link signifies high-frequency climate 

variability, characterized by a predominantly humid baseline interspersed with se-

vere arid evaporative phases, a feature extensively documented in enclosed Miocene 

restricted marine sub-basin basins [70–72]. 

The Ağın deposit, similar to prominent diatomite–silica systems like Shengzhou 

(China), Lake Abiyata (Ethiopia), and several Mediterranean Neogene basins, under-

scores the interplay between tectonic/volcanic influences and biological reactions. Vol-

canic activity supplied the requisite dissolved silica flux to stimulate significant diatom 

output, while concurrent ash modification produced the characteristic smec-
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tite-dominated, authigenically changed geochemical signature typical of the Neogene 

lacustrine basins of Anatolia [73–79]. 

This volcano–biological synergy and its subsequent diagenetic pathways parallel 

several classic Neogene siliceous successions globally. For instance, the Miocene Truckee 

Formation (Nevada, USA) [80,81] and the Riverton diatomites (Wyoming, USA) [82] 

similarly reflect enclosed basinal settings where episodic rhyolitic volcanism sustained 

elevated dissolved silica levels, directly triggering massive diatom blooms amidst active 

tephra deposition. Furthermore, while the Miocene Monterey Formation (California, 

USA) represents a vast marine upwelling counterpart rather than a restricted lacustrine 

basin, it shares a fundamentally analogous geochemical trajectory [83]. In both the Mon-

terey and Ağın systems, the influx of reactive volcaniclastic material under volatile tec-

tonic regimes governed the early-stage diagenetic matrix, drives the maturation of 

amorphous biogenic silica (Opal-A), and promotes the authigenic precipitation of smec-

tite-group clays during ash alteration [84,85]. Integrating these global analogs demon-

strates that the Alibonca Formation represents a premier restricted marine sub-basin ar-

chetype of a globally recurrent tectono-environmental phenomenon. 

6. Conclusions 

The comprehensive stratigraphic, sedimentological, and geochemical analysis of the 

Upper Oligocene–Lower Miocene Alibonca Formation and its associated high-purity sil-

ica deposits provides the following primary insights. The study interval within the 

Alibonca Formation captures an environmental transition during the Early Miocene. Ini-

tial continental sedimentation, characterized by alluvial fan deposits, transitioned into a 

restricted marine sub-basin, which was subsequently followed by a localized marine 

transgression that facilitated carbonate platform development. Stratigraphic relations 

show that a final regression toward the end of the Early Miocene shifted the local depo-

sitional environment back to a subaerial, terrestrial setting. 

Our analytical results show that within this marine sequence, high-purity diato-

mites, bedded cherts, and cherty limestones accumulated concurrently with carbonate 

precipitation. The diatomite deposits of Ağın are mineralogically associated with potas-

sium-bearing clay assemblages, reflecting a low-energy, protected depositional envi-

ronment within an intra-platform marine sub-basin. The high accumulation of biosili-

ceous material was supported by a combination of continental runoff and synsedimen-

tary pyroclastic inputs, which supplied dissolved silica to the basin. 

XRF and ICP-MS analyses reveal that the Ağın diatomites possess notable industri-

al-grade attributes, characterized by high bulk SiO2 content and low abundances of de-

trital clay impurities. The deposits are geochemically clean, exhibiting low total rare earth 

element levels and low baseline trace element concentrations. Paleoclimatic indices cal-

culated from major oxides, such as the Chemical Index of Alteration (CIA), indicate that 

the sediment source terranes underwent moderate chemical weathering under a gener-

ally warm and humid climate. This weathering regime facilitated the land-to-basin 

transfer of weathered solutes, supporting primary biological productivity within the 

sub-basin prior to the final marine regression. 

While the geochemical and mineralogical indicators provide strong evidence for the 

influx and subaqueous alteration of pyroclastic material, our data suggest that the total 

silicon budget represents a mixed system. Solute contributions from ambient continental 

runoff and the recycling of biogenic silica cannot be completely decoupled from volcanic 

inputs using the current dataset. However, the close spatial and temporal association 

with tuffaceous layers indicates that ash alteration acted as an effective accelerator for 

localized silica enrichment, facilitating diatom accumulation. In conclusion, the geo-

chemical and mineralogical evidence supports a model where synsedimentary volcanic 
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activity critically enhanced provided an essential silica feedstock and necessary chemical 

catalysts within a restricted intra-platform marine sub-basin. Ultimately, the Ağın de-

posits provide an important Miocene record of localized marine silica sinks, illustrating 

how localized pyroclastic inputs and climate-driven weathering feedbacks can combine 

to form high-purity industrial mineral resources. 

Future research should focus on refining the temporal resolution of the Alibonca 

Formation through high-precision dating of the volcanic intercalations and broader 

stratigraphic correlations. Additional proximal–distal geochemical transects are needed 

to better delineate the spatial linkages between volcanism, silica supply, and carbonate 

platform development. Incorporating stable and radiogenic isotope systems (Si, Sr, Nd, 

B), alongside high-resolution microanalytical techniques (SEM–EDS, TEM, and 

LA-ICP-MS), will help quantify early diagenetic processes and further refine the prove-

nance pathways of silica accumulation in Miocene biosiliceous systems. 
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