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Abstract
The traditional serial grinding method used to investigate the internal structure
of fossils cannot be readily applied to valuable fossil specimens due to its de-
structive and time-consuming nature. Computed tomography (CT) is an ideal
non-destructive technique for investigating the internal structure of fossils, in
which thousands of serial images are obtained and used to produce an accu-
rate reconstruction of the internal morphology. This paper reviews the design,
development and applications of the first CT system in China dedicated exclu-
sively to scanning fossils. The 225 kV three-dimensional (3D) fossil micro-CT
(225-3D-�CT) is capable of high-resolution volumetric imaging, with a resolu-
tion up to 5 �m, and can accommodate specimens measuring up to 100 mm in
diameter and 100 mm in length. The 450 kV ordinary fossil CT (450-TY-ICT)
can produce high signal-to-noise ratio (SNR) images of specimens ranging up
to 800 mm in diameter and 1000 mm in length, with a resolution up to 200
�m. Two paleontological CT facilities represent a high-performance platform
offering the functional diversity needed to meet the demands of studying fossils
at a variety of different scales. The two machines have become indispensable
for paleontological research in China.
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Abstract

The traditional serial grinding method used to investigate the internal structure
of fossils cannot be readily applied to valuable fossil specimens due to its de-
structive and time-consuming nature. Computed tomography (CT) is an ideal
non-destructive technique for investigating the internal structure of fossils, in
which thousands of serial images are obtained and used to produce an accu-
rate reconstruction of the internal morphology. This paper reviews the design,
development and applications of the first CT system in China dedicated exclu-
sively to scanning fossils. The 225 kV three-dimensional (3D) fossil micro-CT
(225-3D-�CT) is capable of high-resolution volumetric imaging, with a resolu-
tion up to 5 �m, and can accommodate specimens measuring up to 100 mm in
diameter and 100 mm in length. The 450 kV ordinary fossil CT (450-TY-ICT)
can produce high signal-to-noise ratio (SNR) images of specimens ranging up
to 800 mm in diameter and 1000 mm in length, with a resolution up to 200
�m. Two paleontological CT facilities represent a high-performance platform
offering the functional diversity needed to meet the demands of studying fossils
at a variety of different scales. The two machines have become indispensable
for paleontological research in China.
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1. Introduction
The study of fossils is an essential part of efforts to unveil the secrets of the
origin and evolution of life. In the past, serial grinding (Keyes, 1962; Mark,
2008) was the only method available to scientists who wished to investigate the
internal structure of fossils. The fact that this technique destroys the fossil and
is extremely time-consuming makes it difficult to apply, especially to particularly
valuable fossil specimens such as human skulls. Computed tomography (CT) can
be used to investigate various objects internally and is non-destructive, making
it ideal as a paleontological method for extracting information on the internal
structure of fossils.

Medical CT is unsuitable for fossil scanning because of its poor resolution. The
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voltage used to generate the scanning beam in the X-ray tube of a medical CT
device is generally 160 kV or less, a level that is appropriate for harmlessly
scanning the tissues of living humans but results in only sub-millimeter scale
resolution. In industrial CT devices, the X-ray tube voltage can be more vari-
able, ranging from dozens of kV up to 15 MeV, and the resolution can be as
good as 5 �m or even better.

Since 1996, paleontologists have been using high-resolution CT (HRCT) to study
fossils (Beall et al., 1996). Paleontological papers based on studies using HRCT
have been published in Nature, Science and other high-impact journals (e.g.,
Clarke et al., 2005; Kearney et al., 2005; Kyle et al., 2005; Mickler et al., 2004).
However, before 2009 the only established industrial CT facilities readily ac-
cessible to paleontologists—like those at the University of Texas at Austin (a
national shared multi-user facility since 1999) and the Australian National Uni-
versity (where the National Laboratory for X-ray Micro Computed Tomography
maintains a number of X-ray micro-computed tomography instruments)—were
located outside China. As a result, they were of limited value to Chinese pale-
ontologists, because many valuable specimens (such as fossil human skulls) are
not allowed to leave China.

Industrial CT is a cutting-edge technology in paleontology, and is valuable as
a non-destructive technique for investigating the internal structure of fossils.
In order to promote paleontological research and protect intellectual property
rights pertaining to the results of research on valuable Chinese specimens, it
was deemed essential to develop a CT facility in China to be used exclusively
for fossil scanning.

2.1 General Concept
Paleontological CT is essentially a type of industrial CT, and as a method
for scanning fossils has significant advantages over medical CT in terms of ra-
diation intensity, penetration of the sample, and resolution. Compared with
conventional industrial CT, our paleontological CT facility has the following
special characteristics: (1) it is more suitable for objects (fossil specimens of
invertebrates, fishes, amphibians, non-avian reptiles, birds, humans and other
mammals, plants, etc.) that vary widely in size (5–800 mm in diameter) and
composition; (2) it is able to provide superior spatial and density resolution.
The second characteristic is essential for accurate imaging of the detailed inter-
nal structure of fossils, as this requires clear discrimination between the fossil
and the surrounding matrix of rock or sediment even if the two are close in
density.

We have developed two paleontological CT devices, namely an ordinary CT de-
vice for relatively large fossil specimens and a micro-CT device for small ones.
The 225 kV 3D fossil micro-CT (225-3D-�CT) is capable of high-resolution volu-
metric imaging, with a resolution up to 5 �m, and can accommodate specimens
measuring up to 100 mm in diameter and 100 mm in length. The 450 kV
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ordinary fossil CT (450-TY-ICT) can produce high SNR images of specimens
ranging up to 800 mm in diameter and 1000 mm in length, with a resolution up
to 200 �m.

2.2 Design
The system has been optimized using a high-performance X-ray tube with a
small focal length to ensure good spatial resolution, and the micro-CT scanner
also has a high-contrast detector with high pixel pitch to ensure good density
resolution. To ensure stability, the platform on which specimens are placed for
scanning is a single piece of high-quality natural marble in both CT scanners.
The marble has been processed using a combination of automated and manual
approaches in order to minimize potential imprecision caused by fluctuations in
temperature (which can cause small changes in the size of the piece of marble)
and other environmental parameters, as well as smaller amounts of deformation
caused by internal stress arising from the marble’s material properties. The
fossil micro-CT is equipped with a high precision electronic control rotary table
(HUBER410, Germany) that maintains its exact position when loaded with a
fossil, ensuring that no errors are introduced as a result of specimen misalign-
ment. In both devices, the system takes a series of X-ray images (also called
“projections”or “frames”) at small angular intervals as the specimen rotates
through a full 360°. Multiple frames are taken at each point and averaged to
produce a less noisy composite image. The composite images are then com-
bined by software to produce the final CT data set for the specimen. Both
paleontological CT devices are shown in Fig. 1 [Figure 1: see original paper].

Control System: In the 225-3D-�CT device, the rotary table on which fossils
are placed is installed on a slide rail which runs parallel to a line drawn from the
X-ray tube to the X-ray detector. The precision of the movement of the rotary
table along the slide rail is guaranteed by a linear optical encoder, comprising a
readhead paired with a scale. The readhead reads the scale in order to encode
the current position of the rotary table, which is converted into a digital pulse
signal and transmitted to the motion control system. This system ensures that
the position of the rotary table is precisely known at all times. A positive limit
point and a negative limit point, which respectively define the minimum allow-
able distance from the rotary table to the X-ray tube (which emits X-rays) and
to the detector (which receives X-rays after they have passed through the speci-
men), constrain the movement of the rotary table. The boundaries represented
by the positive and negative limit points prevent fossil specimens from colliding
with either the tube or the detector. A home point, considered to represent a
zero point for the system, is set between the positive and negative limit points.
Furthermore, a safety light curtain extending between a transmitting device
and a receiving device is installed between the X-ray tube and the fossil sample,
and is connected to the motion control system. If the fossil or another object
interrupts the light curtain, motion of the system will immediately cease. This
design ensures that the motion control system will be stopped by feedback be-
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fore making contact with the fossil sample, preventing the sample from suffering
damage under any circumstances.

Data Acquisition and Image Reconstruction Software: Custom-designed
software with a Graphical User Interface (GUI) allows users to synchronize the
motion control system, the X-ray tube and the detector, utilizing protocols that
make it possible to collect scanning data using different parameters. After data
processing and reconstruction, the images can be 3D displayed, analyzed and
outputted as image files to meet different needs. The software workflow is shown
in Fig. 2 [Figure 2: see original paper].

2.3 Research Innovations
Multi-scale and High Precision CT Equipment for Paleontological
Research: The machines described in this paper are the first two CT devices
in China that have been designed exclusively for nondestructive investigation
of fossils. Innovative features of these devices include their X-ray energy spec-
trum optimization, double collimating beam modulation, nonlinear structure
tensor denoising technology and 3D tomographic imaging hardening correction
techniques (Zhao et al., 2011). They provide CT images characterized by high
spatial resolution and high contrast sensitivity, allowing accurate segmentation
of fossil specimens. CT scanning surpasses traditional methods used to study
the 3D internal structure of fossil specimens, such as serial grinding, in being
non-destructive as well as accurate. The highest spatial resolution the equip-
ment can provide is 5 �m, while the relative density resolution is 1‰. The
maximum specimen diameter the equipment can accommodate is 800 mm, and
specimens as small as 5 mm can be scanned in adequate detail. Accordingly,
the CT facility as a whole is suitable for scanning fossils of most types (fishes,
non-avian dinosaurs, birds, humans, non-human mammals, plants, etc.).

A Standardized Procedure for 3D Tomography of Fossils: We have de-
veloped a standardized procedure for scanning fossils and reconstructing them
in 3D. Information about each fossil specimen, including specimen size, scan-
ning parameters, calibration data, projection data, reconstructed images, and
3D visualization data, is recorded in order to create digital documents similar to
databases. This procedure represents a non-destructive method for investigat-
ing fossil specimens at micron-grade resolution. A CT study typically includes
calibration, selection of parameters to provide optimal quality, data acquisition
and reconstruction, segmentation of fossil material to distinguish it from the
surrounding rock, 3D restoration (i.e., correction for any deformation of the
specimen), and accurate 3D measurement of volume and other geometric pa-
rameters. The quality of the final results is among the highest achieved by any
group in China doing work of this type, and comparable to that achieved by
leading facilities worldwide.

Quantitative Evaluation of Resolution in 3D Tomography: Through
painstaking design, calibration and testing, we have developed a quantitative

chinarxiv.org/items/chinaxiv-201710.00003 Machine Translation

https://chinarxiv.org/items/chinaxiv-201710.00003


method to estimate the spatial resolution and density resolution needed to cap-
ture the morphology of a given specimen. In 3D tomography, it is necessary to
obtain a 3D PSF (point spread function; describes the response of an imaging
system to radiation from a point source) and a 3D CDF (contrast discrimination
function) in order to accurately determine the spatial resolution and density res-
olution required for the specimen. Methods for calculating the 3D PSF and 3D
CDF were presented by Wang et al. (2013). This approach helps to improve the
reliability of the tomography data collected during the scanning process, as well
as the accuracy of the subsequent image processing (Wang et al., 2013). Our ex-
perience in this domain potentially provides a basis for the future establishment
of general 3D micro-CT standards.

3. Applications of Paleontological CT
First brought into service in 2009, our CT facilities have since logged over 6000
working hours and scanned more than 2000 fossils of various types. Our methods
of scanning and subsequent data processing have proven to be highly effective,
and have led to a number of major research breakthroughs (relating to, for exam-
ple, the origin of vertebrate jaws, the evolution and development of mineralized
hard tissue in vertebrates, and vertebrate brain evolution).

Some configuration and scanning parameters for our two CT devices are shown
in Table 1 :

Our CT devices have been used to investigate many kinds of fossils (including
fishes, non-avian dinosaurs, birds, mammals and plants) with high levels of
precision and at a variety of scales. Research results have been published in
Nature (Zhu et al., 2013), PNAS (Wu et al., 2011, 2014), PloS One (Wu et
al., 2013; Xing et al., 2014), Journal of Human Evolution (Liu et al., 2013),
Anthropological Science (Wu et al., 2012), Chinese Science Bulletin (Wu et al.,
2008) and other important journals (Lu et al., 2012; Zhu et al., 2012; Xing et
al., 2015; Zhang et al., 2013).

3.1 Reconstruction of an Ancient Human Brain Using CT

The Liujiang fossil skull was found in the Tongtianyan Cave in Liuzhou district,
Guangxi Zhuang Autonomous Region by a local farmer in 1958. Its age has
been variously estimated as 68–40 ka, based on uranium dating of several non-
human mammalian teeth found together with the skull (Yuan et al., 1986), or
older than 153 ka (Shen et al., 2002). Because the endocranial cavity is filled
with hard matrix, earlier studies were restricted to the exterior morphology of
the skull.

Using the 450 kV paleontological CT device, researchers from the Institute of
Vertebrate Paleontology and Paleoanthropology (IVPP) scanned the Liujiang
skull and documented a difference in density between the bone wall of the skull
and the associated matrix. They also obtained data on the morphology of the
brain cavity in the Liujiang skull, and this new information has considerable
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importance for studies of the evolution of the human brain and the evolutionary
relationship between the Liujiang people and other humans. The volume of
the brain cavity in the Liujiang skull proved to be 1567 ml. This value is
within the range of variation seen in previously measured human specimens
from the early Late Pleistocene (100–130 ka), but greatly exceeds the average
for modern humans. This study was the first in which Chinese researchers used
X-ray tomography to investigate the morphology of an ancient human skull.
The results were published in Chinese Science Bulletin (Wu et al., 2008).

3.2 “Ancient Fish with a New Kind of Face”–A Jaw-Dropping Fossil
Discovery

Using 225 kV micro-CT, researchers from the IVPP scanned an ancient fossil
fish, eventually named Entelognathus primordialis, which is 420 million years old
and about the size of a trout. In overall body shape, E. primordialis is typical of
the placoderms, a group of primitive armored fishes that normally have a simple
jaw structure. However, scanning helped to reveal that E. primordialis is a key
transitional form with a sophisticated jaw resembling that of advanced bony
fishes. This groundbreaking discovery revealed the oldest known appearance
in the vertebrate fossil record of the bones homologous to those that form the
human face.

This research was published in the journal Nature (Zhu et al., 2013), and was
selected as headline news by the Nature website.

4. Conclusion and New Developments
Two CT machines, representing the first such devices in China dedicated ex-
clusively to the study of fossils, have been developed. Our paleontological CT
facility represents a high-performance platform offering the functional diversity
needed to meet the demands of studying fossils at a variety of different scales.
The two machines have become indispensable for paleontological research in
China.

To facilitate scanning of fossils preserved in slabs at high spatial resolution, the
project group is currently developing a Computed Laminography (CL) imaging
system. Through high-precision stitching technology, slab specimens of large
size can be scanned successfully. The new system will be capable of a maximum
resolution of 10 �m, and will be able to accommodate specimens of sizes up to
300 mm × 300 mm.
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