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A B S T R A C T

The distinctive microlaminated Nicola bed marks the base of the Quaternary System at the type locality of Monte 
San Nicola in southern Sicily. We have analysed a sediment block that traverses the Nicola bed at the Mandorlo 
section located ~400 m WNW of the GSSP. Primary sedimentological and ichnofabric analysis of the polished 
surface combined with X-ray computed tomography (CT) reveals changes in dissolved bottom water oxygen 
levels before, during and after deposition of the Nicola bed, beginning with a progressive but rapid transition to 
anoxia at its onset. A more gradual recovery to oxygenated conditions followed Nicola bed deposition. Planktonic 
foraminifera are recognised by X-ray CT as either empty or infilled near-spherical voids, and the individual 
volume (≈size) is estimated for each test in addition to its position in the sediment block. Pronounced forami
niferal abundance peaks through the Nicola bed, with a frequency of hundreds of years, suggest (quasi-)cyclical 
changes in the mixed layer of the water column, thereby implicating either high-frequency oscillations within the 
climate system or the long-term modulation of solar cycles. This is the first study to explore the distribution of 
foraminiferal tests through a sediment block using X-ray CT, revealing its potential as an inexpensive non- 
destructive method for the quantitative study of microfossils at extremely high stratigraphic resolution.

1. Introduction

X-ray computed tomography (CT) is becoming increasingly used in 
medical studies as a non-destructive technique allowing the detailed 
three-dimensional visualisation of internal structures (Withers et al., 
2021). This method has been applied successfully also in the Earth sci
ences (e.g., Mees et al., 2003; Tanaka et al., 2011; Tonai et al., 2019; 
Dorador et al., 2020; Withers et al., 2021; Radmacher et al., 2023) as it 
can determine variations in sediment type based on density and atomic 
composition. Here for the first time we apply X-ray CT to explore the 
distribution and density of empty and infilled foraminiferal tests within 
the microlaminated Nicola bed from Monte San Nicola, Sicily, Italy, at 
the type area of the Gelasian Stage, Lower Pleistocene Subseries, 

Pleistocene Series, and Quaternary System (Rio et al., 1998; Gibbard and 
Head, 2010; Head et al., 2021). The Global boundary Stratotype Section 
and Point (GSSP) is placed at the base of marly sediment overlying the 
Nicola bed (Rio et al., 1994, 1998). Block G6, a rock block spanning the 
Nicola bed, was collected in 2022 from the Mandorlo section (Mandorlo 
= ‘almond tree’), located about 400 m WNW of the GSSP (see Rad
macher et al., 2023; Fig. 1). This block is the focus of the present study.

Block G6 comprises the Nicola bed and adjacent marly sediments. It 
contains abundant foraminiferal tests, some empty and others infilled 
with iron oxides and hydroxides resulting from the oxidation of pyrite. 
Marine sediments deposited within an iron-rich water column generally 
contain various iron compounds that decay by sulfate reduction to form 
pyrite. In anoxic to dysoxic conditions, pyrite can form from dissolved 
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Fig. 1. Monte San Nicola, southern Sicily, Italy; type area for the base of the Gelasian Stage, Lower Pleistocene Subseries, Pleistocene Series and Quaternary System. 
(a) in Google Earth view, showing the location of blocks G1–4 at the GSSP site (Radmacher et al., 2023, positions adjusted for GSSP and G1–4), and blocks G5–6 at 
the Mandorlo site (this study). P1–3 indicate improvised parking for four-wheel drive vehicles, solid lines show tracks and improvised routes leading from the main 
roads, and dotted lines show routes by foot. (b) profile viewed from the south, showing position of the collected blocks G5–G6 near the base of the Mandorlo section 
of Capraro et al. (2022); photograph taken in May 2024. The Nicola bed (A5) is the highest and most prominent bed in eccentricity cluster A of Verhallen (1987), a 
distinctive set of six precession-related beds (as shown here) labelled at Monte San Nicola from base to top A1, A2, A3, A4/5 and A5 (see Radmacher et al., 2023).
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sulphide, produced by microbial sulfate reduction, reacting with detrital 
iron-bearing minerals (Raiswell et al., 1998). Pyrite often replaces 
organic material and carbonate skeletons during burial but may also 
precipitate within the voids of structures during transport through the 
oxygen-depleted water column (Bąk and Sawłowicz, 2000). It can adopt 
various forms, including framboids (pyrite spherules) that are common 
within the carbonate skeletons and tests of various organisms, including 
foraminifera. Iron oxides and hydroxides produced by the subsequent 
alteration of pyrite have higher density than clay (~1.6–2.6 g/cm3), so 
empty and infilled foraminiferal tests are easily distinguished by X-ray 
CT which is sensitive to object densities. Tests infilled with iron com
pounds are shown as light in shading, whereas less dense, empty tests 
appear dark (Radmacher et al., 2023). Owing to these simple differ
ences, X-ray CT allows foraminiferal test densities and distributions to 
be imaged and enumerated in-situ and non-destructively throughout a 
sediment block, providing information that cannot be obtained from the 
observation of surface sections alone.

Here we highlight the strengths of X-ray CT for non-destructive 
sedimentological and micropaleontological analyses. This study is the 
first to elucidate depositional conditions within a sedimentary basin 
through a detailed numerical record of foraminiferal tests using X-ray 
CT.

2. Geographical and geological settings

Located within the sedimentary Caltanissetta Basin, Monte San 
Nicola lies about 10 km NNW of the city of Gela (as also spelled in 
ancient Greek) in southern Sicily (fig. 1 in Radmacher et al., 2023), from 
which the Gelasian Stage is ultimately named. The Mandorlo section 
(Capraro et al., 2022; Radmacher et al., 2023; Fig. 2) is located within 
the Monte San Nicola badlands, the steep, rapidly eroding and sparsely 
vegetated southern slope of Monte San Nicola. It lies ~400 m WNW of 
the GSSP for the Gelasian Stage (fig. 3 in Radmacher et al., 2023) which 
defines the Pliocene–Pleistocene (Neogene–Quaternary) boundary 
dated at ~2.58 Ma. The studied interval is represented by a 
41.0-cm-long block, labelled G6, that comprises the Nicola bed and 
adjacent marly sediment. The Nicola bed is a reddish-brown clay-rich 
microlaminated layer that lies within lighter-colored deposits of the 

Monte Narbonne Formation (Rio et al., 1998) which are characterised 
by regular alternations of darker marls and lighter marly limestones 
(Fig. 1b). The Nicola bed (A5) is the highest in a cluster of six darker 
beds, A1, A2, A3, A4, A4/5 and A5, that correspond to 
precession-related cyclicity (Hilgen, 1991) within eccentricity cluster A 
of Verhallen (1987; figs. 3 and 6 in Radmacher et al., 2023; Fig. 1b). 
These beds record eastern Mediterranean monsoon-dependent African 
run-off forced by precession-induced wet–dry North African climate 
phases (e.g. Rohling et al., 2015; Addante et al., 2024).

The Nicola bed is an exceptional regional marker for the base of the 
Quaternary because it is the most thickly microlaminated and conspic
uous of the six darker beds within eccentricity cluster A. This bed has 
been assigned to Mediterranean Precession-Related Cycle (MPRC) 250 
of Hilgen (1991) with an astronomically dated midpoint age of 2.588 Ma 
(Lourens et al., 1996, 2005; Head et al., 2021), and aligns with inter
glacial Marine Isotope Stage (MIS) 103 which contributes to its pro
nounced expression. The Gauss–Matuyama paleomagnetic reversal lies 
within MIS 103 and therefore approximates the position of the Nicola 
bed worldwide (Head et al., 2021).

3. Material and methods

Two blocks of the Nicola bed were used in the present study, block 
G1 from the near the GSSP as described by Radmacher et al. (2023) and 
block G6 from the Mandorlo section which is the focus of this study. 
Block G1 was used only to determine the chemical and mineralogical 
composition of the Nicola bed, and the nature of the foraminiferal infill, 
and to confirm some features from its polished surface.

3.1. Microprobe analysis and foraminiferal imaging

Two dry-polished samples from block G1, sample 1 from 0 to 2.5 cm 
(zone IIa) and sample 2 from 14.5 to 17 cm (zone IIa/IIb) above the base 
of the Nicola bed respectively, were examined using a JEOL JXA-8230 
electron probe microanalyzer at the AGH-KGHM Laboratory of Critical 
Elements in the Faculty of Geology, Geophysics and Environmental 
Protection, AGH University, Kraków. The microprobe was operated in 
the energy dispersive spectrometry (EDS) mode using a silicon-drift 

Fig. 2. The gulley representing the Mandorlo section at Monte San Nicola, viewed from the south. Using a rock saw, block G6 was cut from near the base of this 
section across the Nicola bed. Just to the left is a small fault with a displacement of ~2 m. Note the weathered surface requiring removal. Photograph taken in 
May 2022.
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detector (SDD) and 15 kV acceleration voltage with a 5 nA beam current. 
The acquisition time for EDS measurements was set at 60 s. The scanning 
electron microscope (SEM) photomicrographs are based on back
scattered electrons (BSE).

3.2. Collection and preparation of block G6 including CT scanning

Block G6 was collected from near the base of the Mandorlo section in 
May 2022 (Figs. 1 and 2) at 37◦08′52.66″N, 14◦12′02.67″E. Using a rock 

Fig. 3. Field and laboratory preparation of block G6 taken from the Nicola bed near the base of the Mandorlo section, Monte San Nicola in 2022 (Fig. 2) for X-ray CT 
scanning and other analyses. Resin numbers refer to table 1 of Radmacher et al. (2023). After the freshly exposed and cleaned outcrop had been coated with resin no. 
1 and allowed to dry, thereby stabilizing the surface, block G6 was cut from the outcrop (a) using a gasoline rock saw. The released block (b) was coated with 
additional resin no. 1 to stabilize it prior to transport. In the laboratory, the block was placed in a plastic container (d) and fully immersed in resin no. 2. The 
resin-encased block (e) was then cut using an automated rock saw (c) into two halves. The working half was fully subsampled for further analyses. The archive half 
was used for the 3D CT scan, and will be displayed at the Geological Museum IGS, PAS, Kraków. An additional 1-cm-thick slab of the archive half was cut and 
polished for further analyses; (f) surface of archive half after sawing, with edges protected by high-temperature vulcanized (HTV) silicone rubber for application of 
(g) 1–2 mm of transparent resin no. 2; (h) surface of the 1-cm-thick slab of the archive half after sawing, and (i) following polishing for detailed analysis of sedi
mentary structures and ichnofabrics. Dry sawing and polishing were performed throughout. Block length is 41.0 cm.
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saw (Fig. 2) following the removal of weathered overburden with a pick 
axe, it was cut adjacent to bock G5 which had been extracted using u- 
channel plastic moulding as described in Radmacher et al. (2023). Its 
large size, around 41 × 17 × 17 cm, made block G6 ideal for multiproxy 
studies through the Nicola bed.

The methodological steps are shown in Fig. 3. Block G6 extends from 
just below the base of the Nicola bed and into the overlying massive 
marly limestone, capturing its entire thickness of ~19.8 cm. The block 
was cut along its length into a working half – which was fully sub
sampled for foraminifera and stable isotopes, alkenones, palynology, 
and nannofossils – and an archive half. The archive half was scanned 
using a GE phoenix v|tome|x m300 device at the Faculty of Civil Engi
neering and Resource Management, AGH University of Kraków, Poland. 
The tomographic procedure uses X-ray radiation to assess absorbability 
levels through numerous projections. The process begins by placing the 
block into the tomographic chamber (Fig. 4) after which radiation is 
directed towards it. The transmitted radiation passes through the sam
ple, generating a single projection (Dewulf et al., 2022). The image 
digitally captured by the detector corresponds to a standard X-ray 
image. The sample then undergoes automated rotation, which repeats 
the projection generation process.

The block, having been positioned vertically within the tomographic 
chamber, was rotated 360◦ along its vertical axis while being exposed to 
radiation from a 220 kV and 240 μA microfocus tube. The tomographic 
scans involved acquiring several thousand X-ray projections, captured 
by a flat panel detector (Fig. 4). The accuracy of the acquired data de
pends on the sample’s positioning within the chamber, following pro
jection principles. The voxel volume was 0.125³ mm³. Whereas the 
detector is square-shaped, the sample block is elongated vertically, 
necessitating the use of the Multiscan function for automated scanning 
along its length. The scanning progressed from the base upwards, con
ducting three full measurements. Upon completion of each scan, the 
block automatically descended for the subsequent scan. Post-scanning, 
3D reconstructions of the block’s entire volume were achieved using 
the filtered back projection method (Kaczmarczyk and Cała, 2023). The 
computer program analysed the 2D projections to generate 3D data, 

applying data corrections such as beam hardening correction (bhc+) 
(Cao et al., 2018), automatic geometry correction (agc) (Yang et al., 
2006), and scan optimization filters to enhance image quality (Brisard 
et al., 2020). The linear attenuation coefficient, as per the Beer-Lambert 
law, depends on density, atomic number, and attenuation types. 
Tomographic images depict objects with higher density as light fields 
and those with lower density as dark fields. For instance, voids within 
sediment appear dark, while objects filled with materials denser than the 
matrix appear light. VGStudio MAX 3.5.1 software facilitated data 
reconstruction and subsequent volumetric analysis. Two regions of in
terest (ROI) measuring 20 × 20 × 20 mm3 were identified to avoid 
fracture zones, along with another ROI at a site exhibiting a character
istic trace fossil. Additionally, a cross-sectional ROI measuring 20 × 20 
mm2 was introduced throughout the block’s height. Volumetric analysis 
commenced with material isosurface determination, followed by 
porosity analysis using the VGDefX procedure (Kaczmarczyk et al., 
2022). Block porosity was determined with an isovalue parameter of 
29.640, and filtration was applied, considering significant spots no 
smaller than 8 voxels. Furthermore, the same algorithm facilitated in
clusion analysis, defining inclusions as objects with absorbability sur
passing the isovalue parameter of 32.560.

3.3. Dry polishing of block G6 for sedimentary structures and ichnofabrics

Following X-ray scanning, a 1-cm-thick slab of block G6 was dry- 
sawn from the flat surface of the archive half (Fig. 3h) and dry- 
polished (Fig. 3i) to study primary sedimentary structures and ichno
fabrics. Dry polishing was undertaken with 4-inch diamond polishing 
pads attached to an electric drill, successively using the following steps: 
1000, 2000, 3000, 4000, 5000, 6000 and 10,000 grit, with a finishing 
pad cut from a microfibre cloth. Between and during these steps, com
pressed air was used gently to remove dust from the surface of the block 
and the pads. The polished surface was scanned using a large-format 
(11.7″ × 17″) flat-bed scanner at 1200 and 2400 dpi. The cut surface 
of block G1 (fig. 9 in Radmacher et al., 2023) was repolished using the 
same methodology for comparison.

Fig. 4. X-ray computed tomography: (a) chamber interior, (b) the archive half of block G6 mounted for X-ray analysis.

Table 1 
Volumetric values yielded by X-ray computed tomography on block G6, Monte San Nicola, Sicily. Regions of interest 1, 2 and 3 refer to Figs. 10–12, respectively.

Objects counted Region 1 Region 2 Region 3

Nicola bed Marly limestone Entire column

Analysed volume 8000 mm3 8000 mm3 2 × 2 cm column along full block
Sediment volume (without voids and fractures) 7859.14 mm3 7920.61 mm3 142330.55 mm3

Foraminiferal volume (empty and infilled) 119.41 mm3 40.84 mm3 2001.55 mm3

Percentage of foraminifera (empty and infilled) 1.50% 0.51% 1.39%
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Fig. 5. SEM-BSE photomicrographs of foraminiferal tests with various types of infilling from samples 1 and 2 of block G1. The insides of the tests are filled with either 
(a–c) mixed sample material derived from the grinding-polishing process, (d) carbonate and clay minerals from the rock matrix, or (e–h) iron oxides and/or hy
droxides replacing (e, f) aggregates of octahedral and dodecahedral or (g, h) framboidal pyrite crystals. The following foraminifera are illustrated: (a, b) Orbulina 
universa, (a, c) Globigerinoides obliquus, and (d) Globigerinoides obliquus (left arrow) and Globigerina bulloides (right arrow).
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4. Results

4.1. Microprobe analysis and foraminiferal imaging

The main minerals recognised in the SEM-BSE images within the 
investigated samples no. 1 and 2 from block G1 (Fig. 5) are calcite and 

clay minerals, with crystal sizes reaching up to several micrometres. 
Crystals of clay minerals are generally chaotically dispersed and do not 
form their own layers or larger aggregates. The chemical composition of 
the clay minerals is characterized by elevated abundances of K2O, MgO 
and FeO/Fe2O3 and less common Na2O and TiO2 which most likely al
lows them to be classified within the hydromica group. The components 

Fig. 6. The polished surface of block G6 allowing recognition of three informal zones and subzones based on primary sedimentary structures combined with ich
nofabrics. Arrows on right show: (a) empty (FTe) and infilled (FTi) foraminifera, (b) the smaller Chondrites intricatus (Chi), and (c) larger Chondrites targionii (Cht) as 
well as common but inconspicuous Chondrites isp. (Ch). Note that Trichichnus linearis is detected only under high magnification (Fig. 7b) or using X-ray CT (Fig. 8a). 
Block length is 41.0 cm.
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Fig. 7. Images of polished and scanned surfaces of blocks G1 (Radmacher et al., 2023) and G6 (this study). (a) Animal fossil burrow Thalassinoides? isp. (Th1) with 
elevated concentrations of foraminiferal tests infilled (FTi) with iron oxides and hydroxides resulting from the oxidation of pyrite. Thalassinoides? isp. (Th2) infilled 
with lighter colored material. Foraminiferal tests with oxidized pyrite are rare. Base of subzone IIIc, block G6. (b) Arrows indicate traces of pyritized Trichichnus 
linearis (Tr). Chondrites (Ch) visible within the background. Subzone IIIc, block G6. (c) Larger Chondrites targionii (Cht) and smaller Chondrites intricatus (Chi). Base of 
subzone IIIa, block G6. (d) Dashed line indicates boundary between subzones IIa and IIb. Note that Chondrites is not present below the boundary. Block G6. (e) 
Thalassinoides? isp. (Th3) infilled with lighter colored material. Planolites? isp. (Pl) visible inside, at the bottom part of the burrow. Subzone IIIb, block G1. (f) Arrow 
indicates reddish microlayer characterised by higher concentration of iron oxides and hydroxides. Chondrites occurs abundantly above the microlayer. Middle of 
subzone IIIb, block G1. (g) Chondrites intricatus (Chi) magnified, with Planolites? isp. (Pl). Top of subzone IIIa, block G1. (h) Selected empty foraminiferal tests of 
Orbulina universa (FTe). Base of subzone IIIb, block G1.
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dispersed in the carbonate-clay mass include irregular quartz grains 
with sizes up to several tens of micrometres and single crystals of iron 
oxides/hydroxides with sizes generally not exceeding 15 μm. Apart from 
the carbonate-clay matrix, the most common rock components are 
foraminiferal tests with circular or, less often, irregular cross-sections 
reaching 0.1–0.7 mm. The foraminiferal tests are usually 20–30 μm 
thick and are composed of pure calcium carbonate with very small 
amounts of substituted Fe2+ (up to 0.015 apfu – atom per formula unit) 
and Mg (up to 0.01 apfu). The material infilling the interior of the tests 
comprises (1) the carbonate-clay of the rock matrix, (2) iron oxides and 
hydroxides formed as a result of the oxidation of primary pyrite crystals 
or framboidal accumulations, and (3) material from the grinding- 
polishing process. Separate observations of thin sections using a light 
microscope (not documented here) show that specimens infilled with 
rock matrix are rare and mostly associated with broken tests: they are 
not considered further. The pyrite that originally accumulated inside the 
foraminiferal tests generally formed cubic (Fig. 5g and h), octahedral or 
dodecahedral (Fig. 5e and f) crystals. In less weathered accumulations of 
framboid skeletal crystals, small fragments of relict pyrite with a 
thickness not exceeding 200–300 nm can be found (Fig. 5g and h). A rare 
accessory mineral in the investigated samples is fluorapatite, which 
forms thin layers near the foraminiferal tests (Fig. 5a and b). The 

chemical composition of fluorapatite can be characterized by small ad
mixtures of Na, Mg, Cl− and SO4

2− . Single fluorapatite crystals usually 
reach 10–20 μm in length.

4.2. Cut and polished surface

By integrating observations of sedimentary features and ichnofabrics 
from the polished surface (Figs. 6 and 7), an informal zonal scheme has 
been recognised based on that described by Radmacher et al. (2023) for 
block G1 of the GSSP section. Observations are based on scans of the 
polished surface at 1200 and 2400 dpi, although the distribution of 
Trichichnus linearis is based primarily on X-ray CT (Fig. 8a). The zones 
and subzones for block G6, from oldest to youngest, with thicknesses 
measured normal to the bedding on Fig. 6, are described in Section 5.1. 
They are as follows:

Zone I (1.3 cm): Subdivided into subzone Ia (0.6 cm), and subzone Ib 
(0.7 cm).

Zone II (19.8 cm): The Nicola bed, subdivided into subzone IIa (16.5 
cm) and subzone IIb (3.3 cm).

Unzoned interval (2.7 cm).
Zone III (16.4 cm): Subdivided into subzone IIIa (4.5 cm), subzone 

IIIb (4.1 cm), and subzone IIIc (7.8 cm).

Fig. 8. X-ray computed tomography (a, b) and polished surface (c) of block G6, Monte San Nicola, Sicily. (a) Visualisation of 3D X-ray CT data, isovalue 34560, 
showing the densest structures. The background image is a 2D cross-section of the X-ray CT data coinciding with the cut surface; red lines represent a 3D image of the 
trace fossil Trichichnus linearis projected onto this 2D surface. (b) 2D cross-section of X-ray CT data showing less dense structures. (c) Cut and polished surface under 
visible light. Note that Trichichnus linearis (arrow 2) is visible only under 3D X-ray CT visualisation (a). A large burrow, Thalassinoides? isp. (arrow 1), infilled with 
iron oxides/hydroxides is most conspicuous in (a) where only the densest objects are visualized. Dashed lines represent approximate boundaries of the Nicola bed. 
Block length is 41.0 cm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4.3. 3D X-ray scanning

The 2D visualisation of 3D X-ray CT data (Fig. 8a) reveals and clar
ifies several features. The distribution of iron oxides reflects lamination 
through and above the Nicola bed. Also seen are fossil animal burrows 
(Thalassinoides? isp.) infilled with elevated concentrations of forami
niferal tests, making them more conspicuous than on the polished sur
face (e.g. arrow 1 in Fig. 8a, b, c). Conspicuous too are thin, sparse, near- 
vertical traces of Trichichnus linearis (Fig. 8a) in the upper part of the 
block and which are not visible on the polished surface of the block 
(Fig. 8c) except when magnified (Fig. 7b).

The tomographic data comprise information on the absorbance of 
more than 16.5 billion voxels. This voxel set can be graphically inter
preted to represent visually the scanned object. In the visual assessment, 
trace fossils assigned to Trichichnus linearis in cross-sectional images are 
depicted as elongated white shapes, indicating the presence of particles 
with high absorbance. In Fig. 9 (raw, reconstructed data), traces were 
highlighted by identifying the most absorbent voxels (Thick slab 0.75 
mm). The enhancement of traces involved specifying the range of 
absorbance (interpreted as white shade) and indicating individual traces 
on the cross-section, creating a ‘region of interest.’ The computer pro
gram presents the highlighted segments not only in the cross-section but 
also in a 3D view. The procedure requires manual assessment and 
correction by the operator. Detection capabilities depend on the adopted 
scanning resolution. The smaller the sample, the greater the ability to 
detect details.

4.4. Assessment of empty and infilled foraminifera

The counting and volumetric assessment of empty and infilled ob
jects was performed on three regions of interest: 1) a 2 × 2 cm visualized 
cube from the microlaminated Nicola bed (Fig. 10), 2) a 2 × 2 cm 
visualized cube from the overlying non-laminated marly limestone in
terval (Fig. 11), and 3) a visualized full column (2 × 2 cm cross-section) 
along nearly the entire block (Fig. 12). The empty objects correspond to 
foraminiferal tests without sediment infilling, whereas infilled objects 
represent foraminiferal tests with reddish infilling, composed of iron 

oxides and hydroxides following alteration of the original pyrite (Fig. 5). 
The initial aim was to estimate the differences between foraminiferal 
test volumes within the two sediment types. To remove errors associated 
with naturally occurring fractures, only spheroidal objects were 
measured. Introduced by Wadell (1935), sphericity refers to the pro
portion of an object’s surface area to that of a sphere with equivalent 
volume, with perfect sphericity being 1.0 by definition. The critical 
sphericity in our study was taken as greater than 0.75. Additionally, due 
to the limited scope of the analysis, the results were monitored by the 
operator. Volumetric differences between the three specified regions are 
shown in Table 1.

The volume and number of empty and infilled foraminiferal tests was 
found to be greater in region 1 (the Nicola bed; Fig. 10) than region 2 
(marly limestone; Fig. 11). Analyses of region 3 (full column, Fig. 12) 
provided more detailed information, revealing regular fluctuations in 
the total number and volume of foraminiferal tests within the Nicola 
bed, an increase and then decrease near the top of the Nicola bed, and 
reduced levels towards the top of the profile (Fig. 13). The number of 
infilled foraminifera closely correlates with the ratio of infilled to empty 
foraminifera, but there is no obvious correlation with the total number 
of foraminifera (Fig. 14). The volume and number of foraminifera in 
Figs. 13 and 14 are provided in voxels [vx], the smallest element in the 
3D data set occurring as six-sided cubes (equivalent to a pixel in 2D 
imagery). The cubes are arranged throughout the scanned space and 
contain information about the absorption level. Single voxels in this 
study are 0.125 × 0.125 × 0.125 mm3.

5. Discussion

Analyses of block G6 allow direct comparison with block G1 from the 
GSSP section, ~400 m ESE of the Mandorlo section, in which X-ray CT 
was combined with sedimentological and ichnofabric analyses to 
elucidate the depositional history of the Nicola bed interval (Radmacher 
et al., 2023).

5.1. Sedimentological and ichnofabric analyses

Block G6 couples X-ray CT with newly developed fine-grade pol
ishing and high-resolution (2400 dpi) optical scanning of the cut surface. 
This has enabled recognition of the informal sedimentological and ich
nofabric zones/subzones of Radmacher et al. (2023), and a refinement of 
the depositional history of the Nicola bed interval.

Zone I (1.3 cm thick, base not seen) occurs below the Nicola bed and 
is divided into two subzones. Subzone Ia (0.6 cm thick) lacks visible 
sedimentary structures and trace fossils and appears to reflect oxygen
ated bottom waters and intense, shallow bioturbation in sediment of low 
consistency at the time of deposition, perhaps with bottom current vigor 
contributing to sediment disturbance. However, a natural fracture 
forming the lower boundary of block G6 may have led to later alteration 
of subzone Ia causing its original features to be obscured (Fig. 6, inset a). 
Subzone Ib (0.7 cm thick) has weak and discontinuous microlamination 
that is more pronounced towards the top, with no trace fossils seen 
(Fig. 6, inset a). This suggests limited availability of dissolved oxygen in 
the bottom waters allowing incidental, shallow burrowing leading to the 
disruption of laminae. It is not certain whether subzone Ib captures the 
onset of these conditions.

Zone II (19.8 cm thick), the darker Nicola bed, is characterised by 
pronounced microlaminated clays and has a gradational lower boundary 
and diffuse upper boundary. It is divided into two subzones.

Subzone IIa (16.5 cm thick) has pronounced and undisturbed 
microlaminated clays with no visible bioturbation, signalling anoxic 
bottom waters. Its base is gradational with subzone Ib (0.7 cm thick) 
indicating that anoxia occurred rapidly but not instantaneously (Fig. 6, 
inset a) and continued for most of the duration of Nicola bed deposition.

Subzone IIb (3.3 cm thick) has a diffuse lower boundary and differs 
from subzone IIa only in the presence of small (~0.3–0.7 mm diameter) 

Fig. 9. Visualisation of 3D X-ray CT data utilizing the ‘Thick slab’ feature to 
create a vertical cross-section with a thickness of 0.75 mm in the upper part of 
block G6. Arrows indicate the trace fossil Trichichnus linearis.
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sporadic Chondrites intricatus (Fig. 6, inset b; Fig. 7d) which indicates a 
slight rise in dissolved oxygen levels (dysoxia) on the sea floor. This 
allowed the Chondrites tracemaker to burrow into the undisturbed 
microlaminated clays below. An isolated vertical burrow of Trichichnus 
linearis extends downwards to the uppermost part of this subzone 
(Fig. 8a).

An unzoned interval (2.7 cm thick) immediately above the Nicola 
bed is heavily fractured and altered, precluding assignment to a zone. 
Microlamination occurs in places but is less pronounced than for zone II. 
Chondrites intricatus (~0.3–0.7 mm diameter) is present along with an 
isolated vertical burrow of Trichichnus linearis (Fig. 8a).

Zone III (16.4 cm thick) is a marly sediment separated from the 
underlying Nicola bed by a 2.7-cm-thick unzoned interval. The transi
tion between the Nicola bed and zone III is diffuse. Zone III becomes 
lighter toward to the top owing to a diminishing clay content. Bio
turbation structures become progressively more abundant, with Tri
chichnus linearis being present throughout the zone (Fig. 8a). Zone III is 
divided into three subzones which reflect gradually evolving conditions 
on the sea floor.

Subzone IIIa (4.5 cm thick) is marked by large (~0.8–1.5 mm 
diameter) Chondrites targionii (Fig. 6, inset c; Fig. 7c) as well as the 
smaller Chondrites intricatus (~0.3–0.6 mm diameter) which occurs 
abundantly in places, representing a further slight rise in dissolved ox
ygen levels. Remnants of microlaminated clays occur within this sub
zone, disrupted by common but inconspicuous Chondrites isp (Fig. 6, 
inset c). which seems to represent an earlier phase of burrowing. 

Trichichnus linearis is represented by a single burrow (Fig. 8a). Sediments 
are lighter in color towards the top.

Subzone IIIb (4.1 cm thick) contains Chondrites targionii as well as 
abundant Chondrites intricatus (~0.3–0.6 mm diameter) although these 
trace fossils are less conspicuous than in subzone IIIa owing to the light 
gray background. Trichichnus linearis is abundant (Fig. 8a). The base of 
this subzone is diffuse.

Subzone IIIc (7.8 cm thick) is a massive light gray intensely bio
turbated marly sediment (Fig. 6, inset d; Fig. 7a and b) with traces of 
diverse burrowers, including the ichnogenera Chondrites (small and 
large ichnospecies), Planolites? and Thalassinoides?, indicating the pro
gressive oxygenation of bottom waters during zone III deposition. Tri
chichnus linearis is abundant (Fig. 8a) and visible at high magnification 
on the polished surface (Fig. 7b). The base of subzone IIIc is diffuse, the 
top not seen.

Ichnofabric analysis combined with that of primary sedimentological 
structures integrates separate time frames: initial conditions when sed
iments were being deposited, and later conditions when those sediments 
were disrupted by burrowing. Detecting microlamination even where 
disrupted is therefore crucial in determining how long anoxic/dysoxic 
conditions persisted on the sea floor. The highest occurrence of remnant 
microlamination in subzone IIIa is determined by visual observation of 
the polished surface. X-ray CT (Fig. 8) also reveals microlamination 
throughout the Nicola bed and into the unzoned interval immediately 
above.

Fig. 10. X-ray computed tomography on block G6, Monte San Nicola, Sicily: region of interest 1. (a) analysed object (red cube 2 × 2 × 2 cm), Nicola bed (uppermost 
Pliocene); (b) cross section through the counted region representing empty (dark) and infilled (white) foraminiferal tests; (c) 3D visualisation of counted forami
niferal volumes; (d) cross section through the counted region but with volume analysis of foraminiferal tests. The smallest void assessed by our system is 0.250 ×
0.250 × 0.250 mm3 = 0.016 mm3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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5.2. Significance of the ichnogenus Trichichnus

The mineralized (initially pyritized) trace fossil Trichichnus linearis 
while often not seen on the polished surface is distinctive under X-ray CT 
(Figs. 8a and 9) owing to its high density and absorption. It forms near- 
vertical ‘lines’ immediately above the Nicola bed at the GSSP locality, 
their lowermost extent being a potential independent marker for the 
Neogene–Quaternary boundary (Radmacher et al., 2023). Our obser
vations of block G6 largely support this suggestion, as the deepest 
observed trace reaches down to a few millimeters below the top of the 
Nicola bed (Fig. 8a), although higher resolution X-ray 3D CT from blocks 
collected throughout Monte San Nicola will yield more detailed infor
mation on the range of Trichichnus linearis.

Trichichnus is well documented in the literature. It is usually up to a 
few tens of centimeters long, but according to Scholle (1971) it can reach 
6 m. The burrow is usually near-vertical to the bedding. Its infilling and 
lined or unlined walls are more or less distinct from the host rock (e.g. 
Frey, 1970; Fillion and Pickerill, 1990; Uchman, 1995, 1999). The 
distinctiveness of this trace fossil may be highlighted by mineralization, 
usually by sulfides and rarely through calcification (Frey, 1970). 
Regardless of other trace fossils, Trichichnus shows a high affinity for 
pyritization both of the wall and infilling (e.g. Frey, 1970; McBride and 
Picard, 1991; Uchman, 1999; Kędzierski et al., 2015). The burrow fill is 

usually darker than the host rock due to the high content of organic 
matter and dispersed pyrite (Uchman, 1995; McBride and Picard, 1991), 
and may also differ in grain size (Fillion and Pickerill, 1984; Uchman, 
1995). It usually contains the same minerals as the lining but may be 
more hollow and drusy (Frey, 1970). Subsequent alterations including 
oxidation can cause a ferruginous halo (Uchman, 1995; Hanken et al., 
2016), enlarging the original diameter of Trichichnus up to as much as 5 
mm (Hanken et al., 2016). Three ichnospecies of Trichichnus have been 
distinguished: T. linearis Frey (1970) and T. simplex Fillion and Pickerill 
(1990), and T. appendices Uchman (1999) which has thin appendages. 
The first two differ only in the presence/absence of a lining, but this can 
be an effect of diagenesis (Uchman, 1995). The species identified in the 
present study is T. linearis. Trichichnus is most typical of the Zoophycos 
ichnofacies, and occurs in shelf (e.g. Frey, 1970; Hanken et al., 2016) to 
deep marine (Wetzel, 1981) mostly fine-grained deposits (Werner and 
Wetzel, 1982) that range in age from Cambrian (Stachacz, 2012) to 
Holocene (Wetzel, 1981). Owing to its wide range of water depths, 
Trichichnus is only marginally useful as a paleobathymetric indicator, 
but its affinity for dysoxic settings (McBride and Picard, 1991; Uchman, 
1999) makes it excellent in reconstructing dissolved oxygen levels. As 
one of the earliest recolonizers of the sea floor, Trichichnus marks the 
initial improvement of bottom conditions. The tracemaker was appar
ently able to penetrate sediments below the redox boundary while 

Fig. 11. X-ray computed tomography on block G6, Monte San Nicola, Sicily: region of interest 2. (a) analysed object (red cube 2 × 2 × 2 cm), light marls (lowermost 
Pleistocene) above the Nicola bed; (b) cross section through the counted region representing empty (dark) and infilled (white) foraminiferal tests; (c) 3D visualisation 
of counted foraminiferal volumes; (d) cross section through the counted region but with volume analysis of foraminiferal tests. The smallest void assessed by our 
system is 0.250 × 0.250 × 0.250 mm3 

= 0.016 mm3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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maintaining a connection to oxygenated waters on the sea floor 
(Uchman, 1995). It produced a deep tier-burrow, up to three to five 
times the depth of Chondrites (McBride and Picard, 1991) which suggests 
it had a more opportunistic character.

Trichichnus is placed within the chemichnia ethological category of 
trace makers that feed through chemosymbiosis. The trace maker is 
thought to be an invertebrate that feeds on microbes (Uchman, 1995). 
An open burrow more than 2 m long and no more than 0.5 mm in 
diameter, reported from deep-sea sediments (Thomson and Wilson, 
1980; Weaver and Schultheiss, 1983) and referred to the sipunculid 
worm Golfingia, was considered as a possible modern analogue of the 
trace maker (Romero-Wetzel, 1987). However, Trichichnus has also been 
interpreted as a trace of mat-forming sulphur bacteria, such as the genus 
Thioploca where chains of pyrite crystals play a role as “bioelectric wire” 
in connecting the oxygenated environment on the sea floor with anoxic 

sediment below (Kędzierski et al., 2015).
Our low-resolution 3D CT scans (Fig. 8) of block G6 reveal traces that 

are dominantly unbranched, straight to sinuous, hair-like, and mostly 
vertical. They are less than 1.0 mm in diameter with a length not 
exceeding 11 cm. In the lower part of the range of Trichichnus linearis, 
where it occurs sparsely, Chondrites is the only other trace fossil present, 
and implies the penetration of sediment below the redox boundary while 
having access to oxygenated waters on the sea floor. The absence of 
Trichichnus from all but the uppermost few millimeters of subzone IIb in 
the Nicola bed, in spite of the presence of Chondrites throughout this 
subzone, compares with its record in block G1 of the GSSP site. Its 
absence is discussed in detail by Radmacher et al. (2023) and remains 
enigmatic given that Trichichnus is considered one of the first traces to 
record improvements in oxygenation.

5.3. Distribution of foraminiferal tests using X-ray CT

It is assumed that small near-spherical voids detected by X-ray CT 
analysis predominantly reflect the planktonic foraminiferal tests 
including the near-spherical Orbulina universa d’Orbigny, the Globiger
inoides group Cushman, and globigerinids (i.e. Globigerina d’Orbigny 
and Globigerinita Brönnimann) which are the common species observed 
in block G6 (AC, pers. obs.; Figs. 5 and 6). Our X-ray CT analysis has a 
voxel resolution of a 125 × 125 × 125 μm cube, given the large size of 
the block (a smaller sample would allow higher resolution). The pro
gram was set to accept voids with a minimum size of 8 voxels (250 ×
250 × 250 μm), this being the smallest size of void to which the sphe
ricity parameter can be applied, and therefore recognised as a forami
niferal test. Orbulina universa has a size range that is >300 μm in the 
Monte San Nicola section (Spaak, 1983) and >250 μm in general 
(Mikrotax, 2024) but other species have smaller minimim sizes. These 
voids are accordingly taken as a proxy for “total foraminifera” but with 
the understanding that while nearly all specimens of Orbulina universa 
will have been counted, smaller specimens of some species will not.

The volumes of individual foraminfera (infilled and empty) within 
the full-column CT analysis of block G6 are shown as a 3D visualisation 
in Fig. 12, and the average volumes of total foraminifera (empty and 
infilled) is plotted in Fig. 13. Also shown in Fig. 13 are the total numbers 
and volumes of foraminifera (empty and infilled) though the full col
umn. There is a strong positive correlation between numbers and vol
umes of foraminifera through the Nicola bed. Around nine pronounced 
peaks occur through the Nicola bed, reflecting possible cyclical changes 
in the mixed layer of the water column during deposition. Most 
favourable conditions occurred during deposition of the upper part of 
the Nicola bed, where a peak of 216 specimens is reached. In addition, 
muted fluctuations at approximately similar frequency occur in the 
average sizes (≈volumes) of foraminifera through the Nicola bed 
(Fig. 13). Size weakly anticorrelates with abundance, suggesting a 
complex response to competition for resources. If cyclicity is indeed 
responsible, then assuming Nicola bed deposition took 2000–5000 
years, peaks are separated by ~250–625 years. This is too short for the 
harmonics of precession but might reflect the long-term modulation of 
solar cycles, such as the Suess (also known as the de Vries) cycle which 
has a period of 205–210 years (Usoskin, 2023), which would have 
caused small but possibly significant variations in insolation. Addition 
environmental proxies together with cosmogenic isotopes such as 10Be, 
studied at very high stratigraphic resolution, could be undertaken to test 
this proposition given the undisturbed nature of the Nicola bed. Alter
natively, high-frequency climatic oscillations affecting the Mediterra
nean region (including the North African monsoon system) may have 
influenced the favourability of the mixed layer to support Orbulina 
universa and other planktonic species. In the western Mediterranean 
today, Orbulina universa co-dominates the planktonic foraminiferal as
semblages in the mixed layer at the end of summer (Pujol and 
Vergnaud-Grazzini, 1995).

It must be emphasized that the present study of the foraminifera as 

Fig. 12. X-ray computed tomography on the block G6, Monte San Nicola, 
Sicily: region of interest 3: full column spanning the Nicola bed (uppermost 
Pliocene) and marly limestones (lowermost Pleistocene) above. The scale on the 
left refers to a 3D visualisation of the volumes of counted foraminifera (infilled 
and empty) within the full column, which is 2 × 2 cm in horizontal cross- 
section (right). The smallest void assessed by our system is 0.250 × 0.250 ×
0.250 mm3 = 0.016 mm3.
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Fig. 13. X-ray porosity analysis showing 3D visualisation of foraminiferal tests (empty + infilled) within a 2 × 2 cm column (in blue), and 2D representations of these 
data. The total number, total volume, and average volume of foraminifera are interpreted from high-sphericity pores (empty + infilled = low + high absorption): this 
analysis was constructed by subdividing the dataset continuously into horizontal slabs of 0.5 mm thickness, with the measured voids being assigned to their 
respective slab using their geometric center. Sphericity of the counted objects is determined as higher than 0.75. The unit of volume is a voxel (vx), represented by a 
cube measuring 125 × 125 × 125 μm3; with the smallest void counted having a diameter of 250 μm (8 voxels). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)

Fig. 14. X-ray porosity analysis showing the polished surface, 3D visualisation of infilled foraminiferal tests within 2 × 2 cm column (in blue), and 2D represen
tations of these data. The number of infilled foraminifera, and the ratio of infilled to empty foraminifera (based on total numbers), are interpreted from high- 
sphericity pores (empty + infilled = low + high absorption) included within 0.5-mm-thick horizontal slabs (see Fig. 13). Sphericity of the counted objects is 
determined as higher than 0.75. The unit of volume is a voxel (vx), represented by a cube 125 × 125 × 125 μm3; with the smallest void counted having a diameter of 
250 μm (8 voxels). The foraminifera are infilled with iron minerals, the peaks an expression of diagenesis. The total numbers of foraminifera representing a 
paleoecological signal (Fig. 13) are shown for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.)
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interpreted by X-ray CT is not a substitute for careful taxonomic study 
and may not precisely represent the total number of planktonic fora
minifera present. However, it does yield a quick, inexpensive, non- 
destructive estimate at very high stratigraphic resolution, given that 
the highly spherical Orbulina universa and and Globigerinoides (Fig. 5) 
appears easily recognised by X-ray CT.

The interval above the Nicola bed (Fig. 13) shows reduced total 
numbers and volumes of foraminifera, with highest values ~4–5 cm 
from the base where remnant microlamination is detected on the pol
ished surface (Fig. 6). Fluctuations are present, as for the Nicola bed, but 
are of lower amplitude and are more “noisy” (especially the average 
volumes of foraminifera). In addition, the pronounced peak at 320–330 
mm is the result of a concentration of voids infilling a large burrow 
determined as Thalassinoides? isp. (see also Fig. 14). Given the increas
ingly intense bioturbation above the Nicola bed, it is not certain whether 
cyclicity is present in this interval.

The proportion of infilled to empty foraminiferal tests is shown in 
Fig. 14. This represents a diagenetic signal and shows peaks of miner
alization that align with peaks in the total numbers of infilled forami
niferal tests. For all but a few levels sampled through the Nicola bed, the 
ratio of infilled to empty foraminiferal tests is less than 1:10. There 
seems to be a loose negative correlation between peaks of mineralization 
and total numbers of foraminiferal tests. It is not clear what controls the 
positions of these mineralization peaks in the Nicola bed, but they 
possibly correspond to discrete reddish horizons seen on the polished 
surface (e.g. Fig. 7f, although the planes of the polished surface and of 
the data used to generate Fig. 14 are not identical). Above the Nicola 
bed, peaks in the ratio of infilled to empty foraminiferal tests may 
indicate burrows or fractures. At 320–330 mm, a prominent peak cor
responds to a large burrow seen under X-ray CT and on the polished 
surface (Fig. 8, arrow 1).

6. Summary and conclusions

Analysis of the distinctive microlaminated Nicola bed in block G6 
from the Mandorlo section, ~400 m WNW of the GSSP for the Quater
nary System, has yielded new information about the boundary interval 
at the type locality. The GSSP level is placed at the base of the marl 
overlying the Nicola bed. Primary sedimentological and ichnofabric 
analysis of the polished surface has been combined with X-ray CT to 
reveal progressive changes in dissolved oxygen levels during deposition 
of the Nicola bed, beginning with a rapid transition to anoxia at its base. 
The Nicola bed (zone II) has undisturbed microlamination for most of its 
19.8 cm thickness, indicating anoxic bottom waters during deposition. 
The upper boundary is transitional with a 7.2 cm interval (unzoned 
interval overlain by subzone IIIa) of progressively weaker micro
lamination as the sediment becomes lighter colored and more marly, 
indicating progressive oxygenation of the bottom waters. Bioturbation 
also reflects a progressive increase in bottom water oxygenation, with 
Chondrites intricatus penetrating the upper Nicola bed (zone IIb), then 
Trichichnus linearis, and finally Chondrites targionii. Above this transi
tional interval, Trichichnus linearis becomes abundant, co-occurring with 
Chondrites ispp., and towards the top Planolites? isp. and Thalassinoides? 
isp. also occur. This increase in trace fossil diversity reflects a continued 
rise in bottom water oxygenation. Our new interpretations refine those 
made earlier for the GSSP locality (Radmacher et al., 2023).

Microprobe analysis of the Nicola bed at the GSSP site (block G1), 
including SEM-BSE imagery, shows the clays to have elevated abun
dances of K2O, MgO and FeO/Fe2O3 and most likely classifiable within 
the hydromica group. Planktonic foraminiferal tests are common, and 
either empty or infilled with iron oxides/hydroxides replacing pyrite, 
although with residual pyrite occasionally persisting.

For the first time, X-ray CT has been used to determine the distri
bution of planktonic foraminiferal tests through a sediment block, in this 
case block G6 spanning the Nicola bed interval. Foraminifera are rec
ognised as either empty or infilled near-spherical voids of ~>250 μm 

diameter, and the individual volume (≈size) is estimated for each test in 
addition to its position in the sediment block. The total numbers of 
(empty + infilled) planktonic foraminiferal tests show around nine 
pronounced abundance peaks through the Nicola bed, possibly reflect
ing (quasi-)cyclical changes in the mixed (upper) layer of the water 
column, with a frequency in the hundreds of years. Forcing by short- 
term oscillations of the climate system, or the long-term modulation of 
solar cycles, may be responsible. Our results require calibration using 
traditional micropaleontological approaches and detailed taxonomic 
determinations. However, X-ray CT is shown to have significant poten
tial as an inexpensive non-destructive method for the qualitative and 
quantitative study of microfossils at extremely high stratigraphic reso
lution. It is also indispensable for detecting the important ichnogenus 
Trichichnus, an early indicator of improving dissolved oxygen levels on 
the sea floor following anoxia.
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