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Unusual soft tissue preservation in the Early Cextas
(Aptian) crocodile cfSusisuchus from the Crato Formation of

north east Brazil

Grant J. Field, David M. Matrtill

School of Earth and Environmental Sciences, University of Portsmouth, Portsmouth, PO1 3QL, UK

ABSTRACT

A new specimen of the neosuchian crocodylomo8ak suchus sp. from the Lower
Cretaceous (Aptian) Crato Formation of Ceara, NBdht Brazil is remarkable for extensive
preservation of the epidermis and limb musculatlire specimen comprises incomplete
post-cranial remains, including an articulated sege of thirteen thoracic vertebrae, a
disarticulated pair of lumbar vertebrae and alffombs articulated in varying degrees of
completeness but divorced from the axial skeleSmit tissues are preserved in two distinct
modes, in close association with the skeletal ramain external mould of the dorsolateral
scales of the trunk extends over a bedding plarfaciwhile mineralisation of soft tissues
preserving the musculature surrounds the left izl Soft tissue preservation is extremely
rare in crocodylomorphs and this is only the sea@apart of soft tissue preservation in a

crocodilian from the Crato Formation.
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Soft tissue preservation

1. Introduction

A new specimen (UERJ-PMB R07) comprising the paskeleton of a susisuchid
crocodilian from the Crato Formation of north eBsizil is remarkable for the extensive soft
tissue preservation intimately associated withskedetal remains. Crocodilian remains are
extremely rare in the Crato Formation (Salisburglet2003, Frey and Salisbury, 2007,
Figueredo and Kellner, 2009, Figueredo et al., 20&fich is otherwise better known for the
abundance of its invertebrates (primarily inselotd,also arachnids and decapod crustaceans
(Bechly, 2007, Dunlop et al., 2007, Schweigertlet2®07 respectively)). Vertebrates in the
Crato Formation are diverse, including osteichtlsy@rito, 2007), amphibians (Baéz et al.,
2009), turtles (Naish, 2007), lizards (Matrtill, 2ZQ0pterosaurs (Unwin and Matrtill, 2007) and
an ancestral snake (Martill et al., 2015). A wideiety of flora are also preserved including

many early angiosperms (Mohr et al., 2007).

Soft tissue preservation has previously been tegon Crato Formation vertebrates,
having been described for the head crests and mv@rgbranes of the pterosaliapegara
(Frey et al., 2003a, b) afdipandactylus (Kellner and Campos, 2007) and the limbs of the

turtle Araripemys (Fielding et al., 2005). Soft tissues were foumthie holotype of the
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neosuchian crocodilgusisuchus anatoceps as amorphous goethite stains, a result of
weathering of low-fidelity mineralisation most likdby iron sulphides (Salisbury et al.,

2003). Here we describe another example diudisuchus sp., in which soft tissues are
preserved associated with the thoracic and appealadiskeleton. For a more detailed account

of the palaeontology of the Crato Formation theleeas referred to Matrtill et al. (2007).

Abbreviations used

The specimen described here is deposited in thection of the Departamento do
Zoologia of the Universidade Estadual de Rio deanR.J., Brazil, accession number
UERJ-PMB R07. SMNK; Staatlisches Museum fiir NatadeiKarlsruhe, Karlsruhe,
Germany. UFRGS; Laboratory of Vertebrate PalaeogtglUniversidade Federal do Rio

Grande do Sul, Porto Alegre, RGS, Brazil.

2. Locality and Geology

2.1 Locality

The new specimen was obtained by one of the au{ivM) while on field work in
the Araripe Basin in 2006. It was given by a quavorker, who was digging limestone
between the small towns of Nova Olinda and Sandan@ariri in the South of Ceard, north
east Brazil. This area has been extensively exgulddr laminated limestone and has proven
to be one of the most productive sites worldwidelfmver Cretaceous non-marine fossils.
The stone quarries are located on the flanks o€tiegpada do Araripe, a large tableland
dominated by Upper Cretaceous strata (Fig. 1 andl @jtcrops around the Chapada do

Araripe in both southern Ceard and Pernambuco, paifisible equivalents in Piaui. It is
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missing in some places due to overlapping by youstyata. The formation can be traced
extensively around the chapada, but is only exeavatr paving stone in the area between
Tatajuba, Santana do Cariri and Nova Olinda, ammhatsite near the town of Crato, but the
vast majority of fossils are found in the Nova @BrSantana do Cariri region of Ceara. A
large excavation in the Crato Formation at Barb&in@ement production does not yield

abundant fossils.

(Fig. 1. Locality map)

2.2 Geological Setting and Stratigraphy

The Crato Formation is a heterolithic clastic/ceréite sequence of lacustrine,
lagoonal and possibly deltaic facies. Extensivelabdur intensive, manual quarrying of the
Nova Olinda Member limestone at the base of thea&ion results in very many fossils
collected by the quarrymen. Ever since the lat®d$39Bese numerous quarries have been the
source of many spectacular fossils (for a summeeyh\artill et al., 2007). These strata are
dated as late Aptian by Batten (2007) on the badise palynoflora. For details on the

stratigraphy of this unit and its areal extent Bkeetill and Heimhofer (2007).

The Crato Formation rests either unconformablyNenproterozoic basement or
conformably on strata of the Batateiras Formatimanies vary depending on authors, e.g.
Missao Velha Formation of Beurlen, 1962). Whestg with stratigraphic conformity on
older strata there appears to be a transition frardstones and siltstones of the Batateiras
Formation into laminated limestones. Such confolmabquences are best seen in the region
around the town of Crato and near Nova Olinda. &amyrmplaces, however, a topographic
unconformity is present, representing a submergéaiep-landscape of some considerable

relief. This ancient terrain is composed of lowdganetamorphic rocks with granitic



95 intrusions and coarse, immature sandstones of éne Eormation that may have
96 represented islands within the Crato Formationdagake system (Martill and Heimhofer,

97  2007).

98 The fossiliferous, laminated limestones of the &l@linda Member that form the
99 fossil Lagersitte are well exposed around Nova Olinda in manyriggand natural bluffs.
100 Itis also quarried near Crato, but elsewherepalgh well developed, the limestones appear

101  to be largely devoid of fossils.

102 (Fig. 2. Strat log)

103

104 3. Materialsand Methods

105 3.1 Material

106 The new specimen, preserved on a typical (foNtxea Olinda Member) slab of

107  cream coloured, laminated limestone has contragtiegervational styles (Fig. 3 and 4). The
108 slab has a sub-triangular outline, with the spenimdending over the majority of its surface.
109  Numerous pellet-like structures are scattered theebedding plane surface, which is also
110 typical, and distinctive for this unit. The specime remarkable for the exquisite

111 preservation of epidermal scales of the body flandé dorsal surface as well as an intriguing
112 preservation of soft tissues of the limbs. Theescaf the trunk have been preserved as a soft
113 tissue impression while the soft tissues of thbtrigrelimb have been mineralised. Material
114  similar to that around the right forelimb is pregst around the left femur however much of
115 it appears to have been removed during preparatitre quarry with little material

116 remaining. The epidermal scales are not, as migisulpposed, moulds of the inferior surface
117  of osteoderms, as in places overlapping sedimawsino bone material between the

118  overlying and underlying lamina.



119 There are just two osteoderms preserved, botltlgetafrom the body. One displays
120  its upper surface of small pits, while the othsrawer surface which is smooth. All four

121 limbs are preserved, with the forelimbs articulzaed nearly complete with both manus. The
122 hind limbs are less complete but include the ferbia and fibula, as well as fragments of
123 the pelvis in the left hind limb. The right hindnb includes the tibia, fibula, metatarsals and
124  disarticulated elements of the pes. The appendislketon is detached from the axial

125  skeleton however remains close to life positiore Vartebral column is articulated for a

126 length of thirteen thoracic vertebrae exposed mmtna view. There are two detached lumbar

127  vertebrae lying to one side at the posterior enth@fsequence.

128 There has been damage to the specimen causedtbggpf the slab during the

129  excavation and in preparation, which has been poegaired with what appears to be an

130 adhesive past. A gritty material has been usedl io some damaged areas of the specimen
131  and slab on both sides and several chisel marke éh@waged part of the exposed soft tissues
132 of the trunk. Some bones have been repaired ard ghtio place as they appear to have

133 dropped from the slab during preparation.

134

135 3.2 Methods

136 The specimen has been examined under UV light stigitt and scanning electron
137  microscopy. No additional preparation was perforrmedhe specimen in order not to further
138 damage the surface with soft tissues, but smalptssrof the soft tissue of the forelimb were
139  removed for analysis by scanning electron microg@ml energy dispersive x-ray

140  spectroscopy. Samples examined by electron micpyseere mounted on flat aluminium

141  stubs, sputter coated with a gold-palladium allogt examined using a JEOL JSM 6100
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machine. The specimen was photographed using angdly E-420 DSLR camera and

images were processed using Adobe Photoshop CC 2015

(Fig. 3. Specimen photo)

(Fig. 4. Schemaitic)

4. Description

4.1 Systematic Palaeontology

Crocodyliformes Hay, 1930

Mesoeucrocodylia Whetstone and Whybrow, 1983

Neosuchia Benton and Clark, 1988

Susisuchidae Salisbury et al., 2003

cf. Susisuchus Salisbury et al., 2003

Specimen: Partial skeleton of a neosuchian inctydiial and appendicular elements of both
girdles and areas of extensive soft tissue pregserveeferred to cfSusisuchus sp. Accession

number UERJ-PMB RO07 (Universidade do Estado dodeidaneiro).

UERJ-PMB RO7 is identified as a crocodyliform daghe presence of typical
crocodilian osteoderms with smooth basal surfadepsited epidermal surface shown, and a
crocodilian type squamation of the trunk integum&ie amphicoelous vertebrae show that
it belongs in Mesoeucrocodylia. The clade Neosuishthagnosed on cranial features and
features of the neural spines (Benton and Clar®@8)l both elements that are not visible in

the specimen. A neosuchian affinity is assumeddasats identification and hinted at by



163  the neosuchian-like proportions of the limbs wittoelimb-hind limb ratio of approximately

164  0.85.

165 Its familial placement within Susisuchidae is lthgpon the same features used to
166  diagnose the specimen as&isisuchus. In comparing the specimen with the two crocodilia
167  genera reportedly previously from the Crato Fororaby Salisbury et al. (2003) and Frey
168  and Salisbury (2007) UERJ-PMB RO7 appears clos8udisuchus thanAraripesuchus. Both
169 taxa are diagnosed primarily on cranial featurdsvisible in the specimen. Nevertheless,
170  other diagnostic features are present in the fotiof UERJ-PMB RO7; the presence of
171 unguals only on manual digits | and II, and the mmaxn width of the proximal extremity of
172 the ulna is approximately twice the minimum widffttee ulna shaft, the distal extremity

173 cannot be confidently compared due to damage. &umtbre, the limb proportions of UERJ-
174  PMB RO7 are more closely allied to thoseo$isuchus and so we here refer the specimen to
175  cf. Susisuchus sp. A palaeohistological study &asisuchus has identified the animal as a
176  dwarf taxon, markedly smaller than other crocodydgohs from the Cretaceous (Sayao et

177  al., 2016), and consequently the new specimennsidered a sub-adult due to its size.

178

179 4.2 Description

180 Axial skeleton

181  Lumbar vertebrae. Two lumbar vertebrae are articulated and preservedntral view (Fig.
182  5), detached from the axial skeleton but stilllmse association with the thoracic vertebrae.
183  One lumbar vertebra is preserved as a broad,H&dt, she transverse processes extending
184  from the ventral surface of the centrum and broadgedistally with an aspect ratio of 24:9
185  for the total width: length. The second lumbar gbré appears more typical of other centra

186  however matrix exposure obscures other details.
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Thoracic vertebrae. An articulate sequence of thirteen thoracic vedelare preserved,
exposed in ventral view. These are considered thovartebrae based on their position
relative to the limbs of the animal and the presesfcarticular facets for the ribs present on
the anterior edge of the transverse processevefae/ertebrae. The centra of the eight
posterior-most thoracic vertebrae are preservedheuninth centrum has been damaged,
lacking the anterior half. The centra of the fontesior vertebrae are not present, likely in the

missing counter slab, exposing the mineralisedaleanal parallel to the bedding surface.

Several of the posterior thoracic vertebrae areadped revealing detail of the
articulatory surfaces. They are amphicoelous irigiganesoeucrocodylian affinities (Frey
and Salisbury, 2007). The transverse processesrgesborter and thinner towards the
cranial end of the preserved sequence. Furtheriantertebrae may be preserved in the

sequence but preserved on the counter slab.

(Fig. 5. Vertebrae photo and schematic)

Appendicular skeleton

Pectoral girdle. A thin, sheet-like fragment of bone overlies thexpmal right humerus and

is considered to be part of the pectoral girdleh@ligh it lacks landmarks and cannot be
confidently identified, it is likely a portion ohe right scapula due to the arrangement of the
bones. Other fragments of bone are also presentbatthe forelimbs but are similarly
unidentifiable and may be part of the proximal tighmerus, the pectoral girdle or

osteoderms.

Forelimb
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Humerus. Both humeri are preserved and exposed in postégar (Fig. 6). They are almost
complete missing just the proximal end in the fhefinerus, which is damaged and is
obscured by matrix. Despite fragments of the patwirdle obscuring much of the proximal
third of the right humerus, the point at whicheitrhinates appears visible before it extends
beneath the soft tissue impressions. Using theleisange, the humerus measures at 45 mm,

here used as an approximate total length for tineehus.

The corpus is slender, smooth and round in cresses with a diameter of 4 mm,
roughly one third the width of the distal end. e tight forelimb, where much of the corpus
is broken and absent, a cross-section revealsitbeadr of the bone and a mineral filled
medullar cavity. The distal end of the humerus appgypical ofSusisuchus anatoceps with
two distinct ridges on the medial and lateral ggtending from both distal condyles
(Salisbury et al. 2003), more pronounced in theHafnerus than in the right. These extend

for 12.5 mm, approximately one quarter the lendttihe humerus, forming a concave facies.

Ulna. Both ulnae are damaged due to prior preparatiom thé right ulna lacking its distal
third and a section of the proximal corpus, buinapression of the bone remains. The corpus
of the right ulna has been broken off and gluekaplace but appears displaced at the
distal end. The proximodistal length of the rightauis 29 mm, with an ulna-humeral ratio of
0.66 and a corpus minimum width of 2mm. Both thexpnal and distal ends are broad
compared to the shaft, the proximal being the beoadd twice the width of the corpus, the
distal extremity damaged but similar in width. Bo#ads have convex facies but are

otherwise featureless.
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Radius. As with the ulnae the radii have been damaged.digtal end of the right radius has
broken off and been glued back into place, deegtcawes extend along the length of the
corpus. Similar to the right humerus, a broken siection exposes the mineral filled
medullar cavity and the solid nature of the boné.Wrathe left radius the corpus has been
broken off and glued back into place, a gritty matéas been added to the glue around the

distal end displacing the bone.

The radius is slightly shorter than the respeative, approximately 95% its
proximodistal length but the corpus is also 2mrokhBoth heads are smaller than in the
ulna, the distal head 2mm thick and the proximaiithick. The articular ends of both radii
are flat and the proximal end of the left radiusifected dorsally. This is not present in the
right radius and may be an artefact of damagedadbk, where it has been repaired, or to

the bone where it has been broken and glued.

Carpals. Both the radiale and ulnare are preserved in e forelimb but are absent in the
left. Both are small elements, the radiale meagufib mm in length, the ulnare measures 5
mm in length. The radiale is a flat, hourglass-giaglement with a minimum thickness of
1.5 mm. The proximal end is wider than the distal at 3.5 mm compared to 3 mm. The
ulnare is also hourglass-shaped with a less prarezldistal end, just 1.5 mm wide

compared to the minimum width of 1 mm and the pr@atiend measuring 2.5 mm wide.

Manus. Both manus are preserved in association with tiegpective limbs and are largely
articulated and almost complete but the left masaetached from the forelimb but still
closely associated with it. In the left manus, roatpals II-V are present, and in the right

metacarpals I-1ll and V are present. Metacarpahi&y also be present in the right manus but
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is obscured by sediment and other metacarpalsaodrsiot be confidently described as
either a metacarpal or a phalanx. The metacarpalgyically long and slender with lengths
of 3.5 mm to 8 mm and thicknesses of 0.5 — 1.5 Matacarpal | is both the shortest and

thickest metacarpal.

In the right manus all digits are preserved butarying completeness. Digits | and Il
are the only two complete digits comprising of taral three elements respectively. The
ungual of digit | is a blunt, thick element compte the other unguals with a very gentle
curvature whereas digit II's ungual is partiallysebred by sediment. Digit 11l comprises
three phalanges but lacks an ungual as is diagnafs$usisuchus. Digit IV consists of two
medial phalanges adjacent to digit Ill, digit \jieserved as phalanx 1 and a mould of
phalanx 2. In the left manus digits I-1ll and V gmeserved but no elements from digit IV are
identified. Both phalanges are again preservedgif kil however phalanx 1 is preserved only
as the distal portion. Three phalanges are pregenvaigit Il with a less obscured view of
the ungual, which is more strongly curved thanigitd and is significantly sharper. Three

phalanges are preserved in digit Il and two fragitd/.

(Fig. 6. Forelimb photo and schematic)

Pelvic girdle. A broken piece of sheet-like bone is preservedcadjato the right femur,
pressed against the proximal end. It is consideredost likely be a portion of the pubis
based on the general morphology but it lacks usafdmarks as is typical of the cranial end
of the pubis. A cross-section of bone is visiblamadjacent surface of the rock and is likely

a fragment of the ischium, but it cannot be confttieidentified.

Hind limb
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Femur. The left femur is preserved and is complete intlefgpwever the proximal end is

both obscured in part by a fragment of the peluidlg and has been damaged, the femoral
head split along the bedding plane. It appearsiltds in association with the pubis. The
femur is similar in length to the humerus, measysightly shorter proximodistally at 44.5
mm long. The corpus is smooth and round in crosieseand as thick as the humeral corpus
at 4 mm, but is curved posteriorly. The distal endroad, almost three times the thickness of

the corpus, with distinct medial and lateral ridgeggending for 11 mm.

Tibia. The tibia is a long, straight bone, approximatdéy®the proximodistal length of the
femur at 39.5 mm long. It is preserved in both kntloit is significantly damaged in the right
hind limb, the proximal third having been brokehanid repaired. The corpus is slender a 2.5
mm thick with a broad, robust and curved proxinmeddhand a broad, flat distal head, both
almost three times as wide as the corpus is thick.surface is smooth except for at the
proximal head of the right tibia where striatiom$emd lengthways, parts of the head have a
fibrous texture, however, this may be a resultegrddation. Damage at the distal end of the

left tibia reveals a hollow interior.

Fibula. The fibula is present in both hind limbs, completéhe left, although the distal end

is damaged where the rock has been cut, and hetantyaged along the corpus in the right,
the distal head broken off lying adjacent to thepaos. The fibula is slightly shorter than the
tibia at 39 mm long and is slender, the corpus 2timak and the distal head 4 mm thick. The
proximal head is obscured by the tibia in the thfid limb but is visible in the right

measuring 2.5 mm thick.
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Tarsals. Tarsals are only preserved in the right hind lifilbey are small, smooth, round
bones, the lateral tarsal is the smaller of the fil® medial tarsal is a rounded square bone,
7.5 mm long and 5 mm thick. The lateral tarsakisiscircular with a flattened lateral face,

only 4.5 mm long and 3 mm thick.

Metatarsals and pes. Three metatarsals are preserved in the right lmmiol. IThey are long,
slender bones, all measuring at least 22 mm irttesugd between 1.5 mm and 2 mm thick.
The proximal end is very broad in metatarsal le¢htimes as thick as the corpus and twice as
thick as metatarsal lll, the proximal head of maatsdl 11 obscured by metatarsal I. The distal
ends of metatarsal Il and Ill are damaged and imdet®a while metatarsal | has a broad distal
end, 4 mm wide, with a pit in the centre of thechddamage to metatarsal Il at the distal

end reveals a cavity. Phalanges from the rightapepreserved but disarticulated and
overlapping each other at the distal end of theataegals. A single ungual is identifiable

disassociated from the pes, it is a heavily curgedyp bone 7 mm in length.

(Fig. 7. Hind limbs photo and schematic)

Osteodermal skeleton

Two osteoderms are identified in association wihgpecimen, one located near the
left hind limb but is relatively distant from othskeletal elements except for unidentifiable
bone fragments, potentially other osteoderms. dsisoderm has a rounded margin as well
as typically crocodilian pitting of the dorsal sac€. The rounded margin suggests that this
osteoderm was probably an accessory osteoderne aiotfsal body shield (Salisbury et al.,

2003). The osteoderm appears to be broken duremppation.
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A second osteoderm is located adjacent to thaldest humerus and is exposed in
ventral view. It is identified as an osteoderm dkesine unfavourable view based upon the
uneven margin consistent with the pitting of ostxats. The surface exposed is smooth and
rectangular in shape, however, the osteoderm mapexurther beneath the humerus too. It
cannot be confidently identified based upon th& @dandmarks present on the ventral

view.

5. Reaults

5.1 Light microscopy

Microscopic analysis was utilised to examine thigmatic nature of the soft tissues
surrounding the right forelimb. The material is tore of rounded to sub-angular grains
ranging from 0.5 mm to 2.0 mm in diameter. Micrqacanalysis of this mineralised
material alleviated concerns that it may have k@eartificial cement, these concerns were
disproved by the relationship of the grains witl skeletal elements and the surrounding
limestone. The mineralogy is seen growing arouedsiteletal elements, around both sides
and underneath, where the humeral corpus and $ked dorpus and head of the ulna is
missing the same granular mineralogy is observetth®ninderside (Fig. 8A). Individual
grains are also observed grown into the surroundiok (Fig. 8B). The grains appear to
consist of calcite, silicified material and fragneenof bone. The granular material is a mix of

brown, orange and black grains of calcite and grggeous grains.

(Fig. 8 Microscopy photos)

5.2 SEM Analysis



350 An SEM analysis was carried out on the mineraloigijhe soft tissues surrounding
351 the right forelimb. The grains analysed were a orxiof rounded grains and irregularly
352  shaped grains (Fig. 9). All of the grains studipgesar to have a similar structure despite
353  variation in shape. The surface of the grainspscglly smooth and undulating forming a
354  shell-like structure, some of these surfaces aslude small holes only a few micrometres
355 across covering the surface (Fig. 9). Orthogeniciteacrystals are also noted, growing on

356 these grains (Fig. 9).

357  (Fig. 9 SEM plate)

358 5.3 EDX spectrometry

359 Further compositional analysis was carried omigi&iDX spectrometry. The

360 specimen was prepared using a gold-palladium apatial as such associated peaks are

361 ignored in readings. The primary composition ofsaeple was found to be calcium, carbon,
362 oxygen and iron (Fig. 10A, B), attributed to cadcaind iron oxides. Silicon is identified as
363 the next most common element, likely a result efglicification noted around some areas of
364 the slab, including around several elements ofdhsil. Other elements found in smaller

365 quantities include manganese, zinc, chlorine, bariead, potassium and copper (Fig. 10C,

366 D), all associated with other minerals found atdowstrata within the Crato Formation.

367 (Fig. 10 EDX spectrometry)

368 5.4 Ultra-Violet Imaging

369 Ultra-violet imaging of the specimen was undertateaid in the identification and
370 observation of skeletal elements and to identiny mineralised tissues were present in
371  association with the soft tissue impressions oftinek. Skeletal elements fluoresced under
372 ultra-violet lights, allowing easier analysis oéedents difficult to observe under normal

373  lighting (Fig. 11A, B). The soft tissue impressidr@vever, did not fluoresce, nor did the
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mineralised material around the right forelimb (FigB). The similar mineralised material
around the right hind limb does fluoresce howe¥g.(11A). Silicified sediment fluoresced
around the right manus, closely following the sis$ue outline, and in the area surrounding

the right hind limb.

(Fig. 11 UV images)

6. Taphonomy

6.1 Preservation

All of the skeletal elements present in the spedirare preserved as three-
dimensional brown biominerals. Elements are sitliatéatively parallel to the bedding plane
except for the proximal and distal vertebral eletagwhich penetrate into the sediment. The
preserved bones are typically smooth and solid thighexception of the right tibia and fibula
in which the proximal and distal heads have a fisrtexture. Where the femoral head has
been damaged in the right hind limb, the interjgpears crystalline with dendrites inside the
bone. Where the humerus and radius of the leftifobeare damaged, however, the bone
appears consistent with the exterior with a mingedl medullar cavity. The neural canal of
the anterior thoracic vertebrae appears to have inéiled with calcium carbonate and is

slightly more orange than the surrounding limestone

Soft tissue preservation is reported in two madehis specimen. An impression of
the dorsolateral integument of the trunk has beesgoved on a bedding plane extending
from around the eighth preserved thoracic vertébthe left forelimb (Fig. 3 and 12). The
impression shows detail of the specimen’s scakingement. Ultra-violet imaging reveals
that there are no traces of mineralised soft tsguassociation with the integument. The

other form of soft tissue preservation, uniquehie specimen in the Crato Formation, is the
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enigmatic mineralised material surrounding thetrighelimb from the proximal head of the
humerus to the wrist (Fig. 3 and 6). Similar mitisedion is observed around the femur of
the right hind limb but notably less is presendadgely as orange-brown staining, possibly
removed during preparation (Fig. 7). The mineralsggescribed as primarily calcium
carbonate (Fig. 10 A-B) however the variety of nate seen in some samples (Fig. 10 C-D)
is likely the result of material from lower strdtaing eroded out and remineralised here. This
material is described here as mineralised musaela@ue to a consistent texture observed in

the grains resembling the striations of muscles.

(Fig. 12 soft tissue impression photos)

6.2 Taphonomy

The cause of death of the animal is unknown, @g #ine only partial remains without
any indicative features it is impossible to deterniHowever, given the condition of the
specimen it is probable the animal was dead poiastarrival in the lagoor8usisuchus
anatoceps has been described as a semi-aquatic crocodiliabhaply inhabiting a fluvial
setting relatively near to the lagoon (SalisburgleR003) where the animal died and was
subsequently washed into the lagoon. It is possitaethe transportation and deposition of
the specimen could be sufficiently traumatic tautem the damage and disarticulation
observed in the dermal skeleton and axial skelé€oren the relative good condition of the
specimen it is unlikely that the carcass was sageeor predated upon. Whatever the cause
and mode of transport, the damaged carcass mustdeean held together by skin and sinew.

As the counter slab is missing it is unknown alsde complete the specimen could be.

Presumably the specimen arrived at the lagoorcondition similar to that seen

fossilised. Anoxia in the lagoonal bottom wateraulddchave inhibited macroscavengers, and
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may also have delayed bacterial degradation. Despine damage and disarticulation of the
specimen soft tissues did still remain on at ldasteft forelimb and on the flank of the torso.
The soft tissue of the torso, however, was damagedorn from the skeletal component,
hanging from it as a sheet of flesh or skin or b@this could potentially have occurred when
the dermal skeleton disassociated from the speciifenforelimbs of the animal, however,
were in good condition, fully articulated and witte musculature untouched in the left
forelimb at least. In order to preserve thesetsdties, it is necessary that the specimen
would have been buried rapidly after transportatidns is due to the rapid disarticulation

and decay crocodilians undergo if not preventethffleating (Syme and Salisbury, 2014).

Reduced decay in the anoxic bottom waters of ti¢aCeous lagoon permitted the
mineralisation of soft tissues (Heimhofer and MRr2007). As the sediments lithified an
impression (external mould) of the torso integunveas left in the rock, possibly with
mineralised tissues too, however if these weregotethat have since been eroded away. At
the same time the soft tissues of the left forelw@ve mineralised, possibly as a result of
anaerobic, microbial activity, preserving the mudatire and sequestering minerals and
elements present in the lagoon as available ressuBwring this time the slowly decaying
organism acted as a nucleus for silicification athe manus of the left forelimb and the

left hind limb.

7. Discussion

Presently two crocodilian species in two generaehaeen reported in the Crato
Formation:Susisuchus anatoceps (Salisbury et al., 2003) aftaripesuchus sp. (Frey and
Salisbury, 2007). As previously mentioned, the €Fdrmation has not yielded many

crocodilians in the past, besides the specimerritbesichere there are three other specimens



446  of Susisuchus anatoceps reported (Salisbury et al., 2003, Figueiredo aedirter, 2009,

447  Figueiredo et al., 2011) and only one specimefrafipesuchus sp. (Frey and Salisbury,

448  2007). This scarcity in specimens is likely a res@ithe animals avoiding the lagoon due to
449  their inferred lifestylesSusisuchus anatoceps as a fluvial semi-aquatic animal and

450  Araripesuchus sp. as a terrestrial hunter or forager (Frey aasi®ury, 2007).

451 Despite the scarcity of crocodilian remains in @rato formation soft tissues have
452  previously been reported in the holotype specinfedus suchus anatoceps (SMNK-PAL

453  3804) and could potentially be presenfnaripesuchus sp. (SMNK-PAL 6404). SMNK-

454  PAL 3804 is described as having orange-brown sta@ssricted to the forelimbs, the right
455  manus and cranium, which are considered to beethdtrof goethitic weathering of pyritised
456  soft tissues (Salisbury et al., 2003). SMNK-PAL 84®wever is noted by the authors as
457  having a partial outline of the belly region presel as a dark stain which may be preserved

458  soft tissues.

459 Unlike either of these specimens, this specimdbRI}PMB RO07) is preserved with
460 two different modes of soft tissue preservation srfdr more extensive in the amount

461 preserved. The first mode of soft tissue presesmathe mould of the dorsolateral

462  integument of the skin (Fig. 12), is a typical foofmpreservation and is noted in other

463  specimens from the Crato Formation and other loeal{Matrtill et al., 2007). The second

464  mode of soft tissue preservation, the mineralisatibthe soft tissues around the right

465 forelimb (Fig. 6), proves far more enigmatic. Tkisd of mineralisation is not recognised in
466  any other specimen described from the Crato Foomaind is believed to be the first account

467  of its occurrence.

468 The cause of this mineralisation is currently umkn but we hypothesise that it is

469  still likely a result of anaerobic bacterial degayhe anoxic bottom waters of the lagoon.
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This resulted in minerals in the water, eroded fiomer strata in the formation, being used
in the mineralisation process. No other fossilke&mbat from the Crato Formation appear to
demonstrate this mode of soft tissue preservasisisuch it is considered a rare occurrence
for the formation suggesting that the conditioret thenerate this mineralisation were
similarly rare in the lagoon or that such condii@re not conducive to fossilisation. It is
important to further investigate the occurrencéhef mode of preservation in the Crato

Formation and other formations to better understaadaphonomic pathway in effect.

8. Conclusions

UERJ-PMB RO7 is considered here to be the foy#tisnen ofSusisuchus from the
Crato Formation diagnosed using features of thelifab. The specimen is relatively intact
and provides new details on the anatomy and mooglyadf Susisuchus. This is the first
specimen ofusisuchus to be reported with hind limbs in association widthgnostic
material, the only other instance of a hind limimbedescribed as a single, isolated limb
(Figueiredo and Kellner, 2009). This specimen dismonstrates exquisite soft tissue
preservation with the most extensive amount presenv a crocodile from the Crato
Formation. It is preserved as both a mould of thesalateral integument of the torso and as
enigmatic mineralised soft tissues around the rigiglimb. The mineralised material
represents a previously unseen type of preservédrahe formation and has been examined
using light microscopy, UV imaging, scanning elentmicroscopy and energy dispersive X-
ray spectrometry. This has elucidated the commwséind relationship of the material with

the specimen but its origin remains poorly underdto
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FIGURE CAPTIONS

Fig. 1. Locality map of the aerial extent of the AraripasiB of North East Brazil. The new

specimen was collected from a quarry between GnadioNova Olinda.

Fig. 2. A stratigraphic log of the Crato Formation as esqubapproximately 4 km south of
Nova Olinda, Ceara, Brazil. The exposure comptisedower three Crato Formation
member: the Nova Olinda Member, a homogenous laednanestone; the Caldas Member,
heterolithic strata of mudstone, silts and siltstaand the Jamacaru Member, a sequence of

alternating laminated limestones and mudstone n(Hefer et al., 2010)

Fig. 3. The new specimen of crocodylomorph UERJ-PMB R@re leferred t&usisuchus

sp. (Scale bar: 10 mm).
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Fig. 4. A schematic representation of UERJ-PMB R8%& suchus sp. (Scale bar: 10 mm).
Abbreviations used: Adhes.: Adhesive.Ost.: Osteodermiem.: Femur Fib.: Fibula.Hum.:
HumerusM. Tars.: MetatarsalsNeur. Can.: Neural CanalPec. Girdle: Pectoral Girdle.
Pub.: PubisTars.: TarsalsTrans. Proc.: Transverse Proceségert.: Vertebra.L.: Left. R.:

Right.

Fig. 5. A: Thoracic and disarticulated paired lumbar vedelwf UERJ-PMB RO7 preserved
in ventral viewB: A schematic diagram of the vertebral elementd®RJ-PMB R0O7. (Scale

bar: 10 mm).

Fig. 6. The forelimbs of UERJ-PMB ROA, The right forelimb surrounded by preserved soft
tissues with a fragment of the pectoral girdle cogethe proximal humerug&, A schematic
diagram of the right forelimlC, The left forelimb with an isolated, disarticuldtesteoderm.

D, A schematic diagram of the left forelimb. (Schaé: 10 mm).

Fig. 7. The hind limbs of UERJ-PMB ROA, The left hind limb. Elements of the pelvic
girdle are preserved around the proximal femursofttissue mineralisation is noted around
the femurB, A schematic diagram of the left hind lim®, The right hind limb with

surrounding silicificationD, A schematic diagram of the right hind limb. (Schar: 10 mm).

Fig. 8. A, The mineralised soft tissue of the right forelimttending beneath the bone, as
exposed beneath the broken humerus. (Scale ban)Bmindividual grains in the

mineralised soft tissue growing into the surrougdmneral matrix. (Scale bar: 2 mm).
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Fig. 9. SEM images of the soft tissue material surroundegright forelimbA-C, Grains of
mineralised material showing a rounded, irregularphology. (Scale baA, 200 umB, 600
pumC, 600 um)D, Detail of the crust of the grains showing thequer surface. (Scale bar:
200 um)E-F, Orthogenic calcite growths observed on grain@cally on broken surfaces.

(E, Scale bar: 60urR, 100 pum).

Fig. 10. A-B, Results of EDX analysis of the mineralised matesisrounding the right
forelimb showing the primary composition of graasscalcium carbonate and iron oxidés.
D, Results of EDX analysis demonstrating the varietylemental composition that occur
less frequently in the mineralised material surcbag the left forelimb, typically found on

the surface of grains.

Fig. 11. UV imaging using a green filteA, The right hind limb, with surrounding possible
soft tissue and adjacent thoracic vertebrae. (Sx=atel0 mm)B, The right forelimb,

surrounding soft tissue and silicified sedimentg8 bar: 10 mm).

Fig. 12. A, The soft tissue impression of the scales of threalateral surface of the trunk.
(Scale bar: 10 mnB, The soft tissue impression of the trunk scalesuheyh angle lighting

highlighting its topography. (Scale bar: 10 mm).



ACCEPTED MANUSCRIPT

;,‘ _,u” A
/ ke Santana @
i/ do Carini

ARARIPE
BASIN




Ipubi Fm. T

g
>
-]
E=
]
3
SRS R . 4Siity claystone
¥H Sandstone with crossbedding
n. —
ﬁ “| Claystone
% —_|Laminated limestone
©
o Unlaminated limestone
—————
. Fossiliferous deposit

8
o=
>
33
Zc —

o

— 2 metres

Batateiras Fm.*



ACCEPTED MANUSCRIPT




ACCEPTED MANUSCRIPT

L. Fio.

Sacral Verl
Caudal Ven,

Trans. Proc,




ACCEPTED MANUSCRIPT

Sacral vertebrae <‘ E %







Fibula

Pes

Phalanges
Fibula

Tarsals  Metatarsals









. Spectrum 151

1 —
==

.
?

Weght %

B spectrum 296










