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ARTICLE INFO ABSTRACT

Editor: Shu Gao The study of trace fossils —ecological indicators of environmental parameters such as organic-matter content,
oxygenation or sedimentation rate, among others— is a powerful tool for analysing cores from deep-sea sedi-
ment. However, the visualization of biogenic structures in soft sediment cores is commonly poor. This problem
has usually been solved by using X-ray radiographs from core slabs, and later by non-destructive Computed
Tomography (CT). Yet the latter requires complex processing and computer resources to deal with a vast dataset.
Computed Laminography (CL) stands as an alternative, non-destructive technique able to manage a small amount
of data, providing results similar to X-ray radiographs. This technique is frequently used in other disciplines (e.g.
material sciences), but rarely applied in geosciences. In the present study, we explore the usefulness of CL for
studying the ichnological content of modern deep-sea deposits from boxcores collected from the Porcupine
Abyssal Plain (NE Atlantic). Additionally, we compare results from Linear CL (LCL) and Circumferential CL (CCL)
to discuss which is recommended depending on the goal involved. The obtained results confirm the usefulness of
CL for the ichnological analysis of sediment cores, with similar results from LCL and CCL. However, recom-
mendations are made to resolve doubtful scenarios and to save time. In light of our findings, the use of CL as a
non-destructive technique, calling for a much smaller dataset than CT, can be highly recommended for the study
of ichnological content or other internal structures.
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1- to 2-cm thick slabs of the original core, which was not only a
destructive technique, but often caused disturbance to the sedimentary

1. Introduction

Ichnological analysis of core samples is a well-established method
used to characterise and interpret the subsurface, but it typically allows
observations to be made only on a narrow exposure of a split or slab
core, and only bidimensional features are identified (Gérard and
Bromley, 2008; Knaust, 2012, 2017; Dorador and Rodriguez-Tovar,
2018). Several techniques may be applied to gather information beyond
what is visible on the exposed core surface. For example, when working
with sediment cores — especially from deep-sea deposits — X-ray
techniques serve to characterise internal structures (e.g., Lowemark,
2007). Radiographs have been successfully applied for analysing inter-
nal features such as sedimentary structures (e.g., Andrews et al., 1997;
Dowdeswell et al., 2000) and bioturbation (e.g., Aller and Aller, 1986;
Wetzel, 2010; Dashtgard et al., 2015) from cores and box-cores. His-
torically, X-radiographs from sediment cores were obtained by scanning
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features under study (e.g., Dashtgard et al., 2015). Over the last few
decades, X-radiography has been largely replaced by non-destructive
Computed Tomography (CT) techniques (e.g., Cnudde and Boone,
2013). CT has proven to be a powerful tool for the study of sediment
cores when focusing on sedimentology, stratigraphy, permeability,
fracturing or ichnology (e.g., Orsi et al., 1994; Boespflug et al., 1995;
Ellis et al., 2013; Konno et al., 2016; Wang et al., 2019; Dorador et al.,
2020).

The application of CT for ichnological studies is particularly useful in
characterising and quantifying the three-dimensional morphology,
connectivity, and volume of burrows (e.g., Dorador and Rodriguez-
Tovar, 2020; Dorador et al., 2020; Dorador et al., 2020; Eltom et al.,
2023). Still, the application of CT techniques in the framework of sedi-
ment cores, and ichnology in particular, also presents certain challenges.
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The relatively large dimensions of sediment cores (50 to 150 cm length
and 5 to 15 cm diameter) preclude them from being scanned in Micro-CT
scanners, which are able to provide images with very high resolution.
Sediment cores are commonly scanned in medical scanners, or specialist
core scanners, whose resolution may be too low to resolve the sub-
millimetric structures of certain trace fossils. Additionally, some internal
structures of interest for ichnological studies may remain undetectable
using standard CT processing methods, as the density contrast between
the trace fossil fill and the host material is very low. This drawback is
particularly apparent in unconsolidated sediments. Finally, the large
volumes of data generated from CT scans of sediment cores, plus the
large file sizes of reconstructed volumes, requires powerful workstations
that may not be readily accessible for processing, analysing and visu-
alizing the data.

Computed Laminography (CL) is an alternative to older radiography
and CT techniques. CL is a non-destructive X-ray method that can pro-
duce cross-sectional images of samples, similar to CT. The main differ-
ence is that in CT the X-ray beam rotates perpendicular to the object,
whereas in CL the beam is inclined, reaching angles that are inaccessible
to CT scanning (Xu et al., 2012; Gondrom et al., 1999, O'Brien et al.,
2016). In CL the sample is horizontally translated through the X-ray
cone-beam to irradiate the object under different angles within the
beam. This produces a stack of cross-sectional images from different
depths within the sample, making it is possible to characterise internal
structures in three-dimensional space (e.g., Moore et al., 2002).
Importantly, CL can be applied using a conventional CT scanner (Fisher
et al., 2019) and affords better spatial resolution than medical CT
scanners (Zuber et al., 2017; McDonald et al., 2022). It is very well
suited for planar and small flat objects studied under synchrotron ra-
diation, where CT is less successful (e.g., Bull et al., 2013), in material
sciences (e.g., Helfen, 2005; Morgeneyer et al., 2011; Verboven et al.,
2015), microsystem inspection (e.g., Helfen, 2005) and art studies (e.g.,
Legrand et al., 2014), among others. To date, however, this technique
has scarcely been explored in the earth sciences. The handful of studies
published includes just a few palaeontological studies on planar fossils
(e.g., Houssaye et al., 2011; Zuber et al., 2017) and a recent study on
sediment cores to characterise glaciomarine sediments (McDonald et al.,
2022). Here, we use CL for the first time to study biogenic structures,
specifically of 49 sediment cores extracted from two box-cores from the
Porcupine Abyssal Plain (c. 4850 m depth), Northeast Atlantic. The main
aim of our study is to determine whether this non-destructive technique
can be successfully applied for bioturbation analysis. Especially relevant
is the fact that in some cases CT cannot deal with the computational
challenges of working with large volumes of data, restrictive costs,
and/or limitations related to the maximum obtainable resolution of CT
scans of sediment cores. We verify that bioturbation structures can be
visualized under this technique, and we analyse the ichnological content
by focusing on the identification of trace fossils and the quantification of
the bioturbated surface, comparing the results from different slices in
each core. In addition, we compare Linear and Circumferential
Computed Laminography (LCL and CCL) data to test which is the best
acquisition method for studying internal structures in sediment cores.

2. Methodology

Box-cores were obtained from two locations within the Porcupine
Abyssal Plain Sustained Observatory area (PAP-SO) during RRS James
Cook cruise 231 (Hartman, 2022) (Fig. 1). They include: 1) the flank of a
single small abyssal hill (JR231_BC049, extracted May 8th, 2022); H3
sensu Durden et al, 2015; and 2) an open abyssal plain location
(JR231_BCO019, collected May 5th, 2022); referred as ‘PAP central’ in
Durden et al. (2020). From each box-core, twenty-five 8 cm diameter
cores were extracted with 65 cm long core liners (Fig. 1B), right after
dewatering. One of the cores was discarded owing to preservation issues,
so that finally 49 sediment cores were analysed. These cores were stored
at low temperature (i.e., 6° Celsius), keeping a natural and stable
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Fig. 1. Boxcore location and sampling. A, location of studied boxcores at the
Porcupine Abyssal Plain; B, picture and diagram of core liner in one of
the boxcores.

orientation to avoid sediment mixing.

All the cores were scanned during the next months (from June to
August 2022) at the British Ocean Sediment Core Research Facility
(BOSCORF) in Southampton (UK) using a Geotek ScoutXcan multi-angle
digital 2D X-ray System. On this system, core samples are loaded hori-
zontally and secured between two motorised arms within a shielded
cabinet. The core sample is then translated horizontally between an X-
ray source and flat panel detector. The motorised arms are also able to
rotate around their axes, making it possible to acquire multiple 2D ra-
diographs at various orientations throughout the sample.

The core samples are set up for scanning using an experimental
optimisation approach. The workflow involves adjusting the source-to-
sample distance and the source-to-detector distance, evaluating the
resulting image quality to find the best compromise between magnifi-
cation, resolution, and field of view. In the current study the sample was
located 23.5 cm from the X-ray source and 40 cm from the detector
(Fig. 2A).

The Geotek ScoutXcan uses a 65 W Thermo Kevex 130 kV Microfocus
X-ray source with a tungsten target and a Varex Imaging 1920 x 1536
pixel flat panel detector. The X-ray tube was set with a voltage of 115 kV
and a current of 425 pA. The X-ray beam was passed through a 1.0 mm
Cu filter. The resultant beam spot size was 73 pm and the image reso-
lution was 212.9 pixels cm ! (i.e., 540.77 dpi).

LCL and CCL images were reconstructed from the raw radiographic
projection data acquired for each core sample using the Geotek Recon-
structor proprietary software. The reconstructed LCL images represent
horizontal slices from different depths through the core sample. For the
current study, seven slices from each core were reconstructed at +30
mm, +20 mm, +10 mm, 0 mm, — 10 mm, —20 mm, and — 30 mm (0 mm
being the slice crossing the central axis of the core; Fig. 2B). The
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Fig. 2. Computed Laminography (CL) acquisition. A, Scheme of CL scanning; and B, outputs from Linear CL (LCL) and Circumferential CL (CCL).

reconstructed CCL images represent unwrapped cylindrical views from
different radii along the central axis of each core. In the study presented
here, two CCL images were reconstructed from every core at 25 mm and
35 mm radii (Fig. 2B). In total, 441 images were generated for the 49
cores analysed.

All the images were treated to improve trace-fossil visualization as
they were not clearly distinguishable in the original images (Fig. 3). The
image treatment was mainly based on the sequence developed by Dor-
ador et al. (2016) for deep-sea sediment cores, which has been usefully
applied in previous studies (e.g., Rodriguez-Tovar et al., 2015; Alonso
et al., 2016; Dorador and Rodriguez-Tovar, 2016; Dorador et al., 2016;
Hodell et al., 2017; Gougeon et al., 2018; Gonzalez-Lanchas et al., 2022;
Valencia et al., 2022). This procedure entails three image adjustments:
(1) levels, (2) brightness/contrast, and (3) intensity, which are normally
modified to enhance the visualization of trace fossils. However, in the
present study intensity was not applied; it was replaced by an exposition
adjustment conducted by a gamma correction tool, providing for better
results in this particular case (Fig. 3).

The intensity of bioturbation was characterised by calculating the
bioturbated surface in each image of ten selected cores, five from each
box-core. Then, nine values were obtained from every analysed core

Treated CL.
image

Original CL
image

Average values of image adjustments
Brightness/Contrast | Exposition

Levels

Black Grey White | Brightness Contrast | Gamma Corr.
109.1 0.48 137.1 137 711 0.87

Fig. 3. Image treatment. A, example of a gravity core extracted from the same
area; and B, example of Computed Laminography (CL) image treatment from
one of the cores, and average values after processing all the images.

—seven from LCL images and two from CCL. Additionally, shorter in-
tervals were considered in every image, differentiating top, middle and
bottom core intervals; shorter intervals are usually considered in ich-
nological analysis to characterise shallow, middle, and deep traces.
Comparisons between sections and shorter intervals, considering both
types of CL images, served to assess which would be the most appro-
priate acquisition method for estimating the intensity of bioturbation.
The percentage of bioturbated surface was used to determine the Bio-
turbation Index (BI). This is a commonly used scale, divided in seven
degrees from 0 (no bioturbation) to 6 (fully bioturbated), proposed by
Reineck (1963) and later revised by Taylor and Goldring (1993). In the
present study, the analysed intervals fall within BI 1 (1-4%) and BI 2
(5-30%).

3. Results
3.1. Characterization of trace fossils

Trace-fossil identification was no easy matter because cores were
taken directly from the seafloor, recording the uppermost unconsoli-
dated sediments, which are topped by the soupy mixed layer (a water-
saturated and fully bioturbated interval in the uppermost centimetres)
(Teal et al., 2008). Thus, every primary sedimentary structure is
reworked and, due to sediment aggradation, the record of the mixed
layer is recognized in the background of the whole core as a mottling
texture (Bromley, 1996). Regardless, thirteen discrete biogenic struc-
tures, overlapping the mottled background, were identified in the im-
ages. Identification reached the ichnogenus level in those cases where
ichnotaxobases (i.e., characteristic morphological features; Bromley,
1996; Bertling et al., 2022) were observed, but ichnospecies were not
defined in any case.

Specifically, we were able to differentiate some radiating burrows as
Asterosoma and Parahaentzschelinia (Fig. 4A), small branching tunnel
systems as Chondrites, and some larger and passively filled galleries
interpreted as Thalassinoides (Fig. 4B). Small, horizontal patches were
associated with patterned trace fossils grouped as graphoglyptids, and
other structures commonly produced in the uppermost centimetres on
deep-sea settings as potential Helicodromites and Nereites (Fig. 4C).
Subhorizontal cylindrical tubes associated with Palaeophycus and Pla-
nolites (Fig. 4D), and some curved subvertical tubes interpreted as
Schaubcylindrichnus (Fig. 4E), were also recognized. Horizontal bi- or
trilobed backfilled burrows were associated with Scolicia (Fig. 4F), and
subhorizontal spreite structures crossing the entire core were tentatively
ascribed to Zoophycos (Fig. 4G). Some tiny filaments commonly associ-
ated with “mycelia” (Fig. 4H) were identified. Real examples of the
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Fig. 4. Schematic diagrams of characterised trace fossils grouped based on their morphological features.

E Schaubcylindrichnus

identified trace fossils from LCL and CCL images can be observed in trace fossils was quantified in every slide, considering the entire section,
Fig. 5. but also at shorter areas (top, middle, and bottom intervals). Here we
illustrate a representative example from the ten analysed cores: sedi-
ment core sample 15 from box-core 49 (Fig. 6, Table 1). It should be
noted that the values obtained from CCL images are underestimated due
to limited visibility in some vertical regions of the images. These blurred

3.2. Intensity of bioturbation

To characterise the intensity of bioturbation, the surface occupied by

BC019-14+20mm BC019-05-0mm BC019-03-35mm BC049-11-Omm BC019-11-20mm

Fig. 5. Examples of trace fossils identified in LCL and CCL images from the study cores.
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Fig. 6. Quantification of bioturbated surface in images from LCL (above) and CCL (below) images from one of the cores. In the bottom right corner images, values are
recalculated removing the shadow areas (yellow in colour version). Black numbers refer to the whole core section and numbers in white are from shorter intervals.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Quantification of bioturbation. Percentages of bioturbated surface in every interval. LCL, Linear Computed Laminography; CCL, Circumferential Computed
Laminography.
LCL CCL Mean Mean Mean  Stand.
LCL CCL Dev.
-30 —-20 -10 0 mm 10 20 30 Radius 25 Radius 35
mm mm mm mm mm mm mm mm
Top Interval 0.9 2.9 9.5 10.9 2.9 4.1 3.7 3.6 3.7 5.0 3.7 4.7 3.3
Middle 11.8 13.9 13.0 9.3 13.8 12.1 8.2 13.4 9.4 11.7 11.4 11.7 2.2
Interval
Bottom 3.9 2.5 0.7 0.4 0.2 0.5 3.6 2.9 2.9 1.7 2.9 2.0 1.5
Interval
Whole section 7.5 8.3 8.5 7.1 7.2 6.7 5.8 8.0 6.0 7.3 7.0 7.2 1.0

areas occur because the X-ray beams cross the sample at angles close to
the tangent of the reconstructed circumference through the core. Such
artefacts are easily corrected to ensure that bioturbation quantifications
avoid these regions (yellowish in Fig. 6).

Regarding values obtained from the whole sections, in Linear
Computed Laminography (LCL) images, the bioturbated surface ranges
from 5.8% to 8.5%, having a mean value of 7.3% (Fig. 6, Table 1). All of
them represent Bioturbation Index (BI) 2 that ranges from 6% to 30% of
bioturbation. Similar values are obtained from Circumferential

Computed Laminography (CCL), for which the average is 7%.
Regarding shorter intervals within the sections, differences are
higher in some cases, being especially notable for top intervals. For LCL
images, the top interval values range from 0.9% to 10.9%, with a mean
value of 5.0% pertaining to BI 2. In turn, the average from CCL is 3.7%,
which corresponds to BI 1 (1-4%). Moreover, its BI classification would
be different (i.e., BI 2) in some cases if the bioturbated surface were
calculated just from a single image (e.g., 0 mm LCL) instead of using the
mean value of all images. In the middle intervals, bioturbated surface
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ranges from 8.2% to 13.9% with averages of 11.7% (LCL) and 11.4%
(CCL), in both cases related to BI 2. Finally, values from bottom intervals
range from 0.2% to 3.9%, with mean values of 1.7% (LCL) and 2.9%
(CCL), corresponding to BI 1 in both cases. In middle and bottom in-
tervals, BI classification based on a single image would be the same as
that obtained from the mean values.

4. Discussion. Linear vs Circumferential Computed
Laminography (LCL vs CCL)

The application of Computed Laminography (CL) on cores from
modern deep-sea sediments has provided useful images for character-
ising the trace-fossil assemblage and the intensity of bioturbation at
these core sites, without splitting the cores. Additionally, the results
obtained from Linear and Circumferential Computed Laminography
(LCL and CCL) images are compared, to discuss in which particular
situations each technique would be more useful.

4.1. Trace fossil characterization

The obtained results reveal that trace fossil visualization is much
better after treating the CL images (Figs. 3, 5). Our analysis of treated
images allowed the discernment of a trace-fossil assemblage composed
of 13 ichnogenera according to morphological features.

There were no notable differences in trace-fossil identification when
comparing assemblages under LCL and CCL methods. All the charac-
terised structures were identified in both LCL and CCL images, but in
general they are easier to identify with LCL. Morphological features of
some trace fossils used as diagnostic criteria are sometimes distorted
when working with CCL images. A clear example can be seen by
comparing Zoophycos from Linear and Circumferential images (Fig. 7).
The images from LCL are equivalent to the exposed surfaces usually
analysed when logging cores in the laboratory, making ichnological
identification easier. However, there are certain cases in which the use
of one or the other kind of image is preferable [to resolve uncertainties
in trace fossil identification].

For example, planar trace fossils that cross the entire core can be
more easily identified when working with CCL images (Fig. 7A). Such is
the case of Zoophycos, which can on occasion be confused with some
cylindrical meniscated trace fossils (e.g., Taenidium) in LCL images in a
longitudinal section (Fig. 7B). This uncertainty could also be solved by
checking LCL images from different depths, but it is easier and faster in
the case of circumferential images, as it can be resolved in a single
image.

Yet if identification is based solely on CCL images, some questions

+20 mm

Linear laminography images

0
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will remain unresolved. One example would be the observation of two
cross-sections of cylindrical burrows (e.g., Thalassinoides) in one image
(Fig. 8). In this case, there is no way to tell whether these sections are
from the same burrow (Fig. 8A) or different galleries (Fig. 8B).

Accordingly, either of the two CL techniques can be used to char-
acterise trace fossils, but a combination of both is recommended to solve
uncertainties in particular cases.

4.2. Intensity of bioturbation

The bioturbated surface was quantified in every LCL and CCL image
in order to: 1, analyse differences between images from the same tech-
nique; and 2, compare results obtained with different techniques, both
in the whole core and in shorter intervals. Considering the illustrated
core as a representative example (subsample 15 in BC049; Fig. 6),
representative values from the whole section can be obtained either
from LCL or CCL, even if the estimation is based on a single image
(6.0-8.5%; Table 1). In all cases, the percentage of bioturbated surface
corresponds to BI 2. However, differences are higher when working with
shorter intervals, being especially notable in the top intervals (standard
deviation 3.3%, Table 1). The difference between mean values from LCL
and CCL in top intervals is just 1.3%, but this is enough to alter its BI
classification. Moreover, the values obtained from single image analysis
result in larger differences, the bioturbation intensity varying by up to
10% between some images (i.e., 0.9% vs 10.9%). This would classify
some images from the same core as BI 1 (1-4%) and others as 2 (5-30%).
The differences are mainly related with longitudinal sections of sub-
horizontal burrows or the presence of vertical structures that are cut
only in a few slices. The situation is similar in middle and deep tier in-
tervals, although differences are lower than the ones registered in the
top intervals. These observations reveal that quantification based on just
one image is not advisable; rather, it is best to derive the mean value
after analysing as many sections as practicable, especially when working
with short intervals.

Comparing LCL and CCL, it can be affirmed that mean values ob-
tained from all the slices are very similar when considering the whole
section length, but also shorter intervals (Fig. 6, Table 1). Given these
differences and taking into account that mean values from CCL are ob-
tained just by analysing two images, and that it is less time-consuming, a
quantification based on CCL images is recommended, but avoiding the
regions where visibility is limited.

5. Conclusions

The present study confirms the usefulness of Computed
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Fig. 7. Schematic diagram of outputs from Zoophycos (A) and Taenidium (B) in LCL and CCL images.
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Fig. 8. Schematic diagram of outputs from a controversial situation with one (A) and two (B) cylindrical burrows crossing the study core.

Laminography (CL) for the study of ichnological content of sediment
cores, and even some other internal structures, improving the charac-
terization of trace fossils and quantification of the intensity of bio-
turbation. Additionally, the comparison between Linear Computed
Laminography (LCL) and Circumferential Computed Laminography
(CCL) reveals that both techniques offer similar results. Still, the inte-
gration of both is highly recommended for certain doubtful situations (e.
8., Zoophycos vs Taenidium in some cases).

Regarding the quantification of bioturbation, the use of CCL images
is less time-consuming, but it is important to consider excluding the
vertical areas where visibility is nil. This aspect need not be considered
in quantification from LCL images, but a higher number of images must
be analysed to obtain an accurate estimation.

Therefore, the use of CL is highly recommended for the study of in-
ternal structures of sediment cores, especially in those cases in which CT
data are unavailable or the database size is too large to be processed with
the available computational resources.

This study is a first step in the application of Computed Laminog-
raphy for the analysis of sediment cores, but a promising future is
envisaged regarding studies focused on ichnology and other internal
structures.
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