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Synchrotron radiation X-ray tomographic microscopy (SRXTM)
of brachiopod shell interiors for taxonomy: preliminary report

NEDA MoOTCHUROVA-DEKOVA! & DAVID A.T. HARPER?

Abstract. Synchrotron radiation X-ray tomographic microscopy (SRXTM) is a non-destructive technique
for the investigation and visualization of the internal features of solid opaque objects, which allows recon-
struction of a complete three-dimensional image of internal structures by recording of the differences in the
effects on the passage of waves of energy reacting with those structures. Contrary to X-rays, produced in a
conventional X-ray tube, the intense synchrotron light beams are sharply focused like a laser beam. We report
encouraging results from the use of SRXTM for purely taxonomic purposes in brachiopods: an attempt to find
a non-destructive and more efficient alternative to serial sectioning and several other methods of dissection
together with the non-destructive method of X-ray computerised micro-tomography. Two brachiopod samples
were investigated using SRXTM. In “Rhynchonella” flustracea it was possible to visualise the 3D shape of
the crura and dental plates. In Terebratulina imbricata it was possible to reveal the form of the brachidium. It
is encouraging that we have obtained such promising results using SRXTM with our very first two fortuitous
samples, which had respectively fine-grained limestone and marl as infilling sediment, in contrast to the dis-
couraging results communicated to us by some colleagues who have tested specimens with such infillings
using X-ray micro-tomography. In future the holotypes, rare museum specimens or delicate Recent material
may be preferentially subjected to this mode of analysis.

Key words: brachiopods, internal morphology, non-destructive technique, SRXTM, tomographic recon-
structions, holotypes.

Ancrpakt. CunxporpoHcka X-3pauyHa Tomorpadcka mukpockonuja (SRXTM) je HemecTpyKTHBHA
TEXHHKa 32 POyUYaBamke U cariie/[aBabe YHyTPallbUX 0COOMHA KaJl YBPCTUX U HeNpo3payHux odjekara. OHa
oMoryhaBa NOTIMyHY pPEKOHCTPYKLHjy TPOAMMEH3HjAHOI H3IVea YHYTpPAIIlBHX CTPYKTYpa Ha OCHOBY
CHHMMara pa3jivka y e(exkarnma eHepreTCKUX 3pakoBa Kao peakiyja Ha Te cTpykrype. Hacynpor X-3paruma,
NPOM3BEEHUM y yoOu4ajHoj X-3payHOj LI€BH, jaKH CHHXPOTPOHCKH CBETJIOCHH CHOIIOBU Cy jacHO
(oxycupanu kao nacepcku cHoil. IIpukasanu cy oxpadpyjyhu pesynraru nooujern ynorpedbom SRXTM 3a
TAKCOHOMCKE CBpPXE Koj Opaxuorofa: HaunH Aa Ha)eMO HeleCTPYKTHBHY M €(HKACHH]Y 3aMEHY CEpPHjCKUM
npecenruMa, HEeKUX APYTUX METO/a ceuermha Kao M X-3padHoj KOMIIjyTepH30BaHO] MUKpoO-ToMorpaduju. [Ise
Opaxwuomoncke mpobe cy mpoydaBane nomohy SRXTM. Kox “Rhynchonella” flustracea je 6mmo moryhe
cammenqu 3/l obmmK Kpype W 3yOHMX Iulouwma, a kox Ierebratulina imbricata mobumm cMo w3IIIEn
Opaxuamjyma. Hacympor obecxpabpyjyhum pesynratuma ymorpeboM X-3padHe MHUKpO-TOMoOrpadruje
CAOMNIUTEHUX Off CTPaHE HEKUX KOJIera MU CMO JOOWIIM MO3UTHBHE pesynrare yrnorpedom SRXTM kon Hamre
NpBe JIBe HACYMHUYHE NPo0e Ha MPUMEPIMa 3amymheHUM (GHHO3PHUM KPEUHaKoM U JlarnopreM. Y OymayhHo-
CTH, XOJIOTHUIIOBH, PETKH MY3€jCKH IPUMEPIM HJIH JIeJIMKaTaH caBpeMeH Marepujai Mohu he ce mpoyuaBartu
Ha OBaj HA4YMH.

Kibyune peun: Opaxuonony, yHyTpairma MopQoioryja, HeaecTpykrueHa TexHIKa, SRXTM, Tomorpad-
CKE PEKOHCTPYKIIH]j€, XOIOTHUIIOBH.
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Introduction

Brachiopods are one of the prime examples among
all animal phyla in which the morphology of the shell
interior has proved crucial for the classification and
understanding of their phylogeny. In order to reveal
the internal structures of fossil brachiopods with a
consolidated internal matrix, destructive serial sec-
tioning has most commonly been applied. In several
cases, this technique is the only way possible to reveal
the critical internal morphological features of many
fossil taxa. The advantage of such destructive tech-
niques is that they are usually relatively inexpensive
and efficient. However, they have several major dis-
advantages: (i) destruction of the specimen; (ii) pro-
viding a poor volumetric (3D) representation of the
internal structures; (iii) time and labour consuming.
Many of the new brachiopod taxa investigated with
this technique were based on a very small number of
specimens (sometimes only one), thus only parts of
the internal morphology of some species have been
sufficiently studied and variability was often neglect-
ed and/or open nomenclature was applied more often
than necessary.

A modern variant of serial sectioning is the method
used by SUTTON et al. (2005) where the morphology
of a new Silurian brachiopod was reconstructed digi-
tally by serial grinding at 20-pum intervals.

Here we report some pilot studies using a novel and
relatively advanced method to reveal the internal mor-
phology of fossil brachiopods. Synchrotron radiation
X-ray tomographic microscopy (SRXTM) is a non-
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destructive technique for the investigation and visual-
ization of the internal features of solid opaque objects,
which allows reconstruction of a complete three-di-
mensional image of internal structures by recording of
the differences in the effects on the passage of waves
of energy reacting with those structures. It uses a syn-
chrotron, a form of particle accelerator, as a bright
monochromatic X-ray source. Contrary to X-rays,
produced in a conventional X-ray tube, the intense
synchrotron light beams are sharply focused like a
laser beam. The wavelengths range from infrared to
hard X-rays. SRXTM can produce tomographic data
of exceptional resolution and clarity (SuTTON 2008).

Material and Methodology

The analyses were performed at the Swiss Light
Source (SLS), Paul Scherrer Institute, Villigen,
Switzerland. The SLS (Fig. 1) is a third-generation
synchrotron light source. With energy of 2.4 GeV, it
provides photon beams of high brightness for research
in materials science, biology and chemistry.

We have applied SRXTM for three-dimensional
reconstructions of the internal morphology of two pilot
fossil brachiopod samples: (i) the rhynchonellide
“Rhynchonella” flustracea Schlotheim from Faxe
Quarry, Paleogene (Danian) of Denmark; (ii) the tere-
bratulide Terebratulina imbricata Owen from the
Cretaceous (Lower Cenomanian) in northern Bulgaria.

SRXTM in this study was performed at the TOM-
CAT beamline (Fig. 2) at SLS (STAMPANONI et al.

Fig. 1. Interior view of the experimental hall at the Swiss Light Source SLS (Photo credit: H.R. Bramaz/PSI, source:
http://www.psi.ch/media/MM2007112 1 FrueheVerwandteDE/igp 1024x640%3E _MMO071121 sls.jpg).
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Fig. 2. The TOMCAT Beamline at the SLS, source: http://www.panoramio.com/

photo/10865922.

Fig. 3. External dorsal view of the rhynchonellide brachio-
pod “Rhynchonella” flustracea from the Danian of
Denmark.

2006). According to the absorption properties of the
samples, monochromatic X-ray beams, respectively

20 keV (for “Rhynchonella”
flustracea) and 33 keV (for Te-
rebratulina imbricata) have
been used. The magnification of
the X-ray microscope was X4.
A scintilator LAG: Ce 20 um
was used. The number of pro-
jections for both specimens is
1501. Reconstruction was per-
formed on a 32 node Linux PC
farm using highly optimized
filtered back projection rou-
tines.

Slice data derived from the
scans were then analyzed and
manipulated using Aviso 5.0
on a Dell Precision T 7400 PC
with 64 GB DDR SDRAM at
the Natural History Museum,
Stockholm.

The specific investigative
parameters for the two samples
were: (i) for “Rhynchonella”
flustracea the energy was 20
keV; objective - 4X; exposure
time 300 ms; voxel size 1,85 um; (ii) for Terebratulina
imbricata on-chip binning (2X) was used; energy
33 keV; objective 4X; exposure time 400 ms; voxel size
3,7 pm.

Results

“Rhynchonella” flustracea SCHLOTHEM (Fig. 3):
The infilling sediment in this species was fine-grained
limestone. Using SRXTM it was possible to visualise
the 3D shape of the crura, the lack of hinge plates, the
orientation and thickness of the dental plates (Figs. 4a,
b) that helped to confirm our hypothesis that this
species belongs to a new basiliolide genus (to be for-
mally erected elsewhere).

Terebratulina imbricata OWEN (Figs. 5, 6): The
infilling sediment in 7. imbricata was marl. It was
possible to reveal the form of the brachidium in cross
and longitudinal (Fig. 7) sections, especially the
details of the tetebratulide loop forming a ring. Some
traces of growth of shell material in the umbonal part
were also observed (Fig. 5.4). Such growth structures
are not usually revealed using X-ray computerised
microtomography (PAKHNEVICH, pers. com. 2010).

Discussion

Non destructive techniques for the study of the bra-
chiopod shell interior were applied for the first time
by HAGADORN & NEALSON (2001), HAGADORN et al.
(2001) and later by PAKHNEVICH (2007; 2010a, b),
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Fig. 4. Several views of tomographic reconstructions of the internal umbonal part of intact “Rhynchonella” flustracea.
Anterior part of the shell virtually ‘removed’ to allow visual access to the interior of the umbonal part. Scale: one unit on x
and y equal to 0.25 mm.
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Fig. 4. Continued.

who reported successful experiments using X-radi-
ographic computed axial tomography in a number of
conference abstracts and papers but without providing
any illustrations. PAKHNEVICH (2008, 2009a, b) illus-
trated for the first time some promising results using
X-ray computerised microtomography (micro CT) on
brachiopods interiors and shell structure. However,
the effectiveness of the micro CT technique depends
on the mineral composition of both brachiopod shells
and host rock. PAKHNEVICH (2009a) performed exten-
sive experiments to test the contrast of the 3D images
depending on the mineral and rock compositions of
different palaeontological specimens including bra-
chiopods. He developed a scale of contrasts where he
divided the studied minerals in 10 groups according to
their contrast under micro CT Skyscan 1172.
Recently, ANGIOLINI et al. (2010) also reported that
due to the intrinsic limit of this method based on den-
sity differences, only brachiopods filled with sand-
stone produced valuable CT images showing details
of the cardinalia. Out of the many micritic limestone,
bioclastic limestone and marlstone infilling the bra-
chiopod interiors, in one case only satisfactory CT
images were obtained by these authors due to the
presence of a thin void layer (dark grey in the images)
between the internal structures and the micritic
matrix. The more extensive survey by PAKHNEVICH
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(2009a; 2010a) on the matrix showed that silicified,
ferruginised, or pyritised shells demonstrate clear
contrasts in a carbonate rock. Calcite shells in phos-
phorite rocks and dolomitised shells in carbonate
rocks show insufficient contrasts.

In brachiopod research SRXTM was previously
used to obtain three-dimensional information from
Recent brachiopods to ascertain the function and
growth of punctae in the shell and increase our under-
standing of the role of cell biology in the context of
biomineralisation (PEREZ-HUERTA et al. 2009).

Here we report encouraging results from the use of
SRXTM for purely taxonomic purposes: an attempt to
find a non-destructive and more efficient alternative
to serial sectioning and several other methods of dis-
section together with the non-destructive method of
X-ray micro CT. The scans for our pilot attempts were
carried out at the lowest available resolution, one that
could be accomplished by more easily accessible
X-ray micro-tomography scanners that are available
at several institutions worldwide. X-ray tomographic
microscopy is now a rather a routine method for seve-
ral other groups of fossils (SurtoN 2008), but not, to
date, for brachiopods.

It is encouraging that we have obtained such prom-
ising results using SRXTM with our very first two
fortuitous samples, which had respectively fine-



114 NEDA MOTCHUROVA-DEKOVA & DAVID A. T. HARPER

[units]

[units]
4e+003

[units]

[units]

5e+003
: " [units]

[units]

[units)

4e+003

Fig. 5. Tomographic reconstructions of Terebratulina imbricata, 3.5 mm long. 1, Orthogonal slices in xy and xz directions
— general view; 2, Volume rendering of the specimen (Voltex); 3, Shape and external morphology of the specimen (isosur-
face) — dorsal view; 4, Orthogonal slice in xz direction (longitudinal section). Note the traces of growth of shell material in

the umbonal part.

Fig. 6. A SEM micrograph of a prepared dorsal valve of
another specimen of Terebratulina imbricata showing the
shape of the cardinalium which can be revealed on the lon-
gitudinal sections obtained by the SRXTM (see Fig. 7).
Courtesy M.A. BITNER.

grained limestone and marl as infilling sediment, in
contrast to the discouraging results communicated to
us by some colleagues who have tested specimens
with such matrices using X-ray micro-tomography.

A major disadvantage of SRXTM, however, is that
it is quite expensive and not readily accessible to tax-
onomists.

ALVAREZ & BRUNTON (2008) noted that very often,
due to the scarcity of well-preserved specimens and
the destructive nature of the technique, some authors
chose the worst specimens for serial sectioning, keep-
ing the best preserved (frequently only one) for the
holotype. In future the holotypes may be prefe-
rentially subjected to this mode of analysis in order to
check their conspecificity with the sectioned para-
types. Rare museum specimens or delicate Recent
material can also be subjected to non destructive
analyses (PAKHNEVICH, 2010). SRXTM and X-ray
micro-tomography are also useful for the investi-
gation of shell microstructure, microtexture and
punctation (PEREZ-HUERTA et al. 2009; PAKHNEVICH
2008, 2010a).

The X-ray tomographic microscopy and specifical-
ly SRXTM provides an opportunity to study the inte-
riors of many taxa established only on exteriors, con-
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Fig. 7. Eight longitudinal sections of Terebratulina imbricata — tomographic reconstructions of the intact specimen on Fig.
5 obtained by the SRXTM (the most important outlines highlighted in white). Note the almost complete section of the ring
in the second section.
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firming or otherwise their taxonomic placement. We
hope that this new methodology will also stimulate
the study of intraspecific and intrageneric variability
when enough material is available and help avoiding
unjustified splitting or lumping in brachiopod taxono-
my due to insufficient data on internal structures.
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Pe3ume

CunxporpoHcka X-3pauHa Tomorpadgcka
Mukpockonuja (SRXTM) yHyTpammocTu
OpaxuonoJcKe JbYmType 3HAYAjHE 32
TAKCOHOMMJY: NMPEJMMUHAPHYA U3BEIITAj

Bpaxuomnonu cy jenan on HajOOJEUX IPUMEPA Y KH-
BOTHECKOM IIApCTBY Y KOME je YHyTpaIlmba MophoIro-
THja JbYIIType O KIJbYYHOT 3Havaja 3a KIacu(pHUKALHNjy
1 pazyMeBame BUX0Be (UIIOTeHrje. Y IHJbY OTKpHBa-
ha YHYTPAIIBUX CTPYKTYpa (POCHITHHUX Opaxuorosna ca
KOHCOJIMJIOBAaHUM YHYTpAIIFlbUM MaTpPUKCOM, Hajderrhe
ce mpUMemyje TeCTPYKTHBHA cepuja IpeceKa. Y HeKo-
JIMKa CIyYajeBa OBa TEXHHKA j€ jeNWHHW HauyuH J1a OT-
KpPHjeMO BeOMa BakKHE YHYTpaIllke MOPQOIIOIIKE
ocobuHe QocmHUX TakcoHa. [IpemHOCT OBakBe Je-
CTPYKTHBHE TEXHHUKE j€ y TOME IITO je OHa OOWYHO pe-
nmatuBHO jedtHAa M eduracHa. Mehytum oHa mma
HEKOJIMKO HesocTaraka: (1) yHWIITaBame NpuUMepKa,
(2) najy momury TpPOCTOpPHY CIHKY YHYTPAITFBHX Ka-
pakTepuctika u (3) 3axreBa Bpeme U paia. MHoru 1o
caJa Mpoy4YaBaHH TAKCOHH CA OBOM TEXHUKOM CYy 3a-
CHOBaHH Ha BEOMa MajioM Opojy mpuMepaka (TOHEKa/I
Ha caMO jeJHOM TPUMEpKY), Tako Ja je caMo Jel-
MHUYHO TpOydYaBaHa YHYTpallmha MOPQOIIOTHja, 0K je
BapHjaOMIIHOCT YeCTO 3aHEMapUBaHa, TAaKo Jia jé OTBO-
peHa HOMEHKJIaTypa 4eCTO IPHMEH-IBaHA.

OBoM mNpHIKOM, YHOTpeOOM HOBE M CacBUM Ha-
MpegHe MeTone, INMpHKa3aHa je MpoOHa CTydauja 3a
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MpoyvaBame KapAnHaIMjyMa (GOCHITHIX Opaxuomnosa.
CuaXpOoTpoHCKa X-3padyHa ToMorpadcka MHUKpPOCKO-
nmuja (SRXTM) je HemecTpyKTHBHA TEXHUKA 3a TIPOY-
YyaBamke U carielaBambe YHYTpPAIllbUX OCOOMHA Kaf
YBpPCTUX W HEmpo3padHux objekara, koja omoryhasa
HOTIYHY PEKOHCTPYKLH]Yy TPOAUMEH3UjaJIHOT H3IJIe-
Jla YHYTpaIIHUX CTPYKTypa Ha OCHOBY CHHMama pa-
3IMKa y edekaTuMa EHEpPreTCKHX 3paKkoBa Kao
peaknuja THX CTpyKTypa. OHa KOPUCTH CHHXPOTPOH
(BpcTa akueneparopa) Kao H3BOP MOHOXPOMATCKHX
X-3paka. SRXTM Moxke 1a mpou3BOIU TOMOTpadCKe
MoJlaTKe M3y3eTHE pe3onynuje W jacHohe (SUTTON
2008). Ymorpebom SRXTM mobuimu cMO TPOAUMEH-
3MOHAHE TIOJaTKe O YHYTpPAaIIk0oj] Mopdooruju asa
(documHa Opaxmomoacka TakcoHa: (1) pHUHXOHEIHT
“Rhynchonella” flustracea SCHLOTHEIM H3 TTaJieOreHa
Faxe Quarry y /lauckoj u (2) Tepedparynun Terebra-
tulina imbricata OWEN U3 HOmer IIcHOMaHa CeBEepHE
Bbyrapcke. OBe aHanm3e cy o6aBsbeHe kox Swiss Light
Source (SLS), Unacturyr Ilayn llepep, Bumuren,
IBajiapcka. Kom “RA.” flustracea mogli cmo na
MoCMaTpaMo OOJIMK Kpypa (BUAN CTPETHIlE KOJ CII. 4)
KOja je IoMorJia ja JOKa)KEMO HaIlly IPEANOCTaBKY 1a
OBa BpCTa MpHUIAZa HOBOM OaCHIIMOIMIHOM POAY
(xoju he OuTH yckopo yBeeH), ok kon 1. imbricata
omo je moryhe ma noOujeMo neTajbe TepeOpaTyIui-
cKke TeTJpe Koja ¢opmupa npcreH. SRXTM je panuje

Oomna ynorpeOJpMBaHa 3a J00Wjame TPOMUMEH3UO-
HAJTHUX II0IaTaKa, yIo3HaBame (QYHKIMje W pacTa
MYHKTH JBYIITYype M OOJbEr pa3yMeBamba yJaore IUTOo-
JIOTHje Y KOHTEKCTY OMOMHUHepaIHn3alnje PereHTHUX
opaxmnonona (PEREZ-HUERTA et al. 2009). Ilpukazann
cy oxpabpyjyhu pesynararu ynorpedbom SRXTM 3a
OCHOBHE TaKCOHOMCKE CBpXe: MOKyIIaj Aa ce Hahe
3aMeHa 3a METOJIe CepHjCKUX MpeceKka Kao M APYTruX
MeTona ceuema. CkeHOBH Cy ypal)eHH y HajHIXKO]
PE30TyLINjH TaKo J]a CE OBa METO/A MOXKE KOPHCTHTH
n ca Bume npuxBaheHUM X-3paqHUM MHKPOTOMO-
rpad)CcKUM CKEHEpUMa KOje MOCeIyjy HEKOJIUKO
MHCTHUTYIMja y CBETY. X-3payHa ToOMOrpad)cka MUKpPO-
CKONMja je cajxa pPYTHHCKAa METO/Aa 3a HEKOJHMKO
npyrux GocunHux rpyma (SUTTON 2008).

Beoma decro, 300r HemocTaTaka JO0OpO OYyBaHUX
NpUMepaka M JeCTPyKTUBHE TEXHUKE, HEKH ayTOpH
KOpHUCTe oImTeheHe TpUMEepKe 3a CcepHje Ipeceka,
yyBajyhn HajOOJbe OUyBaH MPHUMEPAK 3a XOJNOTHUI. Y
Oyayhe XOJOTHIIOBM MOTY OWTH TIPHOPUTETHH TIPEJ-
MeT OBaKBOI' HAa4YMHA TPOydYaBama y LUJBY IPOBEpE
bUX0BE KOHCTIEM(PUIHOCTH Ca CEYEHHM MapaTHIlo-
BuMa. X-3pauHa ToMorpad)cka MOKPOCKOIIHja Mpyxka
MOryhHOCT 3a mpoydaBame yHYTPalIOCTH MHOTHX
TaKCOHA YBEJECHHX CaMO Ha OCHOBY CIIOJBbAIIHOCTH,
notBphyjyhu nimm ocnopaBajyhu BUXOBY TaKCOHOM-
CKY TIPHITIaHOCT.





