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Large Fe-Mn oncoids from Early Jurassic Ammonitico Rosso Facies (eastern 
Sakarya Zone, NE Turkey): new insight into palaeogeographic conditions of 
Tethys Ocean
Raif Kandemira,b, Merve Özyurtb, Yılmaz Demira and Orhan Karslib

aDepartment of Geological Engineering, Recep Tayyip Erdoğan University, Fener-Rize, Turkey; bDepartment of Geological Engineering, 
Karadeniz Technical University, Ortahisar-Trabzon, Turkey

ABSTRACT
Oncoids, significant sedimentary structures within the Jurassic strata of the Mediterranean Region, 
serve as valuable indicators of paleoenvironmental conditions during their formation. One of the 
important examples of oncoids has been discovered in the Pliensbachian (Early Jurassic) 
Ammonitico Rosso Facies (ARF) of the eastern Sakarya Zone (Eastern Pontides, NE Turkey). This 
study presents the first comprehensive sedimentological and petrographic (textural and composi-
tional characteristics) examination, as well as geochemical analyses (trace and rare earth elements) 
of these Fe-Mn oncoids. The oncoids consist of nuclei coated with irregular laminae and exhibit 
a range of sizes, from 10 to over 45 mm, displaying various colours such as brown, reddish, and 
metallic-looking. They mostly have a discoidal shape, although some are spherical. The nuclei 
consist of bioclastic wackestones, containing remnants of ammonoid shells. Some oncoids, espe-
cially the discoidal forms, have multiple nuclei. The cortex of the oncoid predominantly consists of 
wrinkled bands displaying micritic laminae, with an abundance of filamentous bodies and the local 
presence of encrusting microfossils. In the cortex of the oncoids, iron predominates over manga-
nese, and there are compositional variations within the cortex, especially enriched in Si, Fe, and Ca. 
They predominantly fall within the region associated with hydrothermal Fe and Mn sediments, as 
indicated by discrimination diagrams involving Ni, Co, Zn, and plots of Ce/Ce* vs Y/HoN and Nd 
contents, suggesting a hydrothermal origin. Furthermore, their rare earth elements (REE) chemistry 
displays distinct Y/Ho, Sm/Yb, Ce/Ce, and Nd values, indicating the presence of seawater mixing 
with hydrothermal fluids. However, they show relatively low Sm/Yb, Y/Ho, Eu/Sm, Nd/YbN, and La/ 
Yb values, suggesting a limited contribution from hydrothermal sources to the surrounding sea-
water. Nevertheless, the cortex of the oncoids exhibits a complex and variable mineralogy that 
changes over short distances, implying the dynamic nature of the depositional environment, 
characterized by fluctuating hydrological regimes, varying oxygen levels, elemental supply, and 
the saturation of specific elements in seawater. The increased presence of specific trace elements, 
including Fe, and REE during this period, is likely linked to hydrothermal fluid input into marine 
environments, coinciding with intensified syn-sedimentary tectonic activity, where ongoing exten-
sional tectonic movements occasionally influenced paleoenvironmental conditions. In these con-
ditions, the formation of oncoids is influenced by various sedimentary factors, including the 
availability of metal sources, specific paleoenvironmental conditions, and the presence of microbial 
organisms, thereby enriching our understanding of palaeogeography during the Early Jurassic 
period. Additionally, the studied oncoids, with their comparable stratigraphic position and petro-
graphic characteristics to those in both the eastern and western parts of the Tethyan basin, 
underscore their significance in palaeogeography and stratigraphy.
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1. Introduction

Oncoids are distinctive bio-sedimentary structures that 
are mostly characterized by spherical nodules composed 
of concentric laminae enveloping a biogenic or abio-
genic nucleus (Tucker and Wright 1990; Flügel 2012). 
Flügel (2012) defines oncoids as unattached, rounded 
nodules ranging from millimetres to centimetres in size, 

composed of either calcareous or non-calcareous 
nodules. Non-carbonate oncoids encompass phospha-
tic, ferruginous, and manganese nodules (Flügel, 2004; 
Flügel 2012), with less frequent occurrences of oncoids 
composed of pyrite (Schieber 1999) or chlorite (Misik 
and Sucha 1997). Among the various types of oncoids, 
Fe-Mn macro-oncoids stand out as sedimentary 
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structures containing significant amounts of iron (Fe) 
and manganese (Mn) minerals (e.g. Jones and Renaut  
1997a, 1997b; Pérez and Nieto 2010; Zang et al. 2015; 
Reolid and Abad 2019). Fe-Mn macro-oncoids have been 
documented in various geological settings, including 
marine environments and other depositional settings 
(e.g. Jenkyns 1970; Tucker and Wright 1990; Preat et al.  
2000; Reolid and Nieto 2010). They are notably prevalent 
throughout the Mesozoic Tethyan region within con-
densed pelagic limestones (Jenkyns 1970; Jones and 
Renaut 1997a, 1997b; Pérez and Nieto 2010; Flügel  
2004; Zang et al. 2015; Reolid and Abad 2019). 
According to Flügel (2012), these oncoids are commonly 
associated with pelagic carbonates and are often found 
alongside stromatolitic crusts on discontinuity surfaces. 
They typically correspond to major stratigraphic gaps 
linked to eustatic highstand phases. Additionally, the 
formation and spatial distribution of oncoids are predo-
minantly influenced by palaeoclimatic conditions, dis-
tinct paleoenvironmental settings, and fluctuations in 
sea level (Tucker and Wright 1990; Reolid and Nieto  
2010; Zafar et al. 2024). Microbes can play a significant 
role in forming these oncoids, facilitating mineralization 
and sediment trapping and binding (Monty 1984; Flügel  
2012). Factors such as the availability of dissolved Fe and 
Mn in the water column, microbial activity, and physico-
chemical conditions influence the formation process 
(Lazăr et al. 2013; Reolid and Abad 2019). Oxygen- 
depleted or reducing environments can be particularly 
favourable for microbial-mediated mineral precipitation, 
providing an environment conducive to the develop-
ment of Fe-Mn macro-oncoids (e.g. Preat et al. 2000).

Due to their intriguing features and potential to 
offer valuable insights into past environmental condi-
tions (such as hydrodynamic regimes, paleobathyme-
try), palaeogeographic settings, microbiotas, and 
seawater chemistry, Fe-Mn macro-oncoids have been 
the subject of extensive research (Jenkyns 1970; 
Tucker and Wright 1990; Preat et al. 2000, 2011; 
Gradzinski et al. 2004; Hägele et al. 2006; Sequero 
et al. 2020; Xiao et al. 2020; Zafar et al. 2024). 
Although, the investigation into the distribution pat-
terns of marine oncoids garners considerable atten-
tion due to their utility in unravelling pivotal 
sedimentary factors influencing their formation within 
the distinct geologic setting (e.g. Tucker and Wright  
1990; Preat et al. 2000; Reolid and Nieto 2010). 
Despite their profound scientific significance, the ori-
gin of oncoids has remained a subject of debate for 
over a century, primarily due to the intricate array of 
formation mechanisms involved, Fe and Mn source 
(Tucker and Wright 1990; Gradzinski et al. 2004; 
Hägele et al. 2006; Reolid and Abad 2019).

Important examples of Fe-Mn oncoids are located in 
the Gümüşhane area (Kandemir and Yılmaz 2009). These 
Fe-Mn oncoids are found within the Jurassic ARF strata, 
which is well-dated as the Pliensbachian age (Kandemir 
and Yılmaz 2009). However, most of these studies 
focused mainly on the lithostratigraphy and biostratigra-
phy of Jurassic ARF strata in this region of the eastern 
Sakarya Zone. However, detailed petrographical and 
sedimentological investigations, integrated with chemi-
cal data, are still lacking, and the genesis of these 
oncoids remains debate. Therefore, we here present 
a comprehensive analysis of the sedimentology, micro-
facies, and distribution of REE characteristics of the 
oncoids. We also discuss the genesis of microbial 
oncoids and their association with low deposition rates 
and controlling factors for their morphology and growth 
within the context of basin evolution.

2. Geological setting

The study area is situated in the eastern part of the 
Pontides tectonic unit, within the Gümüşhane region of 
NE Turkey (Figure 1(a,b)). The Pontides form a mountain 
range that extends in an east-west direction, located 
between the Black Sea to the north and the İzmir- 
Ankara-Erzincan suture to the south (Figure 1(a)). 
Specifically, the Eastern Pontides refers to the eastern 
section of the Pontides mountain chain, which corre-
sponds to the Sakarya Zone and represents one of the 
most well-preserved fossil magmatic arcs (Figure 1(a,b)).

Heterogeneous pre-Jurassic basement rocks of the 
eastern Sakarya Zone comprises (1) Variscan meta-
morphic rocks (Topuz et al. 2004), (2) Late 
Carboniferous granitic rocks (Topuz et al. 2010), (3) 
Upper Carboniferous-Lower Permian shallow-marine to 
terrigenous sedimentary rocks (Okay and Leven 1996; 
Çapkınoğlu 2003; Kandemir and Lerosey-Aubril 2011) 
and (4) Permo-Triassic metabasalt-phyllite-marble 
(Okay 1984).

The Lower-Middle Jurassic volcano-sedimentary 
sequence is unconformably deposited over hetero-
geneous Hercynian basement rocks (Vörös and 
Kandemir 2011). This sequence exhibits significant 
vertical and lateral variations in facies characteristics 
and has a variable thickness ranging from 2 to 2243 
metres along the basin. It represents a transgressive 
succession that was deposited during the 
Hettangian/Sinemurian-Bathonian stages (Figure 2). 
The sequence comprises conglomerates, sandstones, 
calcareous and marly Ammonitico Rosso type sedi-
ments, as well as volcaniclastic and volcanic rocks. 
The sandstone unit, which forms the base level of 
the formation, is overlain by Ammonitico Rosso 
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Figure 1. a: Major tectonic units of Turkey (Okay and Tüysüz 1999) and location of the studied area, b: Detailed geological map of the 
Gökdere area (modified from Kandemir 2004).
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horizons. The age of the Ammonitico Rosso horizons 
is inferred to be Pliensbachian based on the fossil 
assemblages, including Agerina martana Farinacci, 
Involutina liassica Jones, Lenticulina sp., 
Frondicularia sp., Nodosaria sp., Agerina martana, 
and Involutina liassica (Kandemir and Yılmaz 2009). 
The Şenköy Formation is conformably overlaid by 
Upper Jurassic to Lower Cretaceous platform carbo-
nates known as the Berdiga Formation. Benthic for-
aminiferal assemblages suggest an Oxfordian to 
Albian age for the platform carbonates in the 
Eastern Pontides (Pelin 1977; Kırmacı et al. 1996; 
Özyurt et al. 2020, 2022). The succession is further 
overlain by an Upper Cretaceous unit consisting of 
yellowish-coloured sandy limestones, red pelagic 
limestones containing globotruncanids, and locally 
interbedded siliciclastics with felsic tuff (Pelin 1977; 
Özyurt et al. 2023). The Hercynian basement and 
post-Hercynian volcano-sedimentary associations 
have been intruded by Eocene granitic rocks and 
are unconformably overlain by the Early Cenozoic 
volcano-sedimentary sequence (Karsli et al. 2010) 
(Figure 2).

3. Materials and methods

The Gümüşhane area of the Eastern Pontides hosts 
exemplary ARF strata and Fe-Mn oncoids (Figures 1 
(b) and (2)). The most prominent outcrops of oncoid- 
bearing strata are located in the Gökdere stratigraphic 
section (Figure 2). The section was thoroughly exam-
ined based on field observations and microfacies 
properties, as outlined in Kandemir and Yılmaz 
(2009). This stratigraphic section measured 22 metres, 
and the most representative 20 samples were col-
lected from the Ammonitico Rosso Formation (ARF) 
at stratigraphic intervals ranging from 30 to 100 cm. 
Additionally, 40 oncoid samples were collected from 
the upper levels of the studied section. 40 thin sec-
tions and 13 polished sections of the host rock and the 
Fe-Mn oncoids were prepared for petrographical ana-
lyses. For thin section preparation, the samples were 
initially cut into 2 × 3 cm dimensions. The sample sur-
face was then smoothed using abrasive powders of 
varying sizes and affixed to glass using epoxy. The 
sample surface was gradually abraded with powders 
of different sizes until reaching a thickness of 30 

Figure 2. Detailed stratigraphic section of Gümüşhane region and ARF strata in Gökdere area (modified from Kandemir and Yılmaz  
2009; Akkemik et al. 2022).
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microns. Thin sections were scrutinized under an 
Olympus BX51 bottom-illuminated research micro-
scope at Recep Tayyip Erdoğan University. For 
polished section preparation, samples were placed in 
a mould with a one-inch diameter and encased in 
epoxy. The sample surface was abraded using abrasive 
powders of different sizes to remove roughness gra-
dually. Finally, the surface was polished using alumi-
nium oxide powder. The polished samples were 
examined under an Olympus BX51top-illuminated 
research microscope at Recep Tayyip Erdoğan 
University. Analysis of the Fe-Mn oncoids, encompass-
ing the characterization of cortical structure, nucleus, 
and coat thickness, was performed on the most repre-
sentative oncoid samples. The mineral composition of 
the Fe-Mn crusts and coated grains was determined 
using X-ray diffractometry (XRD-RigakuSmartLab) and 
scanning electron microscopy (SEM-JeolJSM-6610) 
with back-scattered electron (BSE) imaging analysis. 
To ensure sample conductivity, all samples were initi-
ally coated with 99% pure gold (Au) using a coating 
device (Quorum brand, model SC-7620) in argon gas 
for 150 seconds, resulting in a coating thickness of 
approximately 200 angstroms. The surface morphol-
ogy of the coated samples was examined using 
a scanning electron microscope (JEOL brand, JSM 
6610 model) with an accelerating voltage of 15 kV 
under vacuum. Compositional analysis and elemental 
mapping were determined using energy dispersive 
X-ray spectroscopy (EDS) coupled with SEM (Oxford 
Instruments, Inca X-act). For the trace element ana-
lyses, the most representative thin sections and mir-
ror-image slabs of each thin section were meticulously 
polished to assess weathering and micro-fractures 
filled with calcite or clastic components, ensuring 
their exclusion during geochemical sampling. The cor-
tex of oncoids in each polished slab was sampled 
using a hand drill with micro-drilling techniques. 
Additionally, micritic orthochemical carbonate parti-
cles from the host rocks of each polished slab were 
sampled using a hand drill with micro-drilling techni-
ques for trace element analyses.

Additionally, the trace element composition of six 
samples, three from oncoids and the remaining from 
the host sediment, was analysed using an inductively 
coupled plasma-mass spectrometer (ICP-MS) at ACME 
laboratory in Canada. To ensure precision and accuracy, 
1 mL of an internal standard containing Bi, Sc, and In was 
added to the solution. For detailed information on these 
methods, please refer to the website http://acmelab. 
com. The detection limits for Ba, Ni, and Sc are 1, 20, 
and 1 ppm, respectively. Additionally, for Hf, Zr, Y, La, 

and Ce, the detection limits are 0.1 ppm, while for Th and 
Nd, they are 0.2 and 0.3 ppm, respectively. The detection 
limits for Tm, Tb, and Lu are 0.01 ppm; for Pr, Eu, and Hu, 
they are 0.02 ppm; for Er, it is 0.03 ppm; and for Sm, Gd, 
Dy, and Yb, they are 0.05 ppm. Additionally, [CeN/CeN *   
= CeN/(0.5LaN +0.5PrN); EuN/EuN *  = EuN/[(SmN ×  
0.67) + (TbN × 0.33)], where N refers to normalization to 
post-Archaean Australian Shale (PAAS-normalized value) 
(Taylor and McLennan 1985). These equations are used 
to express Eu and Ce anomalies in the studied samples 
(Bau and Dulski 1996; Shields and Stille 2001).

4. Results

4.1. Stratigraphy and sedimentology

The Gümüşhane region, from which our oncoids were 
collected, is known for its Early Jurassic carbonates 
referred to as ARF (Kandemir and Yılmaz 2009). These 
ARF are found in the lower portion of the Şenköy 
Formation, which is preserved in the Gümüşhane region 
(Kandemir 2004). The ARF passes upward to volcanic and 
volcaniclastic rocks, including volcanogenic sandstones, 
siltstones, tuffites, tuffs, pillow lava basalts, shales, and 
turbiditic sandstones. The ARF strata contain ammonites, 
brachiopods, bivalves, gastropods, belemnites, crinoids, 
and foraminiferas (Figure 2). Based on the benthic for-
aminiferal fauna, the age of the ARF is inferred to be 
Pliensbachian by Kandemir and Yılmaz (2009). This age is 
supported by the presence of four species of ammonites 
in the Gümüşhane-Bayburt regions (Alkaya and Meister  
1995). According to fossil determinations, the ARF is 
dated as Pliensbachian (Kandemir and Yılmaz 2009). 
The ARF in the Gümüşhane and Gökdere area can be 
classified into two major types: (a) nodular calcareous 
ARF and (b) marly ARF (Figure 2) (Kandemir and Yılmaz  
2009). These types differ from each other in terms of 
their structural and textural properties. Microbially- 
formed Fe-Mn oncoids have been observed in the 
marly ARF strata (Figure 2).

The marly ARF exhibit a distinct nodular appearance 
in outcrop due to the differential weathering of the red- 
brown nodules and the brick-red, clay-rich matrix 
(Figure 3(a-d)), distinguishing them from the nodular 
calcareous ARF strata. The marly ARF strata mainly con-
sists of wackestone and is particularly rich in ammonites 
and belemnites. In the Gökdere section, the upper level 
of the facies contains microbially-formed Fe-Mn oncoids 
associated with ammonites (Figures (2) and 3(e-f)). The 
investigated oncoids were previously interpreted as 
nodules (Kandemir 2004; Kandemir and Yılmaz 2009) 
but are now identified as oncoids for the first time in 
this study.
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4.2. Morphology and structure of oncoids

The oncoids range in size from 10 to 45 mm across (Figures 
3(b-d), 4(a-j), 5a). They exhibit brown, reddish, and metallic 
colours (Figure 3(e,f)). Most of the oncoids are discoidal in 
shape, with some also spherical. The oncoids consist of 
nuclei coated with irregular laminae (Figures 3(f) and 4(a- 
c)). The nuclei comprise bioclastic wackestones, which con-
tain ammonoid shells and moulds. These wackestones also 
contain a similar fossil assemblage, including thin-shelled 
ostracods, radiolarians, and sponge spicules, akin to their 
host rocks. Additionally, mollusc shell fragments and 
benthic foraminifera such as Involutina sp., Lenticulina sp., 
Frondicularia sp., and Nodosaria sp. are also present in their 
host rocks (Kandemir and Yılmaz 2009). Some oncoids, 
particularly the discoidal forms, exhibit multiple nuclei 

(Figure 4(b,c)). Additionally, Fe-Mn-coated echinoid frag-
ments and spines, as well as micro borings filled with Fe- 
Mn oxides, can be observed (Figure 4(e,f)). The macro 
oncoids, with an average size of 35 mm, consist of micro-
bial laminae that exhibit rhythmic growth (Figure 4(g-j)). 
The cortices of the oncoids predominantly consist of 
wrinkled bands and are composed of dark-red laminae, 
encrusting fossils (Figure 4(a-j)). The macro oncoids, with 
an average size of 35 mm, consist of microbial laminae that 
exhibit rhythmic growth (Figure 4(g-j)). The coating thick-
ness is less than 2 mm, and the shapes display an arbor-
escent to dendritic microstructure. Laminae exhibit 
irregular, random growth and can also produce micro-
scale-lobate growth forms resembling Type L as defined 
by Flügel (2004) (Figure 5(a)). Additionally, some parts of 

a b

c d

10mm

e f

Figure 3. a: Field view of the marly ARF strata in Gökdere, b: Close view of the marly ARF strata and nodules, c and d: Close view of the 
Fe-Mn oncoids in host sediments (diameter of the ring is 2 cm), e: Oncoids in Gökdere section, f: Cross-section of some oncoids (scale 
bar is mm).
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oncoids consist of micritic material, with laminae including 
or alternating with layers of recognizable encrusting micro-
fossils resembling Type 4 as defined by Flügel (2004) 
(Figure 5(b)). Although the specific genera of the encrust-
ing fossil are undetermined, they are also observed in 
arborescent morphologies on the coating. Various 

encrusting organisms have been found on the cortices’ 
surfaces and between specific laminae, with Serpulids? 
dominating in certain sections (Figure 5(b)). The coating 
ranges from 20 to 200 µm thick, forming densely packed 
accumulations mainly consisting of Serpulids? Aggregates. 
Additionally, this type of oncoid lacks well-defined 

d e f

a b c

g h j

Figure 4. Thin sections (a to c) and polished sections (d to j) of cortex and nuclei of oncoids.

Type L

Type 4 
Cortex

a

b

Cortex

Figure 5. a: Geometric types of oncoids, views of the sections, and SEM images (white arrows indicate different layers of the cortex). b: 
Types of laminae, including micritic laminae alternating with layers of recognizable encrusting microfossils, along with views of the 
sections and SEM images (white arrows indicate encrusting organisms) (Flügel 2004).
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lamination or the meshwork characterizing other types 
(Figure 5(b)) which are well-conforming with Type 4 
(Flügel 2004). Segmented filaments can be observed on 
the cortices of the oncoids through SEM analysis, allowing 
for the identification of filament webs with a cylindrical 
shape (Figure 6(a-f)). These structures closely resemble 
fungal hyphae by their shape.

4.3. Chemical and mineralogical composition of 
oncoids

The oncoid cortices are predominantly composed of 
hematite and manganite, as revealed by XRD analysis 

(Supplementary Figure S1). The core of the oncoid is 
represented by Ca-bearing minerals. The cortex of the 
studied oncoids is characterized by complex and vari-
able mineralogy that changes over short distances. 
Hematite, manganite, and quartz are the main 
mineral associations of the mineralized cortex. 
Different compositional zones (including enrichment 
in Si, Fe, and Ca, along with another trace element) 
within the mineralized cortex are also observed. 
Chemical and EDS analyses, as depicted in Figure 7, 
have conclusively demonstrated that iron predomi-
nates over manganese in the chemical composition 
of cortex.

Cortex

Cortex

Nuclei

a b

d e f

g h

c

Figure 6. a: SEM images of the cortex and nuclei from the surface of oncoids. b: SEM images showing microbial structures observed 
inside Fe-Mn oncoids. c-d-e: SEM images displaying filamentous structures observed on the surface of the Fe-Mn oncoids. f: Probable 
fungal spore or goethite microspherules observed in the cortex of an oncoid. g-h: SEM images showing filamentous and web-like 
structures observed on the surface of the Fe-Mn oncoid cortex.
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The trace and REE data are presented in 
Supplementary Table 1. The REE abundances (∑REE) in 
the samples range from 62.55 to 69.85 ppm (66.44 ppm 

average), which are higher values compared to the REE 
concentrations of belemnite samples (0.32 ppm to 0.54 
ppm) that were recorded in eastern Sakarya Zone. The 

Figure 7. a-c: The view of the cortex on the oncoid nucleus (white arrow shows serpulid? Tube section), d: The SEM view of the cortex 
and nuclei and selected EDS points to analysis, e-h: EDS analysis from different points of the cortex.
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average ∑REE contents in the oncoids (61.46 ppm) are 
significantly lower than those in the Post-Archaean 
Australian Shale (PAAS) (183 ppm; Taylor and 
McLennan 1985) and North American Shale Composite 
(NASC) (173 ppm; Boynton 1984). The La/Yb and Y/Ho 
ratios of the samples vary between 9.85 and 10.00, with 
an average of 9.92 and 28.54 and 31.60, with an average 
of 30.26, respectively. Their host rocks have relatively 
similar La/Yb (9.42 to 11.36, with an average of 10.30) 
and Y/Ho ratios (30.24 to 34.69, with an average of 
32.04). The normalized REE patterns exhibit light rare 
earth element (LREE) depletion relative to the heavy 
rare earth elements (HREEs) (average La/YbN of 0.62 
and mean Nd/YbN of 0.82). The oncoid samples show 
a positive La anomaly (average La*/La of 1.29), positive 
Eu anomaly (Eu/Eu* ranging from 1.23 to 1.27, with an 
average of 1.26), and a slightly flattened Ce anomaly (Ce/ 
Ce* ranging from 0.91 to 1.08, with an average of 0.99). 
Their host rock has distinct PAAS normalized patterns, 
including Ce/Ce* (average 1.12), Eu/Eu* (average 1.27), 
La/La* (average 1.18), La/YbN (0.70) and Nd/YbN (0.79).

The oncoid samples have relatively high redox-sensi-
tive trace elements including Mo (0.70 to 0.90, average 
of 0.77), Cu (6.80 to 8.70, average of 8.03), Ni (15.20 to 
17.40, with an average of 16.63), and Zn (20.00 to 22.00; 
ave. 21.00) compared to RSE of limestone samples that 
recorded in Eastern Pontides (Özyurt et al. 2020). Their 
host rocks have varied Mo (0.70 to 0.90, average of 0.77), 
Cu (3.60 to 5.60, average of 4.80), Ni (12.30 to 19.00, with 
average of 15.80), and Zn (18.00 to 23.00; with average 
20.67).

5. Discussion

5.1. Implications for paleogeographic conditions

The studied Fe-Mn oncoids are discovered in the Early 
Jurassic red nodular-marly ARF, representing condensed 
sedimentation in the Gümüşhane region. These nodules 
exhibit distinct petrographical features, including brown 
and black colouration, smooth and compact discoidal 
shapes, and dense structures with diameters ranging 
from a few millimetres to 5 centimetres. The cortex of 
the oncoids displays a unique morphology and dimen-
sions (Figure 7(a-c)). Filamentous bodies within the 
oncoids (Figure 6(a-e)) are likely mineralized bacterial 
cells, indicating their microbial origin. Gradzinski et al. 
(2004) discussed that the same SEM investigations have 
revealed the presence of microfilamentous or spongy 
networks that probably represent fossilized fungal 
mats, and the concretions are attributed to foraminif-
eral-fungal macrooncoids at Tatra Mountains, Poland. 
However, the precise identification of the microbe 

types is challenging due to the extensive mineralization 
of the microbial structures (Reolid and Nieto 2010).

Additionally, spherical bodies resembling fungal 
spores can be observed among the filaments 
(Figure 6f). However, these spherical objects are also 
identified as goethite microspherules within the cortex 
of ooids in ooidal ironstones by Kalinina et al. (2024). 
Segmented filaments resembling fungal hyphae are also 
present on the oncoid cortices, as observed through 
scanning electron microscopy (Figure 6(e-h)). The miner-
alization process is closely associated with the presence 
of benthic microbial communities (Figure 4(e,f)), includ-
ing fungal mats and other microbes (Figure 6(e,f)). 
Furthermore, the studied core of the oncoid exhibits 
associations with both benthic and planktonic fauna, 
most of which have mineralized coatings (Figure 4). 
This suggests that mineralization was controlled by 
syn-sedimentary processes at the water-sediment inter-
face. The oncoid’s irregular coating consists of laminae 
with varying thicknesses, ranging from millimetres to 
centimetres (Figures 3(e,f) and 4(d-f)). The coating dis-
plays an alternation of light and dark laminae, with 
minimal encrustation by microfossil (Figure 4(d-f)). The 
coating also exhibits a fibrillar meshwork, implying the 
presence of a Microcoleus mat signature. The filamen-
tous microstructures within the oncoids show a wide 
range of microspheres, indicating trichomonal arrange-
ments (Figure 6(a-f)). These observations are consistent 
with microboring in macro-oncoids, similar to the 
Jurassic Oncoid reported by Reolid and Nieto (2010). 
The petrographic characteristics of the oncoids provide 
compelling evidence for the synsedimentary consolida-
tion of the microbialite cortex (Reolid and Nieto 2010).

The distinct PAAS-n REE patterns observed in the 
studied oncoids and their host micritic rocks, character-
ized by the absence of a noticeable Ce anomaly but 
a positive Eu anomaly, imply the prevalence of slightly 
oxygen-deficient conditions during their formation and 
the deposition of the sedimentary host rocks (Özyurt et 
al. 2023; Özyurt and Kırmacı 2024). The specific forami-
nifera fossil assemblage found in the host rocks, such as 
Lenticulina sp. (Kandemir 2004) demonstrates adapta-
tion mechanisms for thriving in mildly reducing, oxy-
gen-restricted conditions, thus providing further 
support for these environmental conditions (Reolid 
et al. 2013). Additionally, an additional fossil resembling 
Serpulids (?) was also observed in Figure 7(a-c). In envir-
onments marked by unusual stress factors, serpulids 
have emerged as the predominant component of 
build-ups, as documented by various researchers 
(Palma and Angeleri 1992; Friebe 1994; Fornós et al.  
1997; Cirilli et al. 1999; among others). This dominance 
may occur in tandem with low oxygen levels or 
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eutrophic conditions (Reolid and Molina 2010). The iden-
tification of bacteria and fungi (Figure 6b-f) in the cortex 
can further reinforce the presence of dysaerobic condi-
tions. The association of encrusting fossils and microbial 
films, composed of cyanobacteria and fungi, observed 
under these conditions could be explained as evidence 
of a close symbiotic relationship between microbes and 
fossils, as suggested by Gradzinski et al. (2004) for micro-
bial-foraminiferal oncoids during the Toarcian period. 
Reolid and Nieto (2010) also proposed this type of asso-
ciation for Jurassic Fe-Mn macro-oncoid.

On the other hand, studies focusing on the Jurassic 
ferruginous oncoliths, which consist of chamosite miner-
als in subsurface layers, have proposed that chamosite, 
being unstable in the presence of free oxygen, requires 
a mildly reducing environment for its formation (Jones  
1984; Palmer and Wilson 1990). Therefore, based on our 
sedimentological and geochemical data from the Early 
Jurassic oncoids in the Eastern Pontides, it is probable 
that mildly reducing paleoenvironmental conditions 
have influenced the oncoid formation (Ghiorse and 
Ehrlich 1992; Konhauser 1998). However, it is important 
to note that the mildly oxygen-depleted conditions and 
element input were likely unstable, as evidenced by the 
complex and variable mineralogy observed in the cortex 
of the studied oncoids, which exhibits changes over 
short distances (Figure 7(d-h)).

Apart from the unstable oxygen level, other palaeo-
geographic conditions also influence the formation of 
the oncoids, although the role of paleoenvironmental 
conditions, including palaeo-depth in oncoid genera-
tion, remains a topic of debate (e.g. Preat et al. 2000; 
Gradzinski et al. 2004). Defined by Tucker and Wright 
(1990) as irregularly shaped coated grains exceeding 2  
mm in diameter, oncoids are predominantly associated 
with shallow-water environments, where they are 
formed by photosynthetic cyanobacteria and algae 
(Tucker and Wright 1990; Badenas and Aurell 2010; 
Olivier et al. 2011). Nonetheless, oncoids are also docu-
mented in deeper-water settings, where they are 
believed to originate from non-photosynthetic micro-
organisms such as bacteria and fungi, thriving in dim 
or light-deprived conditions (Gradzinski et al. 2004; 
Reolid and Nieto 2010; Reolid 2011). Conflicting reports 
exist regarding the palaeo-depth, with some suggest-
ing shallow water conditions based on the presence of 
phototrophic organisms (Santantonio 1993). 
Nevertheless, it should be noted that stromatolites, 
often used as depth indicators, cannot reliably deter-
mine palaeo-depth as Jurassic stromatolites have been 
documented in deeper marine environments charac-
terized by aphotic conditions (Böhm and Brachert  
1993). Additionally, both phototrophic and non- 

phototrophic organisms can contribute to the devel-
opment of micro-boring structures (Golubic et al.  
1984). In the eastern Sakarya Zone, the presence of 
benthic and planktonic fauna assemblages within the 
marly wackestone facies, where the oncoids occur, 
suggests a deepening of the basin (Özyurt et al. 2020; 
Kandemir et al. 2022). The core of the studied host 
rocks contains ammonite shells, most of which show 
little to no dissolution, indicating that the deposition 
likely did not extend much deeper than the aragonitic 
lysocline (e.g. Tyszka and Kaminski 1995; Preat et al.  
2000; Birkenmajer 2001; Jach and Starzec 2003; 
Gradzinski et al. 2004). The presence of endolithic bor-
ings in the studied oncoids suggests that they were 
formed in a depositional environment within the pho-
tic zone, where light penetration allowed for the colo-
nization of organisms that create borings.

Additionally, the classical interpretation posits that 
the rounded shape and concentric laminae of oncoids 
arise from frequent overturning induced by water tur-
bulence (Tucker and Wright 1990; Hägele et al. 2006). 
Consequently, the petrographic features of the ana-
lysed oncoids might indicate paleoenvironmental con-
ditions characterized by mild or intermittent agitation 
from time to time (Logan et al. 1964; Lencina et al.  
2023). These episodes of relatively higher energy lead-
ing to overturning phenomenon could facilitate micro-
bial growth on all sides (Figures 5, 7(a-c), 9(e)). 
Furthermore, the disturbance of re-working of the 
sediment on the subsurface of the basin by burrowing 
organisms may also contribute to the movement of 
oncoids (Massari and Dieni 1983; Gradzinski et al.  
2004). Similarly, the oncoids documented by 
Burkhalter (1995) in the Middle Jurassic formations 
(Jura Mountains in Switzerland) exhibit comparable 
characteristics, hosting a variety of encrusters, includ-
ing serpulids, along with other fossils, including fora-
minifers and calcisponges. These oncoids feature 
relatively large nuclei, potentially indicative of the 
occasional period of relatively higher energy levels 
during their formation (Burkhalter 1995; Gradzinski 
et al. 2004). In the eastern Sakarya Zone, similar petro-
graphical characteristics of the studied oncoids are 
observed (Figures 5, 7(a-c)). In addition, fossil assem-
blage and petrographic characteristics of the oncoids, 
along with the host rocks, indicate that a significant 
portion of the sediments was deposited in the shal-
lower part of the slope environment, possibly only 
a few hundred metres deep (Figure 9(d)).

The host rocks, composed of the ARF strata, are pro-
posed to have been deposited in tilted blocks, slopes, 
and horsts in pelagic environments (Kandemir and 
Yılmaz 2009). These facies resemble the widespread 
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Rosso Ammonitico facies in the Jurassic Tethyan region 
(Jenkyns 1975; Cecca et al. 1992; Barquero et al. 2021). 
Previous studies have often interpreted these facies as 
being deposited in the slopes of pelagic carbonate plat-
forms (Gradzinski et al. 2004; Preat et al. 2006; Kandemir 
and Yılmaz 2009; Reolid and Nieto 2010). This interpreta-
tion is consistent with the observations in the current 
case, where the limestones transition laterally to dark 
grey marls and shale that were probably deposited in an 
oxygen-depleted basin. The presence of these different 
lithologies indicates a dynamic depositional environ-
ment characterized by fluctuating hydrological regimes, 
oxygen levels, element supply, and seawater saturation 
of specific elements.

Nevertheless, the sedimentary setting of the Eastern 
Pontides corresponds to seamounts or pelagic isolated 
platforms during the Early Jurassic (Figure 9(c,d)). The 
distinct paleoenvironmental conditions can result in 
a considerable drop in terrigenous influx and reduced 
sedimentation, which may provide conditions for micro-
bially mediated authigenesis. The presence of biofilm 
development (Figures 6(a-e) and 7(a-d)), which contri-
butes to the growth of the oncoids, suggests a slow sedi-
mentation rate during the deposition of the host 
sediment (Gradzinski et al. 2004; Reolid et al. 2005; Zatoń 
et al. 2012). Similarly, sediment-starved conditions are 
frequently associated with bacterial stromatolites and 
sessile foraminifers (Jenkyns 1970; Ballarini et al. 1994; 
Dromart et al. 1994; Jiang et al. 2019). Similar microbial 
features, resembling microbialites or oncoids, have been 
associated with algae, different types of bacteria, and 
fungi, potentially forming symbiotic relationships 
(Gradzinski et al. 2004; Lindskog 2014). Despite differences 
in the cortical fabrics observed in the studied oncoids, it is 
likely that they were all produced by a similar group of 
organisms, similar to the formation of stromatolites. 
Although the presence of these oncoids and their distinc-
tive characteristics offers insights into the depositional 
environment and processes during their formation in 
the Eastern Pontides Basin, further research is necessary 
to gain a deeper understanding of the underlying 
mechanisms and microbial mediation involved under 
these paleochemical conditions. Investigating their signif-
icance within the broader geological context will provide 
valuable insights into the paleoenvironmental conditions, 
the availability of element flux (Fe and Mn), seawater 
saturation, and microbial mediation.

5.2. Background controls, possible Fe-Mn source, 
and stratigraphic importance of the Fe-Mn oncoids

The background controls for the formation of Fe-Mn 
macro-oncoids are influenced by a combination of 

various factors, including the specific environmental 
conditions, the availability of dissolved Fe and Mn in 
the water column, microbial activity, and physicochem-
ical conditions (e.g. Jenkyns 1970; Vera and 
Martín-Algarra 2012; Pomoni-Papaioannou 1994; 
Burkhalter 1995; Preat et al. 2000; Salama et al. 2013; 
Reolid and Abad 2019). The availability of iron and man-
ganese in the surrounding environment is a key factor in 
the formation of Fe-Mn macro-oncoids along with other 
occurrences such as mineralized coatings and crusts (e.g. 
Preat et al. 2000; Reolid and Nieto 2010; Reolid and Abad  
2019; Han et al. 2015). However, their source elements 
are subject to ongoing debate, with several propositions 
explaining their petrogenesis. These include submarine 
volcanic activity and/or hydrothermal input (Sturesson 
et al. 2000; Garcia-Frank et al. 2012) or continental run- 
off processes (Palmer and Wilson 1990; Gradzinski et al.  
2004; Andreeva and Chatalov 2010; Han et al. 2015).

The inflow of continental weathering serves as 
a source of transition metal elements, including Fe and 
Mn (Gradzinski et al. 2004; Özyurt, 2023). This interpreta-
tion effectively accounts for the metal element supply 
for oncoids found in various ironstone deposits located 
near extensive land masses in England and France 
(Gatrall et al. 1972; Palmer and Wilson 1990). Similarly, 
the genesis of chamosite from Middle Jurassic ooidal 
ironstones (southern Tibet) has been linked to intensi-
fied continental weathering and erosion, resulting in 
heightened iron influx into the ocean during transgres-
sive phases marked by reduced sedimentation rates and 
limited oxygenation at the basin surface (Han et al.  
2015).

During the Pliensbachian, a significant deepening event 
in the marine environment is well-documented across var-
ious parts of the Tethys Realms (Hallam 1981, 2001; 
Hesselbo and Jenkyns 1998). A similar transgressive period 
is marked by the deposition of the ARF in the Eastern 
Pontides (Kandemir and Yılmaz 2009). The high relative 
sea levels during this period resulted in a considerable 
portion of land being submerged, thereby limiting the 
extent of emergent landmasses. Consequently, the hinter-
land available for weathering processes could have been 
comparatively reduced. Therefore, it is questionable to 
infer that there was adequate land surrounding basins to 
sustain weathering processes and supply trace elements to 
the Eastern Pontides Basin. Likewise, certain regions in the 
Western Carpathians have proposed to be emerged during 
the Early Jurassic period; their relatively small land area 
suggests they likely did not supply sufficient elements 
(Gradzinski et al. 2004). Similarly, the limited influx of ter-
restrial material alongside the presence of ferruginous 
occurrences has been proposed as a potential alternative 
source of metals (Kalinina et al. 2024). The possible 
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seawater saturation with metals has been attributed to the 
dissolution of unstable mineral phases from the continent 
and the potential influence of hydrothermal solutions in 
the northwestern Caucasus (Kalinina et al. 2024)

On the other hand, Lower Jurassic ferromanganese 
crusts, possessing a chemical composition akin to the 
discussed oncoids, are attributed to vent activity 
(Böhm et al. 1999). Modern marine Fe-Mn sediments, 
particularly iron dominating over manganese, are also 
recorded near submarine hydrothermal vents (Toth  
1980Todd et al. 2019). Similarly, hydrothermal solu-
tions resulting from rift-related volcanism have been 
proposed as potential contributors to the formation 
of Jurassic Fe-Mn occurrences, including mineralized 
coatings, ooids, crusts, and oncoids in various Tethys 
Realms. These Jurassic Fe-Mn occurrences, commonly 
associated with condensed sediments, are widespread 
across the Western Tethyan Realm, extending from 
Spain (Reolid and Nieto 2010), northwestern Sicily 
(Scopellito and Rusco 2021), France (Corbin et al.  
2000; Preat et al. 2000), and northwest Slovenia 
(Šmuc and Rožič 2010), to the Carpathians (Rojkovič 
et al. 2003; Gradzinski et al. 2004). Similar Fe-Mn 
occurrences are also recorded in the Eastern 
Tethyan Realm, extending from southern Tibet (Han 
et al. 2015), the Caucasus (Kalinina et al. 2024), to 
Anatolia (Delikan and Orhan 2020). According to 
these studies, the substantial sources of Fe and Mn 
can likely be linked to intense syn-sedimentary tec-
tonic activity coinciding with the rifting period or 
onset of spreading in different parts of the Tethys 
Ocean.

In the Eastern Pontides, the studied oncoids are 
hosted in ARF strata that are intercalated with thin- 
layered volcanic rocks (Kandemir 2004). Thus, the inter-
calation of ARF strata with thin volcanic rocks can pro-
vide important evidence of any volcanic event within the 
contemporaneous sediments. Additionally, silica enrich-
ment in the cortex layer of the studied oncoid is 
observed (Supp. File XRD), which can be regarded as 
evidence of a hydrothermal origin. However, extremely 
high Ba and Sr contents are reported in such hydrother-
mal environments (e.g. Usui et al. 1997; Reolid and 
Martínez-Ruiz 2012). The oncoids in ARF strata had rela-
tively lower Ba and Sr contents than those of Fe-Mn 
crusts in hydrothermal environments (Supplementary 
Table 1).

The oncoids are situated within the area linked to the 
Hydrothermal area, as evidenced by the discrimination 
diagram involving Ni, Co, and Zn (Figure 8a), indicating 
a hydrothermal source. Both the Ce/CeN versus Nd and Y/ 
HoN discrimination diagrams (Figure 8b,c) show that the 
oncoids and host rocks are situated in a region associated 

with hydrothermal Fe and Mn deposits (Alexander et al.  
2008; Bau et al. 2014). Their Eu/Sm ratios, which fall 
between seawater and hydrothermal fluids, may serve as 
confirmation of hydrothermal influence (Figure 8d). In the 
Y/Ho versus Sm/Yb and Eu/Sm diagrams (Figure 8e,f), both 
the oncoids and host rocks plot within an area which is 
indicative of hydrothermal fluid influence (Alexander et al.  
2008; Özyurt et al. 2020). Additionally, they exhibit high 
Eu/Eu* values (corresponding to the positive Eu anomaly), 
suggesting a slight hydrothermal input to the ambient 
seawater during their formation. Furthermore, the studied 
samples exhibit high Ce* and Eu* values, suggesting 
a potential influence of hydrothermal activity on their 
formation. However, they show relatively low Sm/Yb, Y/ 
Ho, Eu/Sm, Nd/YbN, and La/Yb values (Figure 8d-f), indi-
cating a limited contribution from hydrothermal sources 
to the surrounding seawater (Özyurt et al. 2020, 2024).

In accordance with the findings of these studies 
(Kandemir and Yılmaz 2009), the substantial accumulation 
of iron (Fe) and manganese (Mn) during this period 
appears to be linked to heightened syn-sedimentary tec-
tonic activity, coinciding with the onset of spreading in the 
Eastern sector of the Tethys Ocean. Rift-related volcanism 
may occasionally provide hydrothermal solutions, and 
these processes likely introduced Fe, Mn, trace elements, 
and REE into seawater. The saturation of metals in sea-
water can promote the formation of these oncoids. The 
processes might have been repeated several times, inter-
rupting the mineralization in the context. This is evidenced 
by the oncoid’s cortex exhibiting a diverse chemical com-
position (Figures 6a-h and 7e-h). Thus, the studied Fe-Mn 
oncoids might have been formed in a tectonically active 
basin where extensional tectonic movements continu-
ously affected paleoenvironmental conditions (Kandemir 
and Yılmaz 2009).

On the other perspective, similar macro-oncoids 
resembling microfilamentous or spongy networks, 
possibly representing fossilized fungal mats, have 
been documented in a different part of the Jurassic 
Tethys (e.g. Tyszka and Kaminski 1995; Gradzinski 
et al. 2004; Reolid and Nieto 2010). These oncoid- 
bearing layers are located below the radiolarites in 
that particular Jurassic Tethyan region. In the study 
area, the studied section displays typical characteris-
tics of a transgressive sequence, including a fining- 
upward trend, an increase in the amount of clay 
matrix towards the top of the sequence, a gradual 
decrease in shallow-water forms, and an abundance 
of radiolarians in the nodular marly facies located at 
the uppermost part of the section (Kandemir and 
Yılmaz 2009). Additionally, the oncoid-bearing layers 
in the studied section are located at the upper part, 
just below the marly facies (Kandemir and Yılmaz  
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2009). The similar stratigraphic position of the oncoid- 
bearing layers and the presence of similar oncoids 
with comparable petrochemical characteristics in 

both the eastern and western parts of the Tethyan 
basin highlights their palaeogeographic and strati-
graphic significance.

Figure 8. Plots of the Eu/Sm vs. Sm/Yb (a); Sm/Yb vs. Y/Ho ((b); Eu/Sm vs. Y/Ho (c); Zn–Co–Ni(d) Nd vs Ce/Ce* (e) (Y/ho)n vs. Ce/Ce* (f). 
The diagrams displaying end member-component mixing (a, b, c) are adapted from Alexander et al. (2008), Özyurt et al. (2020), and 
references therein. The ternary discrimination diagram (d) is based on Choi and Hariya (1992), Khan et al. (2020), and references 
therein. The bivariate discrimination diagrams (e, f) follow the approach outlined by Bau et al. (2014).
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Figure 9. a: Global palaeographic reconstruction of the Earth in the Early Jurassic period (1: This study, 2: Gradzinski et al. 2004, 3; 
Cronan et al. 1991, 4; Böhm et al. 1999, 5; Preto et al. 2017; the reconstruct map from Scotese, 2021); b: Detailed palaeographic map of 
the eastern Sakarya Zone (from Şengör and Yilmaz 1981); c-d: Palaeogeographic position of the studied basins at Late Triassic-Early 
Jurassic time span from (Kandemir et al. 2022); e: Sequence of evolution of the nodules (1- growth of microbes (m) and encrusting 
processes on a hardground (hg); 2- deposition of pelagic sediment and burial of microbial and encrusting processes; 3- formation of 
clasts by burrowing and/or currents; 4- encrustation of isolated clasts and and rolling under currents; 5- development of microbial 
lamination and encrusting processes; 6- renewed growth of microbes (m) and encrusting organisms on the oncoid, modified from 
Flügel (2004).
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5.3. Implications for interplay of distinct paleoenvi 
ronmental conditions and tectono-sedimentary 
evolution of the eastern Sakarya Zone

The geotectonic evolution of the eastern Sakarya Zone 
in NE Turkey, situated within the Alp orogenesis belt, has 
been debated. Researchers have proposed two contrast-
ing views. One perspective suggests that the eastern 
Sakarya Zone was part of Gondwana’s northern margin, 
facing the Paleotethys during the Late Paleozoic (Şengör 
et al. 1980; Görür et al. 1983; Yılmaz et al. 1997; Dokuz 
et al. 2017; Karsli et al. 2017). This view indicates the 
southward subduction of the Paleotethys from the 
Permian to the middle Jurassic, leading to the opening 
of Neotethyan oceanic basins south of the Cimmeria 
continent and behind Gondwana’s northern margin 
(Şengör 1979; Şengör et al. 2023). The Middle Jurassic 
witnessed the collision of the southern margin of 
Laurasia with the eastern Sakarya Zone, with Neo- 
Tethys Ocean remaining in the Tethyan realm (Şengör  
1984) and collision-related granites in Artvin area (Dokuz 
et al. 2010). On the other hand, an alternative model 
proposes that the Pontides were located at the southern 
margin of Laurasia, facing the Tethyan Ocean in the 
south (Robertson and Dixon 1984; Robinson et al. 1995; 
Okay and Sahinturk 1997; Okay 2000). This view suggests 
an Andean-type margin for the southern margin of 
Laurasia (Pontides), with Paleotethys subduction occur-
ring from the late Palaeozoic to Palaeocene, eventually 
leading to the collision of the eastern Sakarya Zone with 
the Anatolide-Tauride Block during the Paleocene (Okay  
2000).

Both conflicting models proposed implications for the 
rift-related- deposition of the Early-Middle Jurassic vol-
cano-sedimentary successions in the eastern Sakarya 
Zone. This topic has been extensively discussed by 
numerous researchers, focusing on the Early Jurassic 
rifting throughout the region for decades (Şengör and 
Yilmaz 1981; Görür et al. 1983; Yılmaz et al. 1997; Koçyiğit 
and Altıner 2002; Yilmaz and Kandemir 2006; Dokuz et al.  
2017; Dokuz and Sünnetçi 2019). Recently, Karsli et al. 
(2017) and Dokuz and Sünnetçi (2019) have reported 
early Jurassic acidic magmatic rocks in the eastern 
Sakarya Zone, suggesting a back-arc setting during the 
southward subduction of the Paleotethys oceanic litho-
sphere, which likely contributed to the generation of 
early Jurassic magmatic rocks. More recently, Kandemir 
et al. (2022) proposed that the Lower Jurassic sandstone 
succession likely marks the transition from a rifted to 
a passive margin. The rifting process has been proposed 
to be initiated in the southern margin of the arc, leading 
to the formation of an intra-arc rift parallel to the con-
tinental margin, together with the development of the 

Neotethyan basin to the south (Şengör and Yilmaz 1981; 
Şen 2007; Dokuz and Sünnetçi 2019; Kandemir et al.  
2022). The studied oncoids are hosted in the 
Ammonitico Rosso type carbonates, which overlie the 
sandstone succession in the studied measured section 
and the other localities in the eastern Sakarya Zone 
(Figure 2). Kandemir and Yılmaz (2009) indicate that 
these carbonates were developed during the rifting of 
the continental margins, exhibiting the phases of the 
Tethys opening (Figure 9a-c). This study also notes that 
the deposition was controlled by the syn-depositional 
tectonic regime, and the carbonates accumulated on 
tilted block tops, slopes, and horsts in an open marine 
environment (Figure 9d).

Similarly, Kandemir (2004) also describes that 
Neptunian dykes formed at the different levels of 
the Ammonitico Rosso type carbonates were filled 
with overlying sediments and also provide evidence 
that the extensional tectonic movements continu-
ously influence the basin during the sedimentation 
of the carbonates. This extension must be developed 
in a back-arc environment during the early Jurassic 
(Figure 9a-d). As the basin gradually deepened and 
the tectonic activity possibly decreased, it created 
a favourable environment for the deposition of the 
last part of Ammonitico Rosso facies and overlying 
shales, which are abundantly represented in the 
upper part of the Lower Jurassic successions. This 
suggests a dynamic sedimentary evolution with dis-
tinct environmental conditions that triggered the for-
mation of Fe-Mn oncoids in the region.

On the other hand, Fe and Mn influx are generally 
associated with hydrothermal plumes located on mid- 
oceanic ridge flanks (German et al. 1990; Edmonds and 
Edmond 1995; Corbin et al. 2000), exerting their influ-
ence over several hundred kilometres on each side of 
the ridge. In addition, former studies (Gerard and Person  
1994; Preat et al. 2000; Corbin et al. 2000; Gradzinski et al.  
2004; Reolid and Nieto 2010; Scopellito and Rusco 2021; 
Han et al. 2023; Kalinina et al. 2024) have demonstrated 
that possible hydrothermal circulations related to syn- 
rift fault systems could contribute noticeably to the ele-
ment supplies in seawater. In the eastern Sakarya Zone, 
the occasional syn-depositional extensional movement 
might have provided hydrothermal fluid input to marine 
environments, leading to enrichment in saturation of 
metals in seawater. Under these circumstances, the 
oncoids were formed through the meditation of micro-
bial organisms (bacteria and fungi?) and encrusting fos-
sils, along with the deposition of host rock with 
foraminifers containing benthic and planktonic associa-
tion Figures 3(e,f), 4(d-f), and 6(b-f).
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In addition, Delikan and Orhan (2020) have con-
ducted a study on pelagic carbonates in the vicinity of 
Ankara in central Anatolia. They have proposed that 
a pelagic carbonate platform was deposited in a basin 
affected by synsedimentary faulting, leading to the for-
mation of condensed, nodular, pelagic oolitic-ammonitic 
limestones in open-marine environments. The Early- 
Middle Jurassic sequences in the region pass upward 
into thick-bedded, shallow marine oolitic limestone, spe-
cifically of Callovian age, known as the Berdiga 
Formation (Pelin 1977). In the eastern Sakarya Zone, 
the Senköy Formation is known to be conformably over-
laid by platform carbonates of the Berdiga Formation 
(Pelin 1977). Throughout the early Cretaceous, carbo-
nate sedimentation dominates in the basin (Pelin 1977; 
Özyurt et al. 2019a, 2019b, 2019c, 2020, 2022, 2023, our 
unpublished data), which would be challenging to 
explain without any clastic input in a foreland basin 
over a subduction zone. Conversely, such depositions 
are more feasible on the passive margin of a marginal 
basin (Figure 9). In another study on the eastern Sakarya 
Zone, Dokuz et al. (2017) suggested that the presence of 
basaltic sills within the formation indicates back-arc 
extension in the south, which eventually led to the 
break-up of the arc in the North.

More recently, Azizi et al. (2023) have presented 
a comprehensive correlation between Early to Middle 
Jurassic magmatism and sedimentation in Iran and 
Turkey and have proposed the region experienced an 
extensional tectonic regime during this time, forming 
a continental rift that later evolved into a passive margin 
on the southwestern margin of Eurasia. The sedimento-
logical pieces of evidence for the opening history of the 
northern branch of the Neo-Tethys and its early Jurassic- 
Aptian evolution have been previously documented by 
Görür et al. (1983). Then, a line parallel to the magmatic 
arc in the north has been described as the North 
Anatolian Paleorift (NAPR) line by Koçyiğit and Altıner 
(2002). It is also interpreted as a south-facing passive 
continental margin of the northern Neotethys (e.g. 
Azizi et al. 2018; Azizi and Stern 2019; Nouri et al.  
2023). Combined with our sedimentological data and 
previous research, these observations suggest 
a dynamic evolution of the basin in the eastern Sakarya 
Zone, influencing changes in paleoenvironmental con-
ditions and shaping sedimentary processes. The com-
plex function of these sedimentary factors has led to 
the generation of Fe-Mn oncoids over time (Figure 9e).

6. Conclusions

Based on detailed sedimentological and geochemical 
analyses of the oncoids in the Early Jurassic 

(Pliensbachian) ARF strata of the eastern Sakarya Zone 
(NE Turkey), specific paleoenvironmental conditions can 
be inferred, characterized by submarine topographic 
highs or isolated pelagic platforms. These conditions 
entail prolonged seafloor exposure, slow sedimentation 
rates, fluctuating oxygen levels, and hydrologic regime 
(a mildly agitated to stable), along with the presence of 
iron (Fe) and other metals and REE. These conditions 
probably create an environment conducive to the devel-
opment of hardgrounds and the formation of oncoids, 
with several key points that can be concluded:

(1) The oncoids, varying in size from 10 to over 45 mm, 
display a spectrum of colours, including brown, 
reddish, and metallic hues, and typically exhibit 
a discoidal shape, occasionally spherical. Their 
nuclei, composed of bioclastic wackestones con-
taining remnants of ammonoid shells, may include 
multiple nuclei in certain discoidal forms. The cor-
tex of the oncoids is characterized by wrinkled 
bands displaying micritic laminae, often with fila-
mentous bodies, and sporadically encrusted with 
microfossils. In the cortex, iron predominates over 
manganese, with significant compositional varia-
tions, particularly enriched in Si, Fe, and Ca.

(2) These oncoids align predominantly with the plot 
associated with hydrothermal Fe and Mn sedi-
ments, as indicated by discrimination diagrams 
involving Ni, Co, Zn, and plots of Ce/Ce* vs. Y/ 
HoN and Nd contents, suggesting a hydrothermal 
origin. Additionally, their REE chemistry exhibits 
distinct Y/Ho, Sm/Yb, Ce/Ce, and Nd values, sug-
gesting the influence of seawater mixing with 
hydrothermal fluids. However, they show rela-
tively low Sm/Yb, Y/Ho, Eu/Sm, Nd/YbN, and La/ 
Yb values, suggesting a limited contribution from 
hydrothermal sources to the surrounding sea-
water. Syn-depositional extensional movements 
likely facilitated the input of hydrothermal fluids 
into marine environments, contributing to the 
specific element saturation of seawater. In such 
environments, the genesis of oncoids is shaped by 
a complex interplay of sedimentary factors, 
including the availability of metal sources, prevail-
ing dynamic paleoenvironmental conditions, and 
the presence of microbial organisms.

(3) The occurrence of oncoid-bearing layers at con-
sistent stratigraphic positions, coupled with the 
presence of similar oncoids exhibiting compar-
able petrographic characteristics across both the 
eastern and western regions of the Tethyan basin, 
underscores their profound implications for 
palaeogeography and stratigraphy.
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