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 In this study, we also incorporated the pore water pressure 
(Ru) coefficient to simulate different water saturation con-
ditions by assuming constant moisture levels at different 
depths. The obtained FoS values were 0.75, 0.71 and 0.69 
for dry static, pseudo-static and wet conditions respectively 
(Figure 6 c) and thereby supporting a precarious slope.  
 This study describes the causative factors and failure 
mechanism responsible for triggering the Birik Dara land-
slide and also analyses the stability of the slope using diverse 
methods. A side-by-side comparison of the applied rock 
mass classification techniques, including kinematic analy-
sis, reveals that the slope section is critically unstable, which 
has been further strengthened by FEM analysis (FoS ≤ 1). 
Although this landslide does not pose any direct risk to the 
settlements, it has a strong propensity to damage NH-10 
and may affect the traffic. After the 2021 incident, the road 
was cleared for transportation, but it may be damaged again 
due to future rainfall/earthquake events. Considering the 
strategic significance of NH-10 as the only route for the 
people of Sikkim and Kalimpong to connect with the rest 
of India, it is imperative to develop appropriate stability 
measures to avoid future disastrous situations. The ratio-
nale behind this study is to ensure safe operation in this area, 
and also provide guidance to the decision-makers for land-
slide hazard mitigation and environmental remediation.  
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This study presents a fossil signature based on fractal 
dimension (FD) derived from computerized tomogra-
phy (CT) images to differentiate between coprolites 
and body fossils. Coprolites are generally studied using 
destructive techniques like thin section study and geo-
chemistry. Coprolites and body fossils collected from 
the Triassic terrestrial Gondwana deposits of India 
were chosen for the study. The presented CT-powered 
FD-based digital signature can properly distinguish 
coprolites from other fossils, without losing the struc-
tural features of the samples. The present study will 
further enhance the digitalized fossil research.  
 
Keywords: Computerized tomography, coprolites, fossils, 
fractal dimension, X-ray.  
 
LITHIFIED fossil faeces (coprolites) are highly variable trace 
fossils (records of behaviour of organisms preserved in 
rocks). They pose an analytical challenge for palaeontolo-
gists owing to their variable texture and shape. The study 
of coprolites is important as they reflect upon the dietary 
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residues of extinct animals. This in turn sheds light on 
trophic relationships, dietary efficiency, palaeo-ecosy-
stems and thereby palaeoenvironment that were prevalent 
at the time the coprolites were produced1. The present study 
focuses on computerized tomography (CT), comparing 
fragmentary encrusted body fossils with encrusted copro-
lites using non-destructive techniques.  
 CT-based non-destructive testing is a popular and routine 
inspection method for a variety of objects, including fossil 
samples2–8. Earlier, micro-CT scanning was successfully 
applied as a non-destructive technique to study body fossils, 
their microanatomical data and skeleto-chronology2. It has 
been suggested as a good alternative to thin sectioning2. 
Recently, several non-destructive methods, like neutron 
tomography and structured light optical scanning, have  
also been successfully used for the morphological and 
compositional study of fossils3. Due to the rarity of fossils, 
the usage of CT is gradually gaining ground in palaeonto-
logical studies.  
 Here, we present and experimentally validate the use of 
fractal dimension (FD) as a digital signature to distinguish 
between coprolites and body fossils, both collected from 
the Triassic terrestrial Gondwana deposits of India. The 
general lithology of the terrestrial Gondwana deposits in 
India consists of red mudstone, calcareous sandstone and 
calcirudites. It is to be noted that the karstic environment 
within the terrestrial Gondwana deposits favours the per-
mineralization of phosphates, thus making it difficult to 
distinguish between coprolites and fragmentary body fos-
sils. The coprolites that are enriched with phosphate were 
once of potential use in the fertilizer industry from an eco-
nomic point of view4,5. The technique using FD gives a 
distinct signature to distinguish between fragmentary body 
fossils and coprolites, as is evident from the present study. 
This can be extrapolated further for mineralogical studies 
to define the taphonomic process leading to the fossilization 
of a faecal matter, thus serving as an excellent method for 
reconstructing trophic structures and energy-flow models 
of past ecosystems6.  
 Coprolites and body fossils collected from the Triassic 
(252–201 million years ago) terrestrial Gondwana deposits 
of India were chosen for the study. The experimental data 
have been obtained using the Procon X-ray CT mini ma-
chine installed at ‘Divyadrishti Prayogshala’, IIT Kanpur 
with the following experimental specifications: X-ray tube 
voltage of 121 kV, X-ray tube current of 120 µA, expo-
sure time of 400 mS and number of projections = 400. 
Figure 1 shows photographs and CT images of the exam-
ined body fossils and coprolites. Three coprolites were se-
lected, of which ISI/COP/III had the maximum number of 
layers and inclusions. Thus it was sectioned and polished 
(Figure 1, IIId). The polished section of the coprolite was 
prepared at Geological Studies Unit of the Indian Statistical 
Institute, Kolkata. The sections from the magnified study 
under the microscope were compared with the micro-CT 
images. Three well-identified body fossil fragments, along 

with coprolites, were chosen as a training dataset for com-
parison (Figure 1 IVa, IVb, Va, Vb, Via and VIb). The 
body fossils comprised a fragmentary temnospondyl skull 
(ISI A 206) and temnospondyl post-cranial bones (Ilium 
ISI A 30 and vertebra ISI A 32) (Figure 1, IVa, IVb, Va, 
Vb, VIa and VIb). The images were reconstructed using 
FDK (Feldkamp–Davis–Kress) algorithm and Volume 
Player Plus software was used for visualization. Table 1 
lists the fossils and coprolites used with their correspond-
ing horizons and specimen numbers.  
 Figure 2 shows photographs of the in-house CT scanner. 
 Fractals can be defined as intricate patterns which show 
self-similarity across several scales7. They represent a set 
whose Hausdorff–Besicovitch dimension strictly surpasses 
the topological dimension. If m is an integer and represents 
the smallest integer dimensional space among all feasible 
integer dimensional spaces that may encompass X and 
N(ε), represents the number of m-dimensional spheres of 
diameter ε required to enclose X, then  
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where D is FD.  
 
 

 
 
Figure 1. Different coprolites used in this study and their possible 
producers along with the body fossils used for comparison. Scale bar = 
2 cm for the images; scale of the computerized tomography (CT) image 
is 1000 × 1000. 
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Table 1. Details of coprolites and body fossils used in this study 

Specimen number  Identification of specimen Locality and age 
 

ISI/COP/I   Coprolite   Middle Triassic Yerrapalli Formation  
ISI/COP/II   Coprolite   Middle Triassic Yerrapalli Formation  
ISI/COP/III   Coprolite   Middle Triassic Yerrapalli Formation  
ISI A 30   Chigutisaurid ilium   Late Triassic Maleri Formation  
ISI A 32   Chigutisaurid vertebra   Late Triassic Maleri Formation  
ISI A 206   Skull fragment of temnospondyl amphibian   Late Triassic Maleri Formation  

 
 

 
 

Figure 2. In-house Procon X-ray CT mini scanner. 
 
 
 Fractional Brownian motion (fBm) is one of the most 
effective fractal models to explain the geometrical com-
plexity of objects. The fBm surface I(x, y) is given by8  
 

 2 2
2 2 1 1 2 1 2 1(| ( , ) ( , ) |) ( ) ( ) ,

H
E I x y I x y x x y y− ∝ − − −  

 (2)  
 
where 0 < H < 1, and H is the Hurst coefficient. E(|I(x2, y2) – 
I(x1, y1)|) denotes the mean value of the absolute difference 
I(x2, y2) – I(x1, y1). D of the fBm surface is represented as 
 
 D = 3 – H.  (3)  
 
A 2D image can be manifested in 3D using image intensity 
as the third dimension. As a result, a 2D image can be un-
derstood as a 3D structure with FD ranging from 2 to 3.  
 FD is an invaluable measure for understanding the com-
plexity of shapes and organismal morphology9. Thus, it 
can be used as an appropriate index of quality for the CT 
images. Details regarding the calculation of FD by the 
Hurst coefficient are available in the literature10,11. In brief, 
let I(u, v) represent the intensity of any pixel of an M × M 
pixel block image, where u, v = 0, 1, 2 … M – 1. The FD 
graph of an image is the plot of log (NMSID) versus 
log (NSR), where NMSID is the normalized multi-scale 
intensity difference vector and NSR is the normalized scale 
range vector. A perfect fractal is indicated by a linear FD 

curve. A least squares linear regression on it yields the 
slope (H) of the resulting curve, from which FD is compu-
ted using the relationship D = 3 – H.  
 Real surfaces and images are unlikely to show fractal 
nature over all ranges of scale. Hence, it is a general prac-
tice to account for the values of NSR that exhibit linearity 
of the graph for estimation of FD.  
 Multiple methods were previously used to study coproli-
tes biochemical morphological and thin-section studies12–14. 
However, non-destructive techniques remain far less studied 
and no work has been done to distinguish coprolites from 
fragmented body fossils. The studied specimens of copro-
lites had diagnostic features like the presence of inclusions 
(non-digested matter) (Figure 1, Ia–Ic, IIa–IIc and IIIa–
IIId), copro-fabrics, furrows reflecting a contraction of the 
sphincter (indicated by yellow arrows (Figure 1, Ic and 
IIIc). These features distinguish the studied specimens from 
concretions. The cylindrical/coiled shape of the observed 
nodules is not consistent with the shape of chemical con-
cretions or fluvial transported intraclasts, which further 
supports the studied specimens to be coprolites and not 
concretions. All the three coprolites chosen for the present 
study were found intact without any segmentation or 
breakage. ISI/COP/I (Figure 1, Ia–Ic) is amphipolar in na-
ture. It is elongated and cylindrical in shape with a tapered 
and jagged anterior end and well-rounded posterior end. It 
has a brownish colour and bears an irregular texture due to 
exfoliation. Micro CT images reveal the presence of two 
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Figure 3. Superimposed best fit fractal dimension (FD) curves for the coprolites samples (red line) and body fossils (blue dotted line). 
 
 

Table 2. Fractal dimension (FD) values for different coprolites and body fossils 

Coprolite  FD value Body fossil FD value 
 

ISI/COP/I  2.7000  Ilium of temnospondyl amphibian (ISI A 30)  2.3900 
ISI/COP/II  2.6800  Vertebra of temnospondyl (ISI A 32)  2.2300 
ISI/COP/III  2.7100  Skull fragment of temnospondyl amphibian (ISI A 206)  2.4900 

 
 
whorls, the central whorl within the coprolite being slightly 
sphincteric in the middle. The presence of several inclu-
sions of varied shapes like irregular, linear and circular 
can be noted (indicated by white arrows in Figure 1).  
 ISI/COP/II (Figure 1, IIa–IIc) is cylindrical, rod-shaped 
coprolite with rounded isopolar ends. The anterior end is 
rounded, while the posterior end is tapering and slightly 
narrower. Micro-CT image reveals only a single whorl 
within the coprolite and the presence of a few small circular 
inclusions. It has a rough texture and the colour is white 
with brown patches. ISI/COP/III (Figure 1, IIIa–IIId) is 
ovoid and has an externally smooth texture. It has the 
highest number of parallel laminae/whorls (mucosal layers) 
among the three specimens chosen, as revealed in the micro-
CT images. A total of five concentric whorls or laminae 
are presenting, along with a significant number of inclu-
sions and undigested matter. Thus, this specimen was sec-
tioned and a polished section was studied under reflected 
light to correlate with the micro-CT image. The polished 
section also revealed concentric whorls within the copro-
lite, along with several inclusions, undigested food matter 
and fish scales, as identified by reflected light microscopy 
(Figure 1, IIId). Depending on their size, shape, presence of 
laminae and presence/absence/rarity of inclusions, three 
coprolites may belong to different species of fauna present 
in the Middle Triassic Yerrapalli Formation. This is be-
cause coprolites produced by various species of a taxon 
usually possess a different outline and morphology de-
pending on the internal gut structure of the animals. This 
makes them an ideal training dataset based on the FD 

measure and for comparison with body fossils. Potential 
producers of coprolites might have been Osteichthyes 
(bony fishes) found in the Middle Triassic Yerrapalli 
Formation15. Fish scats generally exhibit spiral morphology 
at one end (hetero-polar) or spiral extending to both ends 
(amphipolar)16,17. These are produced by the spiral intesti-
nal valve within the bony fishes. Bony fish faeces are usually 
amphipolarly spiral6,15,18–20 and shark faeces usually show 
heteropolar spiral nature. Sohn and Chatterjee21 suggested 
that the Triassic coprolites of the Indian Gondwana deposits 
were produced by large vertebrates. 
 Figure 3 shows the linear range FD curve for coprolite 
sample ISI/COP/I and the fossilized bone sample ‘skull 
fragment’. 
 Table 2 shows the FD values for various fossil samples. 
Figure 4 shows FD curves for six specimens. The FD val-
ues are almost similar for coprolites and fossilized bones. 
However, the coprolites average (~2.70) is distinctly dif-
ferent from the corresponding average (~2.35) for the body 
fossils. 
 Although only a few specimens could be examined, the 
FD-based fossil signature derived from the CT images dif-
ferentiates between coprolites and body fossils without af-
fecting the structural integrity of the fossils. The material 
characterization performance of FD is dependent upon the 
resolution of the CT images, as the FD value depends on the 
resolution of the CT images22. In the present study, the data 
size is small, so it may be unwise to draw any strong con-
clusion from the results. The future research plan includes 
the study of the FD-based characterization technique with a 
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Figure 4. FD curves for six specimens. 
 
 
larger set of fossil samples and varying the resolution of CT 
images for each sample. Nevertheless, preliminary obser-
vations depict that FD can be used as a powerful morpho-
logical digital signature for distinguishing coprolites from 
body fossils. The FD-based fossil signature can efficiently 
contribute to locating phosphate sources5,6, as coprolites 
are enriched with phosphate. This will shed considerable 
light on the paleoenvironment prevalent in deep time and 
will strengthen the database to complete a trophic pyramid 
in India’s Triassic terrestrial Gondwana deposits with de-
tails of prey–predator relationships.  
 
Data accessibility: Raw CT scan files are available on re-
quest from the authors.  
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