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Abstract. Several non-invasive methods are common prac-tially preserved within the surrounding rocks, requires imag-
tice in natural sciences today. Here we present how theyng methods that are primarily used in non-destructive test-
can be applied and contribute to current topics in cephaloing. The conservation of the specimen is of main importance
pod (paleo-) biology. Different methods will be compared in using these methods since former techniques used destruc-
terms of time necessary to acquire the data, amount of datdive methods leading to the loss of the specimen or parts
accuracy/resolution, minimum/maximum size of objects thatof the specimen. Enhanced tomographic imaging techniques
can be studied, the degree of post-processing needed amshable a view inside solid objects with astonishing spatial
availability. The main application of the methods is seen inresolution. Typical tasks for the reconstruction of structures
morphometry and volumetry of cephalopod shells. In partic-from tomographic image data are digital image processing
ular we present a method for precise buoyancy calculation(like filtering and enhancement), segmentation (e.qg., classifi-
Therefore, cephalopod shells were scanned together with difeation), and geometry processing.
ferent reference bodies, an approach developed in medical The oldest record of the application of non-invasive meth-
sciences. Itis necessary to know the volume of the referenceds in the field of cephalopod research dates back to the
bodies, which should have similar absorption properties likepublication of Lehmann (1932). By using x-rays Lehmann
the object of interest. Exact volumes can be obtained from(1932) produced stereo images of a 3-D impression of the
surface scanning. Depending on the dimensions of the studinternal structures of a Lower Jurassic ammonite. A few
object different computed tomography techniques were apyears earlier Sollas (1904) invented a method using serial
plied. sections that allowed the visualization of internal structures
of fossils. This approach has formed the basis of modern
grinding tomography (e.g., Pascual-Cebrian et al., 2013).
Much has been improved since the earliest attempts, in-
1 Introduction vasive or not, for 3-D reconstructions of fossils and their
internal structures (Sollas and Sollas, 1914; Tipper, 1976;
During the last decade non-invasive diagnostics has bet o and Ketten, 1991: Herbert et al., 1995; Hurum, 1996:

come increasingly important for paleontological research.siock, 2006: Tafforeau et al., 2006; Sutton et al., 2001,
The analysis of shapes of fossil hard parts, either fully or par-
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Hoffmann and Zachow, 2011; Falkingham, 2012). Specifi-
cally for cephalopods non-invasive methods were used lately|
for reconstructing internal soft parts, mainly buccal masses
of ammonoids, e.g., Klug et al. (2012), Kruta et al. (2013,
2014), and Tanabe et al. (2013), and were also used on ex#¥
tant cephalopods, e.g., Westermann et al. (2002) and Kerbl e
al. (2013). Recently, Sutton et al. (2014) published an exten-
sive overview of techniques for virtual paleontology, includ- |
ing destructive and non-destructive approaches. Advantages
and disadvantages of non-invasive methods (surface scamigure 1. Multiplanar reconstructions (MPRYA) Tomographic
ning, computed tomography, magnetic resonance tomogradata set of a hollow Lower Jurassic (Toarci&@hganticeragabout
phy) tested by the authors are discussed below. 1cm in diameter) with a size of 9 GB, acquired with a v|tome|x s
Advantages of the non-invasive approach are: externa(180kV tube current, res. 6 um). MPR and visualization obtained

and/or internal structures of specimens can be studied ifvith the ZIBAmira 3-D software(B) Digitally merged data set of

great detail in 2-D and 3-D while the specimen itself remainstW0 separately scanned (res. 45um) parts of a broken Upper Creta-

untouched (Fig. 1), scan data can be shared within the gcjceous concretion of about 13 cm in diameter that contains one spec-

entific community, used for a virtual visit of museum collec- ginogfeaudrycera$p. (about 8cm in diameter, coll. Y. Shigeta,
tions (e.g.http://www.3d-fossils.ac.uk/home.htmto main- yo).

tain a record of type material that may later be destroyed or

lost in the future, or can be stored for later studies to solve

new questions. A clear advantage for future work is the postion of whether ammonoids were benthic crawlers or could
sibility to store and share the CT data and make them availfreely swim in the water column, with wider implications for
able for subsequent studies of other researchers. Rare fossitgedator—prey relationships. It is therefore of critical impor-
(e.g., holotype material) can be duplicated as 3-D prints andance for those interested in the interpretatioa’8D signa-
sent to scientists all over the world or used for lectures (Rah+ures derived from ammonoid shells, as well as for the recon-
man et al., 2012), exhibitions and outreach programs. Sinstruction of the evolution of paleoenvironments. For recent
gle pieces of a broken specimen can be scanned separatebpnstraints on ammonoid paleobiology and life history the
merged digitally — as shown by Hoffmann (2010) for an Up- reader is referred to Ritterbush et al. (2014).

per Cretaceous hollow preserved ammonite — and printed in In order to answer this question we performed the first
one piece afterwards (Fig. 1b). Multiplanar reconstructionstest with the shells of the receMautilus and Spirula and
(MPR, Fig. 1a) and surface and volume renderings (Fig. 3b)calculated the buoyancy values for each. For both species
can also be applied to the data sets. Presentation animatiorisis well known that they were able to swim freely in the
and instructive movies can be created. Finally, accurate sumwater column. Furthermore, non-invasive methods can be
face models can be derived from these methods and used fapplied not only for volumetry but also for 2-D measure-
advanced functional analyses such as finite element analysiments of cephalopod shells and will contribute to the quanti-
(FEA), computational fluid dynamics (CFD, e.g., Shiino et tative morphological approach taking intraspecific variability
al. 2012) and multibody dynamic analysis (MBD, Anderson of species into account (Hoffmann et al. 2012).

et al., 2012; Bates and Falkingham, 2012). Because FEA is Due to their accretionary growth, molluscs record their
beyond the scope of this article the reader is referred to Raywhole ontogeny with their shells. 2-D measurements of dis-
filed (2007) for a review of FEA in palaeontology. One main tances and their ontogenetic changes (ontogenetic trajecto-
goal for future research should be the establishment of a 3-Dries) with a higher resolution (from 45own to T) com-
shaped database for ammonoids, comparable to the GenBalared to the cutting approach (180 or®increase the pre-

of biologists. We chose cephalopods as ideal candidates forision of morphological description. First 2-D measurements
this non-invasive method study because of their longevity,were performed on the micro-CT images of the extdati-

high abundance and wide distribution during Earth’s his-tilus andSpirulaand afterwards on the micro-CT images of
tory, their meaning for biostratigraphy due to high evolution- fossil ammonites following the key of description for am-
ary rates, importance for tracing evolutionary mechanismsmonoid conchs of Korn (2010). Due to the advantages of
and their complex internal structure and its possible func-some of the non-invasive methods we were able to add in-
tion, which was under debate for centuries. Besides meaternal characters to the classical conch parameter (e.g., am-
suring distances the main challenge here is to test whethemonitella length, septal angle, septal thickness profiles, sep-
the ammonoids — a group that appeared during the Devoniatal spacing, diameter of the siphuncle at a certain conch di-
and went extinct at the Cretaceous—Paleogene event — couliimeter, relative position of the siphuncle, and conch wall
swim or not. We emphasize here that this question is morethickness at a certain conch diameter). Only after segmenta-
over important for a wider scientific community interested in tion can the CT data be analyzed for ontogenetic changes of
paleoenvironmental changes. It aims at clarifying the quesvolumes (chambers, shell) and a final buoyancy calculation.
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For each of the presented methods a potential applicatiod953), a modified binary codification. The correct distance
was provided. We developed a strategy using different nonbetween object and camera/projector, and therefore constant
invasive methods in order to conduct a reliability study for resolution, is assured by the two laser points, which have to
the calculation of precise volumes, which is necessary forbe congruent on the object’s surface. Single scans and their
subsequent buoyancy calculations, which has not been doraignment can be made manually, or by an optional turntable
before. To the best of our knowledge there are no studieshat allows an automatic alignment, at least for one side of
available comparing different non-invasive methods and theithe object. A dark room is recommended to reduce diffused
potential to solve open questions in cephalopod research. Aght. The surface of the object should be mat finished with a
briefly described above there is a broad field of possible apspecial whitening spray or by coating with ammonium chlo-
plications for non-invasive methods. With our contribution ride (NH4Cl). A special mounting of the object is not needed,
we hope to motivate researchers to apply more non-invasivéut it should be positioned in a stable manner to avoid move-
methods in cephalopod and other invertebrate research.  ments during the scan. As long as it is possible to keep the
correct distance of the sensor, scanning is possible. If the ob-
ject exceeds the field of view (FOV), or not every part of
the object was captured with one scan, several scans will be
necessary in order to cover the whole surface or all details.
For larger objects there has to be an overlap of the scanned
area. It is possible to set landmarks in these overlapping ar-

(coll. R. Hoffmann, SsCl_01), and a 17 cm diam eas for aligning them in one large model. All scans are then

il ilius f the Philiopi I R. Hoff merged and overlapping areas are removed to reduce the file
llus pompiliusfrom the Philippines (coll. R. Ho mann, ;e afterwards. The resulting polygonal model file size de-

%ends on the used sensor and the number of single scans,
but compared to the 60 um sensor the file size of the 16 um
sensor is around 10 times larger. The amount of data includ-
ing all sub-scan files is nearly the same in both sensors. A
disadvantage of the used technology are objects with deep
narrow holes or furrows, as it is difficult to project the Gray-
code patterns inside the holes and detect them with the cam-
era at the same time. This leads to missing data within the
polygonal model, causing holes in the surface mesh (Fig. 2).
OI"I'hese holes can be closed during the data post-processing
(e.g., with PolyWork®). With such post-processing software

2 Material

For comparison of the different methods we examined shell
of two extant cephalopods (e.g., the deep sea s8pidila
spirula from the Canary Islands with a diameter of 1.6 cm

examined arEleganticerassp. from the Lower Jurassic of
Grimmen, Germany (coll. R. Hoffmann, EIGr_01), a giant
Lobolytoceras costellaturftom the Upper Jurassic (Oxfor-
dian) of Madagascar (coll. H. Keupp, MAn-3059, 61.5cm
in diameter), three juvenile upper Middle Jurassic (Callo-
vian) ammonites (@adocerassp.) from the Kostroma re-
gion of Russia with diameters between 2 and 5mm (coll.
R. Hoffmann, CaKr_01, CaKr_02, CaKr_03),@Gaudryc-
erassp. about 5cm in diameter, scanned with the surroun
ing concretion of about 20cm (Fig. 1b) from the Upper

Cretaceous (Maastrichtian) of Kamtchatka (coll. . Sh|geta,the volume of any scanned object can be calculated. The ac-

Tpkyo,fv;/rl]tholgt |rt1vent no.): a:raspeqnessi)r.] frcl)rrt1t thihVOI' curacy of the calculated volume depends on the resolution
glan o de' 0S rolma rIT:glon, dqfsm —hela g_r reetgreand geometry but is independent of the chemical composi-
preserved in nearly hollow conditions, one median SeCiony;,, 4 therefore absorption properties or density of the ob-

of Argonauticerassp. of 9.5cm diameter, from the Lower . . : :
) ject, which plays an important role in computed tomography
Cretaceous (Albian) from Madagascar (coll. R. Hoffmann,]cor instance (Table 2).

ArMa_01). A single pathological rostrum of the belem-
nite Hibolithes jaculoidegcoll. H. Keupp, PB251) from the
Lower Cretaceous (Hauterivian) of Heligoland (Germany)
and one calcite crystal were also examined.

3.2 Computed tomography (CT)

Leading companies that produce medical CT scanners are
NIKON®, SIEMENS®, PHILIPS® and General Electrft

3  Methods (GE®) among others (Table 1). The investigated giant am-
monite (obolytoceras costellatumwas scanned in 2007 at
3.1 Surface scanning the Fachbereich Veterindrmedizin (Klinik und Poliklinik ftir

kleine Haustiere), Freie Universitat Berlin-Dippel using a
A variety of manufacturers (e.g., STEINBICHLER medical CT scanner from GEwith a resolution of 1 mm
BREUCKMANN®, DAVID®) provide products to digitize (Fig. 3). The objects of interest can easily be adjusted within
objects of different sizes and materials in a broad spectrunthe FOV by positioning them on a movable scanner table,
of resolutions and different price segments. The polygonalhich can be lifted up/down and moved back/forth. Further
surface models (Fig. 2) presented here have been made wittalibrations are not necessary because the x-ray source will
a BREUCKMANN® optoTOP-HE system (Table 1) using rotate around the object(s). In comparison to surface scan-
the optocat 2007 R3 software (v7.20.03). The used technolning the reflectivity of the surface or organic matter is not
ogy is a combination of phase shift and Gray code (Gray,problematic for x-ray scans (same for micro-CT, nano-CT,
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Table 1. Devices used in this study to acquire data, with range of resolution, remarks and investigated examples.

Applicable object

Method  Device Facility Resolution dimensions, Example Raw data  Acquisition
restrictions, volume time
remarks

Surface BREUCKMANN 16 um (FOV  Unlimited object Spirula spirula

scanner  optoTOP-HE (OT1301- 60 mm) size, constant (Fig. 2b and e)

HEG6-L100-060 sensor)  Steinmann-Institut, resolution; mat-
Universitat Bonn, finished surface 0.5GB 0.5h
BREUCKMANN Germany 60 um (FOV  is needed, deep Spirula spirula
optoTOP-HE (OT1289- 225 mm) narrow holes (Fig. 2a and d)
HE6-L100-225 sensor) are difficult
Medical GE LightSpeed 4-slice  Klinik und Poliklinik Lobolytoceras
CT helical CT fur kleine Haustiere, Upto costellatum 255 MB
FU Berlin-Duppel, 1mm k1x1.7m, (Fig. 3a and b)
Germany < 200kg; special A few
room with x-ray minutes
SIEMENS Somatom Knappschafts- Up to absorption
Definition Dual krankenhaus 500 um Craspeditesp. (Fig. 3c) 78 MB
Source CT Bochum, Germany
Micro- GE Phoenix|x-ray 6—246 pm Cadocerasp. (Fig. 10a
CT v|tome|x s (240 kV (detector size  308x 18cm, and d)Nautilus pompilius Up to 0.3-2h
microfocus tube) Steinmann-Institut, 400cm)  <5kg; size (Figs. 4, 5, 6, 7gpirula 4GB
Universitéat Bonn, influences spirula (Fig. 2c and f)
GE Phoenix|x-ray Germany Upto 2pum resolution
v[tome|x s (180 kV (detector size Gaudrycerasp. (Fig. 1b), Upto 1-2h
nanofocus tube) 49 40cm) Eleganticerasp. (Fig. 1a) 8GB
Nano- GE Phoenix|x-ray GFZ Potsdam, Upto XB2x 12cm, Tadocerasp. (Fig. 10b Upto
CT nanotom (180 kV Germany 500 nm < 2kg; size and e)Spirula spirula 16 GB 2-5h
nanofocus tube) influences (Figs. 8,9a and b)
resolution
SRUCT  Advanced Photon Argonne, lllinois, Upto xB x 5mm, Tadocerasp. (Fig. 10c Upto
Source (APS) USA 0.7 um size influences andf)irula spirula 33GB 20 min
resolution (Fig. 9¢)
MRI BRUKER Avance Saarbricken, 100 um 20A0x 30mm  Hibolithes jaculoides Upto
NMR spectrometer Germany (Fig. 11) days

and SRuCT). Scan parameters are fixed in the associatad the reconstructed image due to limited x-ray flux or use

scan programs. Due to the open construction of the relaef polychromatic radiation, finite resolution, discrete sam-

tively large medical CT scanners a special room with x-raypling and x-ray scatter, hindering a successful reconstruction
absorption properties and low vibrations is necessary. Conef shapes (Davis and Elliott, 2006). The polychromatic x-

trary to the high costs of acquisition of a medical CT scan-ray beam is problematic in producing beam-hardening scan
ner, they are widely distributed in different kinds of hospi- artifacts (among others). Different absorption properties of
tals and therefore relatively easy to get access to. Scan timabe scanned materials (e.g., shell, air and/or matrix) lead to
range between a few seconds and a few minutes dependirgironger absorption of the low-energy x-rays than the high-
on the size of the object of interest. The reconstruction pro-energy x-rays (Stock, 2006; Tafforeau et al., 2006). Thus, the
cess (post-processing) can be completed in a few minutes dugard parts of the x-ray spectrum become dominant, leading
to the small amount of data that can be operated on a standatd a confusing increase in the linear absorption coefficient,
desktop PC. Open source software (e.g., ImageJd) is suitablesulting in bright non-informative areas on the scans (ring
for the post-processing work. Due to the low resolution theartifacts, etc.).

smallest objects should generally not be smaller than 1 cm.

The upper limit of object size is around 180 cm in diameter,3.3  Micro-computed tomography (micro-CT)

which is six times larger compared to a micro-CT, but can be

much longer. Dual-energy scans are possible with medicairhe advantage of micro-CT technology, developed at the end
CT-scanner devices using two x-ray sources and two detecof the 1980s, over conventional CTs is a significantly higher

tors at the same time; the scanning speed is increased and gEhievable resolution. Scanners are available from different
exceptional quality. Several kinds of scan artifacts may occuicompanies (e.g., GE Skyscaf, FRAUNHOFEFR®) and are

Biogeosciences, 11, 2722439 2014 www.biogeosciences.net/11/2721/2014/
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increasingly accessible in different scientific facilities with 3.4 Nanofocus-computed tomography (nano-CT)

various fields of interests. A great number of micro-CT ma-

chines are chambered devices that do not need a special radir 2006 GE® developed the phoenix nanot8nfnano-CT;
ation protection area or an extra room with special lead coatTable 1), a new tomograph device with improved resolu-
ing for security, as a protective lead coating is included in thetion and contrast properties (Drews et al., 2008). With its
chambered set-up. The desktop micro-CTs of Skyscan (novimproved detector using CCD or CMOS technology, the
BRUKER® micro-CT) and CT-MINI FRAUNHOFER are nanoton? series was designed for material sciences but can
examples of relatively small and mobile devices. The max-also be used for geological and biological samples. Like the
imum size of the objects to be scanned depends on the denicro-CT the nanotoffiis a chambered device that includes
tector size and the scanning chamber of the device. Objectkead coating and has a CNC table. Compared to a micro-CT
larger than the detector may be scanned in parts and mergddom the same company, scan artifacts are reduced and the
virtually afterwards. The used device has two different tubescontrast of the resulting grey-scale images is increased, while
(Table 1). There are also micro-CTs available on the markethe time effort stays the same. In addition, data acquisition
independent of a chamber set-up (for example the L prodneeds half the time for the same image quality. Resolution
ucts of GE®); here special rooms and technicians are nec-was improved with the highest value at 0.5 um, but the detail
essary. Within a chambered device objects are mounted odetectability lies at about 200—300 nm (Brunke et al., 2008).
a movable and rotatable computerized numerical control taThus, the dimension of the structure of interest suitable for a
ble (CNC table), and depending on the distance to the xsuccessful reconstruction is reduced to about 1-2 ym. In ad-
ray source the resolution of the scan changes. As a rule, thdition, the reconstruction of the scanned data is faster using a
closer you get, the higher the resolution you can achieve. Ariime-optimized algorithm. The time necessary to scan a cer-
advantage is that several small objects can be scanned at th@n object depends on object size, scan resolution, number of
same time with the same resolution. The utilization of high-images taken, rotational angle and time interval of rotation,
resolution scans allows the visualization of minute outer andand may vary between several minutes and several hours.
inner structures (e.g., ornamentation and septa of smaller diHigh acquisition costs and the extensive maintenance (fila-
mensions and with increased precision compared to mediments, detector, etc.) are the reasons why the narffoiem

cal CT scans) and the creation of detailed 3-D models of thenot widely distributed yet, thus hampering easy access. How-
scanned objects. For objects within or filled with a matrix ever, with respect to spatial resolution nano-CT can compete
a successful segmentation depends on the state of preservaith many absorption contrast set-ups at synchrotron radia-
tion. A considerable difference in absorption properties be-tion facilities (Withers, 2007).

tween the structure of interest (fossil) and the surrounding

matrix is therefore necessary. The scan process is fully auto3.5 Synchrotron radiation based micro-computed

matic, except for the adjustments before the start. Extensive ~ tomography (SRuCT)

maintenance (filaments, detector, etc.) is necessary. Only a

few software systems for 3-D image segmentation do exisSRUCT was introduced in the 1980s (see Bonse and
(e.g., ZIB-Amira or provided by the micro-CT manufactur- Busch, 1996) and differs from common micro-CT in us-
ers) that can handle large data sets and provide algorithms fang monochromatic x-ray beams (Table 1). While recon-
the geometric reconstruction of multi-component structuresstructed data of a polychromatic x-ray scan seem blurred
Normally alignment optimization, beam-hardening and ring- when compared to a monochromatic x-ray scan, the data
artifact corrections are included in the reconstruction algo-produced during a synchrotron scan result in accurate ab-
rithm. As many devices produce different raw data formatssorption information on the different materials because the
the reconstruction after scanning elsewhere is problematicstrong bundled x-rays hit the object with a very high intensity
Due to the well-known sampling theorem (Nyquist, Shan- (Tafforeau et al., 2006). Consequently the images of a syn-
non, Kotelnikov, Whittaker; see Marks I, 1991) the spa- chrotron scan are at high contrast and high resolution. The
tial resolution of the scanning system needs to be at least-rays used for SRUCT are a side product of the accelera-
twice as high as the smallest structure that needs to be raion of the electrons induced in the storage ring of the syn-
constructed from the image data. For example, if the highesthrotron facility, which are deflected at several stations called
resolution of a micro-CT is 2-5 um, the structure of interestbeamlines \fww.esrf.el). Since the electrons are only in-
needs to be at least 4-10 um. The maximum resolution modduced in scheduled time frames the user depends on the main
itself produces a very low signal to noise ratio (SNR) due beam working stably. A huge setup (e.g., Advanced Photon
to high sensitivity and sensor artifacts. That noise degradeSource (APS) Argonne (lllinois), storage ring circumference
the image quality and hinders automatic segmentation algo1104 m; European Synchrotron Radiation Facility (ESRF)
rithms to distinguish between the structures of interest andGrenoble (France), storage ring circumference 844 m) with
non-relevant structures and noise. For a comprehensive studseveral technicians is necessary to induce the electrons. At
comparing different micro-CT devices from different manu- least one additional technician is necessary on each beamline
facturers see Drews et al. (2008). the user is working on. The scan time for one small object

www.biogeosciences.net/11/2721/2014/ Biogeosciences, 11, 2738-2014
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(5 mm) takes about 5-20 min, depending on the set-up, buéble this method cannot be applied. Another issue is the time-
larger objects can also be scanned with high accuracy andonsuming process, up to one week, to obtain the data, which
resolution. High resolution means in this case that the resodepends again on the proton concentration, the power of the
lution can be less than 0.7 pm (Baruchel et al., 2006; Friis eused magnet and SNR. Some artifacts may occur, like single
al., 2007; Perrichot et al., 2008; Pouech et al., 2010; Sanchepixels with high signal intensity. The loss of signal intensity
et al., 2012; Tafforeau and Smith, 2013; Moreau et al., 2014towards the edges of FOV is caused by the coil geometry
Fig. 10). The great disadvantage of synchrotron technologysed to send and receive the frequency signals. For further
is the huge amount of data that are produced during a singléetails the reader is referred to Mietchen et al. (2005, 2008)
scan. The larger an object is, the larger the data set gets (eafer fossils and to Ziegler et al. (2011) for living forms.

ily several terabytes), meaning that short- and long-term data

storage can be a potential problem. The data size lengthens

the reconstruction time afterwards to several days, depending  Application in cephalopod studies

on the number of specimens scanned. Since only a few syn-

chrotron facilities have been available worldwide so far, this4.1  Surface scanning

method is rather hard to get access to, depending mainly on a

scan proposal with an accurate project summary. A succesd-or comparison two surface scans of different resolutions
ful proposal is typically granted beam time for several days.(60 um: Fig. 2a and d; and 16 pum: Fig. 2b and e) and a micro-
Besides SRUCT, other methods are usually available at thes€T scan (60 um: Fig. 2c and f) of the shell of the extant
facilities (e.g., phase contrast tomography or holotomogra-cephalopod. spirulawere used. The greatest diameter of the
phy). For details the reader is referred to Stock (2006) andoosely coiledSpirulashell used here is 1.6 cm. For loosely

Tafforeau et al. (2006). coiled heteromorph ammonoidSgirulais comparable) all
standard measurements (see Korn, 2010) are achievable with
3.6 Magnetic Resonance Imaging (MRI) this method (whorl width, whorl height = apertural height, di-

ameter, umbilical width, whorl interspace and ornamentation
Like CT scanning, MRI has its origin in medical sciences pattern). For planispiral fossil shells partly preserved in sur-
and clinical practice. Comparable to computed tomographyounding rock material it is not possible to obtain the whorl
it allows the study of skeletal hard parts and physiologicalwidth and apertural height. Due to overlapping whorls whorl
processes in vivo. In contrast to CT scanning, MRI allows height is not the same as apertural height in this case. The
the differentiation between various types of soft tissue (or-time necessary to acquire the data and the amount of raw data
gans). For fossil cephalopods this method becomes interestf the surface scans are comparable in both sensors (Fig. 2a
ing if a contrast agent like hydrogen was trapped within theand b, Table 2). Normally more scans have to be done with
skeletal material or an existing gap between the internal moldhe sensor with the smaller FOV to capture the same area,
and the surrounding rock can be filled with a contrast agentbut with a small specimen it is negligible (17 single scans
This gap usually represents the original place and morpholin Fig. 2a, and 14 in Fig. 2b). Issues of this technique are
ogy of the now dissolved shell. Under fortunate conditionsdeep pits and narrow openings because of the fixed sensor
(low porosity, no connected pore space) the gap filled withset up, in this case the inner whorls and the whorl interspace
the agent allows the reconstruction of the shell. There are &Fig. 2a and b). One obvious difference between the scans
few companies distributing MRI scanners (e.g., SIEMENS  of two different resolutions is the ornamentation of the shell.
PHILIPS®, GE®, and BRUKEF®; Table 1). Due to relax- The constrictions of the shell are more precise in the 16 pm
ation constants and proton concentration, the resolution ofesolution surface scan (Fig. 2b). Therefore the polygonal
the MRI images is limited to 40 um but also depends onmodel file (.stl) is much larger, with a resolution of 16 um
object size, e.g., for objects ofx33x 3 cm it lies at 60— (6 MB versus 600 KB with 60 um resolution). After the ac-
80um (A. Ziegler, personal communication, 1991). There-quisition of a raw polygonal model a post-processing step is
fore, the reconstruction of structures of interest with dimen-necessary, for instance using PolyWorks®to close holes (the
sions smaller than 40 um is not possible with this method.blue area in Fig. 2a and b). This procedure uses the margins
Sample size depends on the dimensions of the spectrometef the holes to extrapolate the closed surface. The time nec-
used and the possibility to use the method itself depends oessary for post-processing depends on the desired accuracy
the presence of a detectable contrast agent (e.g., water). Béapprox. 15min in Fig. 2d and e). The comparable results
cause the x-ray source will rotate around the objects, a speproduced with the micro-CT (60 um resolution) are given in
cial fixture of the object is not needed, but it should be posi-Fig. 2c (slice of the image stack) and Fig. 2f (post-processed
tioned in a stable manner to avoid movements of the objecpolygonal model). After 30 min up to more than one hour
during the scan. Post-processing and visualization of the im{depending on the scan settings) an image stack can be pro-
ages can be done using different software packages (e.g., Induced. This will be post-processed by segmentation or iso-
ageJ or Amira). The resulting file size depends on the size ofurface rendering. In our example the best result for the rather
the object and the resolution. If no contrast agents are availsmall Spirula shell was obtained from the 60 um micro-CT
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Table 2. Calculated densities of a calcite crystal (29.2 g) using the
polygonal models made from surface and micro-CT scans at differ-
ent resolutions. The volumes of the polygonal models were mea-
sured using PolyWorks/IMEdit.

Scan Volume Density
(resolution) (mm) (gemd)

Surface scan (60 um) 10958.7 2.665
Surface scan (16 um) 10900.5 2.679
Micro-CT scan (60 um) 10925.6 2.673

Figure 2. Raw scangA—C) and post-processed polygonal models
(D-F) of Spirula spirula(1.6 cm in diameter)(A, D) surface scan

with 60 um resolution(B, E) surface scan with 16 pm resolution; ) ) ]
(C, F) micro-CT scan with 60 um resolution; whi(€) is a single  In order to scan objects that exceeded the maximum spatial

slice of the micro CT-scan image stack. dimensions for micro- or nano-CTs a medical CT scanner
was used. In addition to the scanning of large specimens, a
second application of medical CT scanners is to perform pre-
scan (Fig. 2f). The constrictions and the protoconch, the firsscans to test rock samples for the content of suitable material
chamber in the center of the shell, are visible in the micro-(e.g., rare hollow ammonites) and contemporaneous localiza-
CT data, which is not the case for both surface scans. Theion of these fossils within a larger rock sample. Due to their
polygonal model file size (7.6 MB) is comparable with the short scan time medical CT scanners can be used to scan a
16 um resolution surface scan, but the size of the raw datéarge amount of material in a short time interval (Fig. 3c).
is seven times greater. Due to the open and light constructionVe scanned a completely chambered specimen of the Up-
of surface scanners it would be possible to create a polygonger Jurassic lytoceratid ammonitebolytoceras costellatum
model of the largest ammonitarapuzosia seppenradensis from Madagascar with a shell diameter of 61.5 cm and most
known so far with both sensors (16 pm and 60 um). of its aragonitic shell preserved (Fig. 3a and b). The final part
In addition, high-resolution surface scanning of objects of the conch was filled with calcareous sediment with similar
with a simple geometry (e.g., cubes) contributes to volumeabsorption properties compared to the shell, which leads to a
calculations in order to achieve an exact buoyancy calculatow SNR hindering a visualization of internal septa (Fig. 3a,
tion for chambered cephalopods. We first applied this apwhite arrow). The inner part of the same specimen was filled
proach to shells of the extaNautilusandSpirula and then  with material of different absorption properties compared to
transferred it to the cephalopod group of extinct ammonoidsthe preserved shell, allowing the recognition of the com-
Therefore we scanned a massive calcite crystal with both serplexly folded septa (Fig. 3a, black arrow). Besides the ma-
sors (16 um and 60 um) of the surface scanner and calculatgdr elements of the septa, the septal lobe — a character that
its volume. With knowledge of its volume (Table 2) obtained constitutes the monophyly of the Lytoceratoidea (Hoffmann,
from the surface scan the calcite crystal was subsequentlp010) — is visible in the median plane parallel to the coiling
scanned together with the cephalopod shells in a micro-CTaxis (Fig. 3a, red arrows). Growing in an apical direction the
(see the application of micro-CT and the discussion). Hereinternal lobe comes into contact with the preceding septum
the crystal now acts as a reference body according to thend is attached on its surface, generating the structure called
quantitative computed tomography (QCT) approach. QCT isa septal lobe. The volume rendering scalar values of the 3-D
a medical technigque developed in the 1970s to measure boritnage is integrated in the direction of the projection, produc-
density. During this approach a standard material with sim-ing a transparent image that shows the sedimentary infill of
ilar absorption properties (called a phantom) to the materiahearly all of the earlier chambers with calcareous mud but
being scanned is used. The object of interest and the pharwhich also shows slight differences between shell and infill,
tom are scanned together; in the case of bone the phantom isitating a suture line (Fig. 3b). The recognition of internal
generally composed of hydroxyapatite (Adams, 2009). major structures invisible to the naked eye may be useful for
planned subsequent technical preparation of a certain struc-
ture (e.g., the surface of the ammonoid septum as described
for Lobolytoceras costellaturny Schreiber and Hoffmann,
2009).
Besides this a first check for the state of preservation can
be performed, allowing for a decision on further treatment.
If the fossil material seems to be suitable the data from the

4.2 Computed tomography (CT)
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current motion and testing the ability of the shell to offset
the weight of the animal under water). The buoyancy is de-
fined as the difference between the weight of the anifg) (
meaning the animal’s weight measured in air, and the buoy-
ant force §g), which is the weight of the displaced water
equal to the total volume of the animal (Archimedes princi-
ple). This calculation requires accurate values of the volume
of the shell, each chamber volume of the shell, and the vol-
ume of the soft body. These volumes can be drawn directly
from the CT data and used to calculate the mass, weight, and

the Volgian Kostroma region (Russial,(res. 0.5mm)(A) The buoyant force. Density values for both the shell, which range

specimen lacks the body chamber. The septal lobe (red arrows) is £0M 2.59 cm® to 2.7gem, and the soft body, which
diagnostic feature of all Lytoceratoidea. Due to similar density andfange from 1.05g cm? to 1.07 g cnt3, were taken from val-
absorption properties the sediment has a similar grey value comt€s reported in the literature summarized in Hoffmann and
pared to the aragonitic shell. Distinguishing between both mate-Zachow (2011). The minimum and maximum density values
rials is problematic (white arrow). Different absorption properties as well as the volume data estimated from the CT scans were
of the aragonitic shell and the secondary infill led to better SNR, used to calculate a range of potential weights for the animal,
which allows the recognition of internal structures (black arrow). which are then applied for the buoyancy calculation (Fig. 4),
(B) scalar values of the 3-D image are integrated into the volumei_e_1 B=Fg — Fg.

rendering in the direction of the projection, producing a transparent
image that shows the sedimentary infill. Note the sculptured surfac
of the last preserved septufC) orthosclice of a sediment block
(9 x 7 x 6 cm) pre-scanned in search for hollow material; note that
one hollow specimen dfraspeditesp. is in the lower right corner.

Figure 3. Medical CT scans ofobolytoceras costellaturth, B;
scan resolution=1mm) from the Oxfordian (Upper Jurassic) of
Madagascar (about 61.5cm in diameter) &rdspeditesp. from

In preparation for a final buoyancy calculation a validation
Sest was performed on three data sets of the sEmdilus
shell in order to ensure that accurate volume data can be ex-
tracted from the CT data. The first scan was at a resolution of
172 um, the second at 190 um and a third scan with a medical
CT scanner at a resolution of 500 pm. The first two data sets
pre-scan can subsequently be used to extract the fossils froMfere segmented using the same minimum-maximum grey-
the rock by using computer numerical controlled (CNC) de-Scale threshold values (26 764-64 749). The threshold was
vices (saws, mills, water jet cutters). After extracting the fos- chosen individually. The estimations drawn from the higher
sil from the surrounding rock a high-resolution scan is nec-resolution scan resulted in a shell mass closer to the true shell
essary to create a three-dimensional model including all in/mass of 203.5g (Table 3).

ternal and external features of the ammonite. Due to the low However, the calculated shell mass is inaccurate compared
resolution of the medical CT, surface details and the thin in-t0 the actual measured mass (up to a 23 % difference), which
ternal septa of the scanned ammonite are not or hardly visiwas largely caused by the individual manipulation of the
ble. Therefore these pre-scans are not suitable for a detaileireshold but, as will be shown later, also by other sources

reconstruction. of error. We therefore tested the QCT approach with differ-
ent reference bodies (403 and SiQ high precision spheres
4.3 Micro-computed tomography (micro-CT) with a deviation of less than 10 um and a calcite crystal). We

scanned the three reference bodies together witN#uilus
We scanned\. pompilius S. spirulaand a juvenile ammonite  shell at a resolution of 175 um (Fig. 5a). For all three refer-
(?Cadocerassp.), used as representatives of large, mediumence bodies we determined the threshold for the segmenta-
and small objects, with the Phoenix|x-ray v|tome|x s 240tion tool separately till the selected volume meets the calcu-
micro-CT device. The results from micro-CT and nano-CT lated volume of the precision spheres and the calcite crystal.
scans for the juvenileadoceraswill be compared within  The volume for the calcite crystal was obtained from high-
the synchrotron chapter, and f@pirula see the nano-CT resolution (16 um) surface scans as mentioned above. The
chapter. In this paragraph we focus on one shdll.ggompil-  three different threshold values were subsequently applied
ius, with a diameter of 17 cm, scanned with different resolu-to segment the shell material. This same QCT process was
tions using CT and micro-CT. The obtained data sets wergepeated with the medical CT data; however, complications
subsequently visualized and segmented, and scan artifacesose during the segmentation process. Only one of the refer-
were removed with the Avizo Fire 7.0 (Avizo VSG, Diissel- ence bodies, the calcite crystal, was useful for segmenting the

dorf, Germany) software package. shell, as the thresholds taken from both of the spheres were
The application of micro-CT data in cephalopod researchnot accurate enough for selecting most of the shell material.
is exemplified in the calculation of the buoyancy of ti@u- A correction for an accurate threshold would have required

tilus. The term buoyancy (B) in this case refers to the totalmanual tracing of most of the shell and therefore would have
effective weight of the animal while submerged in a still col- resulted in invalidating the purpose of the QCT procedure.
umn of water (neglecting dynamic forces such as swimming,lt should be noted that even the calcite crystal threshold
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Figure 4. Buoyancy calculation based on a micro-CT scan (res. 175 um, high resolutiolNaftdus pompiliushell (17 cm in diameter)

together with three reference bodies (phantoms). The reference bodies were two high-precision spli@§eSi@J) and one calcite crystal,

all with exact known dimensions and volumes. For each reference body we present five buoyancy values for minimum, maximum and average
density values for soft body (SBD), 1.05 g crhand 1.07 g ci3, and shell (SD), 2.5 g cit? and 2.7 g et (Hoffmann and Zachow, 2011).

The best approximation is the average—average value. Contrary to the small volume of the shell, the different density values have a higher
impact on the buoyancy calculation compared to the soft body density, which is close to sea water. To demonstrate the effect of low scan
resolution (here 500 um) on the buoyancy calculation we present one set of calculations (Crystal Low Res threshold) for the same calcite
crystal (see text for further explanations) used for the 175 um scan. Buoyancy calculation shows a marked negative shift compared with the
values drawn from the high-resolution scan. Buoyancy calculation was operated under the assumption that all phragmocone chambers wert
gas filled and dry while the body chamber was completely filled with soft tissue.

Table 3. Influence of the scan resolution on volume/mass calcula-means a percentage difference of +65 and +71.75%. Ap-
tions of theNautilus shell (actual mass 203.5g), with minor cor- plying the calcite crystal threshold to the micro-CT data at
rections for artifacts. Only shell material that was selected with the175 ym (compared to the 500 um medical resolution) the re-
obtained threshold is considered here; no attempt is made manuallyiting percentage difference was +4.9 % (at 2.5 g¥nand

to segment unselected shell material (thin septa). +12.6% (2.7 cm3).
- The smallest deviation between the actual mass and the
_ Shellmass  Difference calculated mass of theautilus shell was calculated using
Resolution  Volume — ~ (g) ng from the the SiQ sphere and, surprisingly, the largest deviation was
(hm) (mn?)  25gcm 3 actual mass calculated using the calcite crystal. Compared to the values
2.7gcnm (%) - . .
achieved without using a reference body, all presented values
190 94679.95 236.70 +15.08 calculated with the reference bodies are much closer to the
255.63 +22.71 actual shell mass (Table 4a). This also holds true after the
172 90179.10  225.45 +10.23 remaining shell parts (earliest very thin septa) were manually
243.48 +17.89 segmented and added to the shell mass (Table 4b). Due to the

small volume of the thin shell elements (less than 0.5)cm

the mass increase remained small. The buoyancy of the three
. : : ... fully segmented shells, each made with the application of one
required manual correction, although this was largely limi . )
equired manual correction, although this was largely tedof the three reference bodies, was calculated (Fig. 4).

to the first whorl. The small volume of the first whorl would The | deviation betw tual and calculated
influence only little the total mass estimation and is likely ne large geviation between actual and caicuialed mass
achieved for the calcite crystal may result from the differ-

partially responsible for at least some of the discrepancy bi%nces in the thickness of both objects (calcite crystal, shell).
e

tween the calculated and measured mass of the shell (t i X . .
he differences in the grey-scale values seen in the primary

same is true in the higher resolution scans which is discuss ] e data depend on absorption properties which are re
later in this section). The data from the medical CT showed 29 €p bsorption properties whi e
ted to chemical composition and thickness of the material.

atremendous difference between the calculated mass and the . . . i . X
olid material with a high density has lighter grey-scale val-

measured mass. Using the calcite crystal as a reference, the based on the linear x-r bsorption fficient m
shell was calculated to weigh minimally 399.3 g and maxi- ues based o € linear x-ray absorption Coelicients com-

mally 431.2 g at 2.5 g ¢ and 2.7 g cm?3 respectively. This pared to thinner material of the same composition, while air
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Table 4. Influence of different reference bodies at the same resolution (175 um) as volume/mass calculatioNsofilireshell (203.5 g)
with: (a) minor corrections for artifacts (only shell material that was selected with the obtained threshold is considered here; no attempt
manually to segment unselected shell material (thin septa)); and (b) fully segmented and corrected models.

(a) Nautilusshell (b)Nautilusshell
Reference Volume  Density Volume Mass (g) with  Difference Volume Mass (g) with  Difference
body [mm3] (gem™3)  (cmd) 25gcnt3 from actual (cmd) 2.5gcnTs from actual
2.7gcnrl mass (%) 2.7gcnrl mass (%)
Al,O3 sphere  5575.28 3.75-3.9  76.52 191.30 —6.18 76.83 192.06 —5.80
(2 22 mm) 206.60 +1.51 207.43 +1.91
SiOp sphere 4188.8 25 80.01 200.02 -1.73 80.18 200.46 —1.51
(2 20 mm) 216.03 +6.00 216.50 +6.19
Calcite crystal  10900.5 2.68 84.02 210.05 +3.19 85.49 213.73 +4.90
(29.29) 226.85 +10.87 230.83 +12.58

remains black. Due to the specific density of the used calciteeffect. As noted prior, assuming a shell density of 2.5 ggm
crystal the grey-scale values are comparable to the scanndtle 175 um scan has a percentage difference of +4.9 % and
shells. During ontogeny the shell thickness increasé&um  the 500 um scan a percentage difference of 65%. In both
tilus, Spirulaand ammonoids being the thinnest in early on- cases the same reference body was used and in both data
togenetic stages. In our example latest shell parts includingets the selection of the innermost whorls through thresh-
the whole body chamber and the septa of the last whorl of theolding was impossible. Therefore the discrepancy between
chambered phragmocone were selected with the thresholthe calculated mass is partly due to the individual selection
determined using the reference bodies. The earliest/thinnestf material by the user of the inner whorl and, most signifi-
juvenile shell parts are not within the selection due to lowercantly, to the error introduced by the PVE. Following this it
grey-scale values. To overcome this problem we manuallyis predicted that the discrepancy between the calculated mass
corrected the threshold to lower values and selected the resf the shell based on a consistent reference body would de-
maining minor shell parts which may lead to a slight masscrease at higher resolutions. If increasingly higher resolution
increase. Another agent that causes problems in exact deteseans were taken of tidautilusshell and the calcite crystal
mination of volumes in a 3-D data set is the partial volumethe difference between the calculated masses of each sub-
effect (PVE). sequent scan should diminish asymptotically. However, this
The volume of a certain structure varies with different ap- needs to be tested.
plied thresholds for segmentation. This problem is due to dif- Less problematic compared to a volumetric analysis is to
ferent voxel intensities seen as different grey scales in thaneasure distances and angles in 3-D data sets. Deviations
resulting image depending on the attenuation effects of theéhat may occur are small and limited to 2—6 voxel. In the
scanned material the x-rays are passing through. Attenuationase of theNautilus shell (of 17 cm in diameter scanned
of the x-rays mainly depends on the chemical composition ofwith a resolution of 190 pum) the measured diameter, and all
the material and to a lesser degree its density (Stock, 2006 pther measured distances, vary between 1#&&hill4 cm,
X-rays passing through 100 % shell material or air result inwhich is below 1 % (0.67 %). The model of thautiluswas
white or black voxel. However, more than one material mayvirtually cut along standardized axes (see above). Standard-
be present within the space of one voxel, and since a voxeized distances were now measured evefy; Uing physical
can only possess a single grey-scale value, the grey-scakpecimen cross-cut measuring is only possible every &80
value of the multiple materials is averaged together creatingat best 90 after a second cross cut perpendicular to the first
a gradient of black to white voxels at material boundaries.one. In comparison, with virtual clipping, measurements can
During the segmentation process the user must decide whdite taken at every single degree for a precise description of
percentage of this gradient is included in their final segmen-ontogenetic changes. Therefore with virtual clipping more
tation and runs the risk of including extra material or exclud- data for the same morphology or structure become available.
ing material of interest depending on how the threshold isAccording to Korn (2010) the most important ontogenetic
chosen (Fig. 5b—g). This PVE will therefore introduce an er-trajectories used in the literature to describe coiled cephalo-
ror that noticeably affects the accurate calculation of volumepod conchs foNautilusare shown in Figs. 6—7. These are the
data (Table 3 for individually chosen threshold values). TheWhorl Width Index (WWI), Umbilical Width Index (UWI),
percentage error in the mass calculation offtfaaitilusshell ~ Whorl Expansion Rate (WER), and the Conch Width Index
using the calcite crystal as a reference body is reflecting thigCWI). Additional features for species description become
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” 1 4.4 Nanofocus-computed tomography (nano-CT)
) k Based on the observations of Brunke et al. (2008) and our
) ' ! own experiences the nano-CT fills the gap between micro-
- : : CT and SRuCT with respect to resolution and contrast prop-
erties of the produced images. Compared to a synchrotron
: ‘ ‘ facility set-up the access to a nano-CT is much easier. We
< < ran several tests with the shell 8pirula spirulaand the

shell of a juvenile €adoceras Due to the high-resolution
Figure 5. Partial volume effect (PVE) exemplified for tidautilus scans the PVE will be negligible and is not discussed. Here
pompiliusshell (micro-CT scan, res. 175 uni}) image of theNau-  we describe minute structures of the shelBgirulathat be-
tilus shell scanned together with three reference bodies (phantomskome visible, while the nano-CT data for the juveni@a®@o-
(B) orthoslice of the same she{C?) close-up ofB) (red box) show-  ceraswill be compared with SRUCT- and micro-CT-derived
ing different grey scalegD) selected shell material after adding a images in the following chapter. Due to the high resolution
certain threshold value, which may underestimate the true shell vol-(8 7 um), 2-D measurements are highly precise and since the
ume; (E) one voxel was added to the selection showriDj; () PVE is minor the same holds true for volumes. Quantification

one voxel was added to the selection showiiE (G) one voxel f holoaical ch 4 vol I
was added to the selection shown(i), which may overestimate of morphological characters and volumes as well as onto-

the true shell volume. The example demonstrates the importanc8€netic changes back to the very first chamber (protoconch)

of a correct threshold value for the material selection to produceWith its 1-2 um thick shell wall including buoyancy calcula-

a polygonal model with the highest approximation to the original tion become available with the necessary precision.

shell. In contrast to surface scanning or 60 um resolution micro-
CT scans the high-resolution scans of the nano-CT enable
the recognition of very minute conch features like the pillar

available, e.g., septal spacing (Fig. 6e), siphuncle thicknesgone of the siphuncle, attachment scars on the inner surface
and position, length of the juvenile shell (rotation angle to of every chamber, and minute crenulation of the shell sur-
the nepionic constriction), and length of the body chamber. face resulting from the attachment of the soft body along the
For septal spacing we report a marked shift to lower val-outer surface of the shell (Fig. 8c). Reticulate patterns disap-
ues between septa 7 and 9, indicating the moment of hatchingear in the ventral area and along the margin of the aperture
in Nautilusaccording to Arnold et al. (2010). Between septa (Fig. 8a), where the soft body obviously was not attached to
9 and 30 the septal spacing remains more or less stable, réhe shell.
sulting in a linear increasing total rotational angle. For the Applied to the extinct ammonoids, exact morphological
last few chambers the septal spacing again shows a marke@pta become available for the description of features of the
shift to lower values (Fig. 6e), indicating the adult stage and@mmonitella, the ammonite hatchling shell, or muscle attach-
growth stops of the animal, which are accompanied by thement sites of the soft body to the shell wall (Doguzhaeva
stop in shell growth causing septal crowding and a decreasingnd Mutvei, 1996; Shigeta, 1993). Morphology of the am-
chamber volume (Septa| Crowding; Collins and Ward, 2010;m0nite|la was used to distinguish between major ammonoid
Fig. 6d). groups based on protoconch size and shape, fixator length
In order to quantify and compare changes in chamber vol-and position, position of the siphuncle, length/angle of the
umes between taxa (Of extinct or extant Cepha]opods) at |ea§;tmmonitella and the nepionic constriction. Internal struc-
one h0m0|ogous structure is necessatry. The protoconch jgires like septal and conch wall thickness or siphuncle thick-
one possibility, representing the very first chamber. Howeverness of the ammonitella were achieved by cross sections.
an easy comparison is difficult due to the broad morpholog-External shell features like crenulation as shown $gir-
ical spectrum, different numbers of chambers between tax&la (Fig. 9), which are also present on juvenile gastro-
and, in the case of fossil forms, different preservation. For exf0d shells (Bandel, 1982), can be traced and used for the
amp|e, the |argest phragmocone chamber of the extant deéﬁSCUSSiOﬂ if ammonoids had an internal or external shell

sea squidSpirula spirulais about 45 mri, while theNau-  (Doguzhaeva and Mutvei, 1996). However, the high scan res-
tilus pomp”iusprotoconch exceeds that value with a volume olution makes the nano-CT a useful tool for microfossils like

of about 55 mr. Foraminifera or Ostracoda with complex internal shell struc-
Recently, Kerbl et al. (2013) applied micro-CT scanning tures (Briguglio et al., 2011; Gérog et al., 2012; Hohenegger

together with contrast-enhancing substances for 3-D imagand Briguglio, 2012).

ing of the soft-bodied cephalopdéuprymna.Based on 14

specimens these authors reconstructed the ontogenetic de-

velopment of the nervous systemdiprymna showing that

ontogeny can also be analyzed from soft tissues using micro-

CT technology.
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Figure 6. Nautilus pompiliusrom the Philippines, 17 cm in diametéA) median section with a 20grid and markers necessary for the
description of the conch morphology-like diameter (dm), umbilical width (uw) or whorl height (wh); note: usually data are obtained starting
from the adult shell (aperture(B) transparent photography of the shell, overlying the imag@pfthe two black bars document the body
chamber length, which is 186(C) phragmocone without body chamber and shell material, same orientatio(gsaind(B); each chamber
volume was separately segmentéd; E) ontogenetic trajectories of different conch parameters wWidh:chamber volume in cfh which

is important for the buoyancy calculatiofi) total rotational angle as an indicator of continuously increasing or decreasing septal spacing.
Increasing size of the blue dots represents onto@g®niz); note: usually obtained values represent the course of onto¢&na€): modified

after Hoffmann and Zachow, 2011).

4.5 Synchrotron radiation based micro-computed preserved. The reconstructed images of the micro-CT with a
tomography (SRUCT) low SNR result in relatively poor contrast in the grey-scale
images. The septa of the first specimen appear thicker than
expected for this ontogenetic stage (Fig. 10a) and lead to the
pnproven assumption that some other material with similar

specimens and delicate structures (Prymak et al. (Zoosibsorptmn properties has covered the primary shell material.

quantified the shell thickness of a 120 hour-old gastropod he images from th? nano-CT, W'.t h a sharper contrast, re-
) o . veal secondary calcite crystals, with pronounced growth in
shell) even if preserved within surrounding rocks. Recently,

Kruta et al. (2011) were able to present a reconstruction oghe apertural direction (Fig. 10b) in the second specimen,

. . . Due to the precision of the high-resolution scan even the
a full buccal apparatus, including the radula, of a Mesozoic_ " . o . ) .

. . . nepionic constriction (Fig. 10b and c; green arrow), which
ammonite Baculites Upper Cretaceous) using SRUCT tech- . "¢ L A
noloav. where most of the sinale radula tooth elements had indicates the moment of hatching in ammonoids, is visible.

9y, 9 Fhe sharpest result with the highest contrast was achieved

size of 500 um. In order to compare the results of an SRuUCT . . .
scan with other CT techniques we used three different ju-LISIng SRCT. The images show a secondary layer of calcite

. . crystals on the inner shell surface of the third specimen. The
venile ammonites of Cadocerassp. scanned at the APS . .
A ; . amount of crystal growth differs between the three different
synchrotron facility in Chicago (USA). All specimens come . .
. e s specimens used in our study. The documented crystal growth
from the same locality and have the original aragonitic shell

Due to the very high resolution and the precision of SRUCT
scans this technique is of increasing interest for very smal
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Figure 7. Nautilus pompiliusontogenetic trajectories of different conch parameters for the same specimen shown in Fig. 6. According to
Korn (2010) main conch features are: diameter (dm), umbilical width (uw), whorl height (wh), and whorl width (ww), and for heteromorph
ammonoids the whorl interspace (wi) as well. Ratios derived from primary data (e.g., UWI, CWI, WWI and WER) can be plotted for
comparison in a logarithmic plot against conch diamegy. Whorl width index (ww/wh);(B) whorl expansion rate (WER)C) conch

width index (ww/dm);(D) umbilical width index (ww/dm). Increasing size of the blue dots represents ontogeny.

N

Figure 8. Nano-CT scan (res. 1.8 um) 8pirula spirulafrom the

Canary Islands (1.6 cm in diamete(#)) isosurface showing the dis-  Figure 9. The sameSpirula spirulaspecimen as in Fig. §A)
tribution of the reticulate pattern, which is not present in the apertureciose-up of the reticulate surface pattern (nano-CT res. 1.8(@));
and the ventral area. The red box encloses the earliest chamber buiiiano-CT image (res. 1.8 um) of the inner surface of two successive
within the egg (protoconch]B) X-ray rendering, close-up dfA) chambers showing a rectangular dorsal attachment scar (arrows);
with the protoconch and the organic strand (siphuncle) that connectgc) SRuCT image (res. 0.74 um) of the siphuncle and ventral part
all chambers of the shellC) surface rendering of the same area as of the shell, showing the light-green pillar zone all along the cal-
in (B), surface view with the reticulate pattern and the ventral areacareous tube in the lower half of the image; orientation of the image
of the first whorl with growth lines of the “ventral rib” pointing to  with the top in the growth direction.

the solid base of the organic membrane (compare Warnke and Bo-

letzky, 2009).

within the chambers of hollow ammonites with their origi-

nal shell (aragonitic nacre) preserved is interesting for geo-
has to be taken into account during the subsequent segmerhemists too. The crystals are up to ten times thicker than
tation process, where the inclusion of crystals in the shellthe original shell material and contain different isotope and
material should be avoided; otherwise a buoyancy calculatrace element signatures compared to the ammonoid nacre
tion will fail. Our observation of secondary calcite crystals (Fig. 10f, white arrow). Since the standard procedure for
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C  proximal

Figure 11.Hibolithes jaculoidesrom the Lower Cretaceous (Hau-
terivian) of northwestern Germany (PB251 Coll. H. Keupp; 4.2cm
long). This specimen shows a pathology due to a parasite encap-
sulated within the shell secreting mantle epithelia during early on-
togeny.(A) Images of an MRI scan of the cross section from distal
to proximal (left dorsal, right ventral}B) images of the same MRI
scan of the longitudinal section (same orientation &3)irows(A)
and(B) show the internal malformation of the rostral skelet(®)
specimen in lateral view. (Modified from Mietchen et al., 2005.)

Figure 10. Three juvenileCadocerassp. specimens from the Up-
per Jurassic (Callovian) of Russi@d, D) micro-CT scan with a
resolution of 7.5um{D) close up of(A) (red box), the original
shell material cannot be distinguished from secondary calcite crys-
tals that cover the inner surface of the conch wall and s¢pteE)
nano-CT scan with a resolution of 1.0 uB) nepionic constric-
tion indicated by green arrowE) close up of(B) (red box), some
secondary calcite crystals become visible and the former smoothf
appearing surface turns into a rough or@®; f) SRUCT with a res-
olution of 0.74 um; C) nepionic constriction indicated by green ar-
row; (F) close up of(C) (red box), this specimen shows a rather
heavy infill with secondary calcite crystals; however, the original
shell (e.g., thin septa) is distinguishable (white arrow).

Figure 12. 2-D scan image of a cut and polishAgdgonauticeras
isotopic analysis contains the process of sample powderingp. along the median line from the Lower Cretaceous (Albian) of
this means that a mixed signal will be obtained that does noMadagascar (diameter=9.5cn{p) “growth model” — selected
represent the sole isotope signal of the ammonoids ambiershell material in green with one pixel added to the complete out-

seawater during lifetime. Due to the assumed early diagenetil%:‘e seen in(B); (B) selected shell material in yellow obtained after

growth of secondary calcite crystals within the ammonoids,t, e application of a manually chosen threshold for selectia; (

shell these will record a bottom water signal that vv_|II hampertlracteol from the complete outline seerf), pixel size for a 600 dpi
a correct paleo-seawater temperature reconstruction (See al§pan = 42 3 um, difference frofa) to (B) and(B) to (C) = 9.5 % cp.
Marshall, 1981). A sufficient resolution and SNR to distin- yith Fig. 5 for the PVE; note that the “voxel size” obtained is not

guish between primary shell and secondary calcite was onlysotropic due to differing distances between each slice, and even in

shrink model” — selected shell material in blue with one pixel sub-

possible with SRUCT technology. the “growth model’(A) not all shell material was selected due to
low grey values; an error of about 20% for a volume calculation
4.6 Magnetic Resonance Imaging (MRI) (shell or chambers) is suspected.

MRI has been rarely applied to exta@dpiain Quast et al.,

2001; and in Ziegler et al., 201Lplligunculain Gozansky ter is the contrast agent for MR, this non-invasive technique
etal., 2003Loligoin Mooney et al., 2010) or fossil cephalo- may become an important tool for 3-D reconstructions of dis-
pod material (belemnites in Mietchen et al., 2005, 2008). Insolved aragonite shells within rocks. The space between in-
the case of belemnites (ten armed coleoids) this techniquéernal mold and surrounding rocks can be flooded with water
elucidated paleopathological and paleoecological questionssing a vacuum for one or two weeks. MRI provides a bet-
(Fig. 11). Measurements were made with a BRUICERI- ter edge resolution and finer details compared to CT scans of
vance NMR spectrometer. The images of the pathologicacomparable resolution. These properties can be improved by
belemnite rostra were recorded using a 3-D spin-echo imagusing contrast agents such as gadodiamide solution or other
ing sequence (Mietchen et al., 2005, Table 1). The total datsubstances with paramagnetic properties that decrease or in-
acquisition time depends on the sample’s signal strength, butrease the local MRI signal (Clark et al., 2004; Ziegler et
in our case was not less than 18 h. In fossil material hydrogeral., 2011). This may be of special interest for species with
nuclei (protons) can be used as agents for MRI. Since waa highly complex morphology, which are normally hard to
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mold with putty, like the heteromorph ammonkipponites As exemplified above, the different non-invasive methods
Problems may occur if liquid penetration into unconnectedhave disadvantages and advantages. Surface scans can be
voids is limited by the porosity and permeability of the en- used for a sufficient description of the outer shell morphol-
capsulating sediment. Bubbles cause artifacts on the imagesgy using 2-D measurements and ratios (Korn, 2010). In the
and have to be extracted from the structure of interest beforease of isolated objects like an ammonoid shell (free from
scanning takes place or needs to be removed virtually duringurrounding rock material) the volume of the whole shell
the post-processing step. can be calculated from surface scan data. In our case surface
scans were not only used for the description of the morphol-
ogy of cephalopod shells but also to obtain volume data from
5 Summary a calcite crystal that was subsequently used as a reference

. L . Lo . body. The volume was obtained by high-resolution surface
Our investigations demonstrate that non-invasive imaging : .
scanning (16 um) and not by CT scanning because surface

methods are a powerful tool to for example perform buoy- : ; .
. scanning does not depend on material properties such as den-
ancy calculation for chambered cephalopods. Important pre-. " .
A I sity or composition, but we are aware that shiny surfaces can
requisites in order to perform an exact determination of vol- : : . :
L complicate the scanning process. Besides the exact determi-
umes and areas (chamber, shell and septum) are: highest pos-.. . : .
. ) . . nation of 3-D values the application of non-invasive methods

sible resolution, good SNR, reconstruction algorithms that

distinguish between structure and normal distributed noiseWIII prqwde researchers W!th precise 2-D morphological in-
A . o formation on external and internal features.
reduction of scan artifacts and the application of the QCT

. L The species concept in paleontology is purely based
approach using adequate phantoms for minimizing the PVEbn the rr?orphology ofppreseF:ved hardggarts pDueyto their
It shows that engineering 3-D software packages (e.g., Poly- '

. ) . accretionary growth conserving ontogenetic changes mol-
works, Avizo, etc.) can be used after scanning to improve y 9 9 9 9

. X . luscs are ideal candidates to study ontogenetic change, in-
the understanding of paleobiological aspects of several fossi o o :

) : traspecific variability, and macro-evolutionary patterns. Am-
groups not only ammonoids. Changes in chamber volumes

: Huonoid species were usually differentiated from each other
and volumes of the septa can be traced and compared with .. . S . o
utilizing a static (“Linnean”) rather than a dynamic (“Dar-

other morphological changes in order to detect some hitherto . .~ 7 . .
. : : winian”) approach both representing the morpho-species
unknown relationships. Fadautiluswe performed success- . .
o . . : concept. The static method does not account for intraspe-
fully, for the first time using non-invasive methods, a buoy-

. . cific variation, co-variation, and ontogenetic changes. Many
ancy calculation to support and validate what was already . : .

i . . o ) - ’species were thus validated on the basis of more or less
known: Nautilus can float (Fig. 4); i.e., buoyancy is suffi-

o . . . subtle morphological differences of the adult stage. During
cient in compensating shell weight and the weight of the soft : o

. . the last decades the way of species description has changed
body. This method is therefore proven to be transferrable to . = .= ; .
. . : ... significantly, regarding ontogeny as well as the use of in-
the extinct group of ammonoids for selected species with im- o A .
N ) . ) traspecific variability analyses. More recent studies of Meso-
plications on floating behavior. Dynamic processes, e.g., wa-

) Lo Lo : zoic ammonoids document a wide intraspecific variability
ter currents or motion (swimming activities, jet propulsion)

. in conch parameters and ornamentation, when a sufficient
undoubtedly influences buoyancy. However, here we address . : :
amount of specimens were available (Dagys and Weitschat,

the question whether the shell can provide sufficient valueslggg_ De Baetes et al., 2013; Monnet et al., 2010). With non-

:?]re?luoyant force to support the weight of the animal and theinvasive imaging methods more data for certain morpholo-

S . egies are achieved compared to the standard procedure. Stan-
From the authors’ view it seems necessary to give som

annotations for 3-D reconstructions of volumes (chamberdard procedure here means presenting a single set of data

shell, septa, and siphuncle) derived from invasive method;for one specimen or if the specimen was cross cut data for

: : L . - = "every 180. Skilled technicians could do a second cut in or-
like serial grinding tomography. The most important thing is ; .

. . Lo der to obtain data for every 90Cutting plane needs to be
to recognize that the PVE is also present in grinding tomog-

. . ) < polished, surface scanned, traced (recognition of structure)
raphy images (Fig. 12), but this has not yet been taken 'mOan aligned. All steps are not automatized and time consum-

account (see Naglik et al., 2014 and Pascual-Cebrian et al, .
: : . ; ) ihg. However, enormous improvement has also been done
2013). A second issue is the non-isotropic voxel size pro-

. - . ! .~ towards a more precise description of intraspecific variabil-
duced during grinding tomography. Non-isotropic voxel S12€ i1y and ontogenetic changes with the application of invasive-
results from different distances between the single slices an Y 9 9 bp

i . . : echniques (Kraft et al. 2008, Korn, 2012). Nevertheless,
will complicate potential error calculations as the error (due

to PVE) will be of different impacts in the different planes of non-invasive methods provide addmop al '”for.”.‘ ation at_)out
external features, e.g., ornamentation irregularities, and inter-

the image stack. The spatial resolution for the serial grinding al morphological structures (e.g., septal spacing, thickness

approach depends on pixel size, slice width, contrast (SNR ; -
. . nd shape, suture line, position and geometry of muscle at-
and modulation transfer function. . . s .
tachment site, conch wall thickness, position and diameter

of the siphuncle, and from the ammonitella the dimension
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of the protoconch, caecum, ammonitella angle, length of thgabout 40 um), and has rarely been applied to paleontolog-
fixator among others) become available by keeping the fossilcal research. However, potential for application is seen in
undamaged. Therefore, it is possible to apply these methodfossils preserved as molds where the rock conserved the gap
to study very rare material, such as holo-, para- or neo-typeshat was originally filled with the shell. As stated above, by
The suture line for example is the result of the connectionfilling the gap with a contrast agent the complete shell with
of the septa with the inner surface of the conch wall. Juve-its external (imprint with ornamentation) and internal (mold)
nile and adult suture lines have been used to distinguish befeatures will become available.
tween major ammonoid taxa (Schindewolf, 1961-1968). By With a broader application of the non-invasive methods
the application of non-invasive methods the tracing of the on-used here, the understanding of intraspecific variability (dis-
togenetic development of the suture line becomes easier. Thigarity) is improved and supports a critical revision of am-
holds true also for a variety of features changing throughoutmonoid paleodiversity and the phylogenetic relationships of
ontogeny. Another important feature is the connection site olammonoid species. Based on well-preserved material and the
the soft body to the shell — the so-called attachment scarsion-invasive approach, precise buoyancy calculations (see
As far as we know, no study of ontogenetic changes of at-above) can shed new light on the discussion about the swim-
tachment scars is available for cephalopods (Fig. 9b). Signifming abilities and paleobiology of ammonoids (Westermann,
icant changes in these scars can be compared with chang&993). Furthermore, there exists a century-old debate con-
in morphology. This knowledge is crucial for functional mor- cerning the main function of the complexly fluted ammonite
phology and/or paleobiological reconstructions. The detailedsepta (summarized in Hoffmann, 2010). Hitherto, the func-
morphological description of shapes and the increased numtion was mainly discussed on the basis of mathematical mod-
ber of available features for species characterization enablels, and two major interpretations arose. One postulates a me-
subsequent cladistic analyses to test existing phylogenetichanical strengthening of the shell against hydrostatic pres-
hypotheses of the studied groups. Ontogenetic changes a&ure, while the other favors physiological reasons (pump-
external (UWI, CWI, WWI and WER; Fig. 7) and internal ing out and refilling of chamber liquid). During the last two
features (chamber volume, septal spacing; Fig. 6) are docudecades two attempts were made to solve this problem with
mented herein for a single shell of an ext&tdutilus pom-  the help of mathematical algorithms and computers (Daniel
pilius. However, our presented application shows that with aet al., 1997; Hassan et al., 2002), resulting in opposite re-
reasonable amount of specimens at hand non-invasive metlsults. Our applications show a potential in 3-D models ob-
ods are suitable for improving palaeontological species deftained from original fossil material to contribute greatly to
inition by taking intraspecific variability into account. For this discussion.
example, the ammonoid tax@valbardicerashows a high To sum up, our approach requires high-resolution scan
morphological plasticity (Weitschat, 2008), while other taxa data for a precise determination of volumes. The minimum
show only very small variations in their shell morphology, prerequisite is a resolution twice the dimensions of the
like most of the lytoceratids (Hoffmann, 2010). smallest structure of interest. We demonstrated that higher
Due to the low resolution but fast scanning, medical-CT resolution minimizes the PVE, i.e., the precision of the
scanners can aid in the search for suitable material in largevolume calculation increases. With a reasonable resolution
rock samples and prevent that material from being destroyedSRuUCT) this method is also applicable for microfossils, e.g.,
by a hammer stroke. Images derived from medical CTs (resforaminifera or radiolarian. A good SNR allows the segmen-
olution of 2 to 0.5mm) are not suitable for a precise de-tation of delicate structures. A low SNR results from ma-
scription of morphologies or the depiction of thin internal terials of similar chemical composition. Therefore, calcare-
structures like ammonoid septa. Micro-CT scanners have aus sedimentary infill or secondary calcite covering of a car-
reasonable resolution. Sometimes devices are equipped withonatic shell will hamper the differentiation between shell
two x-ray tubes (macro and micro) with a resolution down to and inorganic material. Any metal (e.g., pyrite) will com-
about 2 um. Issues of medical- and micro-CTs are low SNRpletely absorb the x-rays and results in areas that contain
and scan artifacts. Nano-CTs represent in our case the besb structural information and make a reconstruction impos-
solution in terms of scan quality and expenses for scans. Theible. The highest resolution mode of a certain device will
main advantage lies here in the detection of shell features thatlso result in images with a low SNR. At the moment our ap-
are otherwise invisible, but the specimen size is limited byproach, the precise calculation of volumes (shell and phrag-
small sample chambers. While medical-, micro- and nano-mocone chambers), is limited by the fossil record due to the
CTs use polychromatic x-ray beams, the SRUCT technologyeed for hollow preserved material. In the case of a low
uses monochromatic beams. SRUCT is the first choice foSNR but significant optical differences between shell and
investigating very thin structures like septa of juvenile cham-surrounding rocks the grinding tomography approach (phys-
bered cephalopods-(2—-5 pum thick), but some effort has to ical optical tomography) represents the method of choice.
be kept in mind in order to get scanning time at such a fa-Fossils with a low SNR to their surroundings (fossils in am-
cility; a written proposal is needed. In contrast to tomogra-ber) can properly be visualized by the application of high-
phy, MRI is very time consuming, with a limited resolution resolution monochromatic phase contrast SRUCT (Sutton,
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2014). However, sooner or later improved image enhanceBates, K. T. and Falkingham, P. L.: Estimating maximum bite per-
ment algorithms will overcome this limitation and allow  formance iriTyrannosaurus remsing multi-body dynamics, Biol.
scanning and successful reconstruction of data derived from Lett., 8, 660-664, dal0.1098/rsbl.2012.005@012.

devices using polychromatic x-ray beams. The identificationBonse, U. and Busch, F.: X-ray computed microtomography (LCT)
of organic matter is possible with MRI as long as enough ‘izg‘gl?g”i'gggo” radiation (SR), Prog. Biophys. Mol. Bio., 65,
reactive substances are present and the structures of interest™ >~~~ . . .
are larger than 80-100 um. Broken or deformed shells du?ngugho, A., Metscher, B., and Hohenegger, J.. Growth rate bio-

high I . ith the shell alread metric quantification by x-ray microtomography on larger benhic
to high pressure as well as specimens with the shell already 5 injtera: three-dimensional measurements push nummuli-

dissolved (internal molds) are not suitable for this approach. jgs into the fourth dimension, Turkish J. Earth Sci., 20, 683-699,

However, potential application can be seen in virtual retro-  0i:10.3906/yer-0910-42011.

deformation of fossils. Application of x-ray diffraction to- Brunke, O., Brockdorf, K., Drews, S., Muller, B., Donath, T.,

mography will aid in the recognition of the original crystal  Herzen, J., and Beckmann, F.. Comparison between x-ray
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doi:10.1117/12.794782008.
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