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Exceptional cameral deposits in a sublethally injured
Carboniferous orthoconic nautiloid from the Buckhorn
Asphalt Lagerstitte in Oklahoma, USA

BARBARA SEUSS, ROYAL H. MAPES, CHRISTIAN KLUG, and ALEXANDER NUTZEL

Seuss, B., Mapes, R.H., Klug, C., and Niitzel, A. 2012. Exceptional cameral deposits in a sublethally injured Carbonifer-
ous orthoconic nautiloid from the Buckhorn Asphalt Lagerstitte in Oklahoma, USA. Acta Palaeontologica Polonica 57
(2): 375-390.

The cameral and intrasiphonal deposits of a Pennsylvanian straight nautiloid (Pseudorthoceratidae) are studied in order to
understand the formation of these deposits. The specimens from the Buckhorn Asphalt deposit (Oklahoma) are excep-
tionally preserved including original aragonite and microstructures. The specimen investigated survived a predation at-
tempt and shows bite marks on the phragmocone. This is the second report of an ectocochleate cephalopod and first report
of an orthoconic nautiloid which survived massive damage of conch and siphuncle. For the first time, a high-magnesium
calcitic mineralogy of cameral deposits is documented. These deposits were formed in alternation with aragonite in a
chamber which was perforated during the unsuccessful predation attempt. The animal formed the chamber deposits
throughout its entire lifetime and the siphuncle played a major role in formation of the cameral deposits.
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Introduction shortly after deposition and impregnated the fossils in the de-
posits (e.g., Ham 1969; “Impregnation Fossil Lagerstitte”

The formation of cameral and intrasiphonal deposits in nauti- ~ sensu Seuss et al. 2009).

loid phragmocones has been discussed repeatedly (e.g.,
Fischer and Teichert 1969; Blind 1991) as their interpreta-
tion is of great importance for the understanding of habitat,
palaeobiology, and mode of life of Palacozoic nautiloids. Re-
cently collected well-preserved orthoceratid specimens from
the Middle Pennsylvanian Buckhorn Asphalt Fossil Lager-
stitte (Oklahoma, USA) reveal fine details of these deposits.
The fossil record is incomplete and, as a rule of thumb
(which always has exceptions), the older fossils are, the more
poorly they are preserved (e.g., Newell 1959; Durham 1967,
Koch 1978; Valentine and Grubb 1990; Foote 1996). The
Middle Pennsylvanian Buckhorn Asphalt Quarry in Okla-
homa is one of the very few Palaeozoic occurrences of
mollusk shell material with preserved original mineralogy
(especially aragonite) and microstructures (e.g., Brand 1982,
1987; Seuss et al. 2009). Hydrocarbons intruded during or
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This study mainly focuses on a single specimen of an
orthoconic nautiloid consisting of two chambers of the phrag-
mocone and with abnormal marks on the outside of the shell. It
is assigned to the ectocochleate cephalopod-family Pseudo-
rthoceratidae. This general identification is tentative because
the cephalopod systematics of the Buckhorn Fossil Lagerstitte
has not been updated for almost 50 years and the features of
the outer shell of the specimen are not preserved which would
allow a more detailed determination.

Institutional abbreviation—BSPG, Bayerische Staatssamm-
lung fiir Paldontologie und Geologie, Munich, Germany.

Other abbreviations.—EDX, energy dispersive X-ray micro-
analyzer; GADDS, general area detection diffraction system;
HMC, high-Magnesium-calcite; SEM, scanning electron mi-
croscopy; XRD, X-ray diffraction.
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Geological setting

The Buckhorn Asphalt Quarry is situated about 10 km to the
South of Sulphur, Oklahoma, on the northern edge of the
Arbuckle Mountains in south-central Oklahoma near the
Texas-Oklahoma state boundary (Fig. 1A, B). Today, the
outcrop is about 150 m long, 21 m wide, and 6 m deep. The
stratigraphic succession exposed in the quarry was formed
during a transgressive-regressive (T-R) cycle in the Middle
Pennsylvanian. The asphalt-impregnated lithic units belong
to the Boggy Formation, which is an early to mid-Desmoine-
sian (Middle Pennsylvanian/Moscovian) unit of the Deese
Group (Ham 1969; Sadd 1991).

Sediments in the Buckhorn Asphalt Quarry consist of a
mixture of siliciclastic-carbonatic (bioclastic) deposits with
varying grain-size (from coarse conglomerate to silty mud-
stone; Seuss et al. 2009). Shallow water deposits of the T-R
cycle that represent the near-shore environment are dominated
by gastropods and bivalves. Cree (1984) assumed a water
depth of only 3 metres for the shallow water deposits and the
endolithic ichnocoenosis found in these sediments indicates a
palaeoenvironment in the shallow euphotic zone II to III
(Wisshak et al. 2008). Plant remains and a significant amount
of quartz reflect strong terrigenous input. Squires (1973) re-
ported channel fills (see also Seuss et al. 2009), which provide
evidence for recurrent high run-off from a nearby terrestrial
source. Poor sorting in some units in the quarry documents pe-
riodic mass flow deposition (Seuss et al. 2009). Deeper water
deposits of the T-R cycle are rich in cephalopods (“cephalo-
pod coquina”; Seuss et al. 2009), especially of orthoconic
forms which are represented by the genera Michelinoceras,
Pseudorthoceras, Mooreoceras (Unklesbay 1962), and Tho-
racoceras (RHM personal observation). These cephalopod-
rich deposits were probably formed in an off-shore environ-
ment as indicated by the fauna and the sediment succession.
Their fossil content, addressing various topics, was repeatedly
studied by e.g., Smith (1938), Stehli (1956), Unklesbay
(1962), Fischer and Teichert (1969), Ristedt (1971), Brand
(1987, 1989a, b), Blind (1987, 1991), Grégoire (1988), Mut-
vei (2002), Kulicki et al. (2002), and Wisshak et al. (2008).

Material and methods

Material—The studied specimen of the Pseudorthoceratidae
(BSPG 2011 0002; Fig. 2) was recovered from the cephalopod
coquina beds. It is well preserved and displays two complete
phragmocone chambers with thick cameral deposits. Due to
the saturation of sediments and fossils with hydrocarbons in
the quarry (Fig. 1C, D) the specimen preserves original nacre-
ous luster. The specimen is about 3 cm long and has a diameter
of 2 cm. On both, the ventral and the dorsal sides two distinct
shell abnormalities are present.

Twenty thin sections of additional orthoconic nautiloid
specimens (Fig. 3; BSPG 2011 0003-BSPG 2011 0010)
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« Oklahoma City

Buckhorn Asphalt District

Fig. 1. Setting and features of Oklahoma and the Buckhorn Asphalt Quarry.
A. Geographical position of Oklahoma (modified after www.stepmap.de).
B. Section of Oklahoma with the Buckhorn Asphalt Quarry northeast of the
Arbuckle Mountains (indicated with the arrow and the dot); inserted sketch
of the geographical position of Sulphur and the Buckhorn Asphalt Quarry
area (marked with a star). C. Main section of Oklahoma with the “asphalt
belt” of Oklahoma and the Buckhorn Asphalt Quarry within this belt
(marked with the oval); modified after Hutchinson (1911: 5). D. Hydrocar-
bon-soaked cephalopod coquina with an orthoconic (on) and a coiled
nautiloid (cn) specimen.

from the Buckhorn Asphalt Quarry were prepared to com-
pare their cameral deposits with those present in the speci-
men BSPG 2011 0002. These additional nautiloids were col-
lected from the same cephalopod coquina that yielded speci-
men BSPG 2011 0002.

Methods.—The specimen BSPG 2011 0002 was studied us-
ing scanning electron microscopy (SEM), an energy disper-
sive X-ray microanalyzer (EDX), a general area detection
diffraction system (GADDS) combined with X-ray diffrac-
tion (XRD), and in a series of longitudinal serial thin sec-
tions. To prevent disintegration of the specimen the asphalt
was not removed during processing. After photographing the

Fig. 2. Investigated orthoconic nautiloid specimen BSPG 2011 0002 from the
Carboniferous Buckhorn Asphalt Quarry, Oklahoma, USA with nacreous
shine and one of the marks on the conch (dorsal side of the phragmocone).
In the middle of this mark a septum is visible (marked with an arrow).
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A

Fig. 3. Various orthoconic nautiloid specimens from the Carboniferous Buckhorn Asphalt Quarry, Oklahoma, USA: BSPG 2011 0003 (A), BSPG 2011
0004 (B), BSPG 2011 0005 (C), BSPG 2011 0006 (D), BSPG 2011 0007 (E), BSPG 2011 0008 (F), BSPG 2011 0009 (G), and BSPG 2011 0010 (H) repre-
senting at least two different undetermined genera with normal, but in part diagenetically altered cameral deposits. Generic determination is difficult be-
cause the outer test is missing and the siphuncle is not well preserved or absent and is not aim of this study. Scale bars 1 mm.
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specimen, it was embedded in epoxy resin (Araldite BY 158
+ Aradur?') and longitudinally sectioned. The section was
oriented in such way that it cut both holes in the external
shell. This resulted in a section that is near the dorsal-ventral
plane of symmetry and cuts the siphuncle. The distribution of
the cameral deposits indicates the section is nearly parallel to
the dorsal-ventral plane. Both halves of the specimen were
polished and affixed to glass plates with their interior sides
using the epoxy resin Biresin L84.

One part of the specimen was used for serial sectioning
using a MPS 2 300 grinding device (G&N GmbH). The
sample was abraded in 100 um steps. After every step the
specimen was photographed. From the final slide a thin sec-
tion was prepared. The other half of the specimen was used
for geochemical sampling (micromill-drilling for isotope
samples) and mineralogical investigations (XRD-GADDS;
SEM-EDX), and additional thin sections were prepared
(Seuss et al. 2012).

A two-dimensional XRD-GADDS-detector was used to
determine the shell mineralogy of the specimen. The mea-
surements with XRD-GADDS are carried out on surfaces of
objects and are site-specific and non-destructive. For this
analysis, one half of the specimen BSPG 2011 0002 was
fixed on a glass plate (see above), polished, and cleaned with
acetone. The section was placed in the equipment and irradi-
ated with x-rays. The emitted spectrum from the sample was
transferred to a computer and reproduced as a spectrum illus-
trating the diffraction pattern of the reflected irradiation. This
spectrum was then converted into a peak diagram. From this
diagram, the present mineral phases were identified (see also
Seuss et al. 2012).

Mineralogy and shell structure of the specimen were ad-
ditionally investigated with EDX and SEM, respectively.
The samples affixed to the glass plates (see above) were
etched with EDTA (ethylenediaminetetraacetic acid) for 5
minutes in order to achieve a structured surface, rinsed with
distilled water, and dried. To remove as much hydrocarbon
as possible, the samples were cleaned with acetone before
sputter-coating them for the investigation with the SEM and
the attached EDX-detector.

For comparison with the peculiar specimen BSPG 2011
0002, additional twenty thin sections of orthoconic nautiloids
(Fig. 3) from samples of the cephalopod coquina were pro-
duced. The preparation method for the thin sections was the
same as that described above. These thin sections were also in-
vestigated with SEM and EDX to determine their mineralogy
and shell structure.

Results

The shells of the 20 additional specimens (Fig. 3) show no
signs of damage or uncommon marks. Generally the outer
tests are missing and only the inner nacreous layer is pre-
served. The loss of the outer shell layers is probably a result
of mechanical splitting of the outer test when the conchs are
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separated from the hydrocarbon impregnated matrix that sur-
rounds the individual specimens in the coquina. The number
of preserved chambers of each specimen varies. Preservation
of the individual samples is variable. These specimens are
presumably younger than the specimen BSPG 2011 0002 be-
cause of their smaller conch size. The septa at the adapical
and adoral ends of some conchs are not preserved. Cameral
deposits are preserved in all specimens. Their organic origin
is suggested because of their uniform and symmetric ar-
rangement (Fig. 3).

The pore space in the specimen with the abnormal marks
on its phragmocone (BSPG 2011 0002) had been completely
saturated with a complex mixture of hydrocarbons (i.e., oil).
Light hydrocarbon fractions devolatised during burial and
diagenesis transforming the original hydrocarbons into as-
phaltic material. Sealing with hydrocarbons produced a lus-
trous specimen (Fig. 2) with parts of the original mineralogy
and shell structure being well preserved (Figs. 4-7A ).

Specimen BSPG 2011 0002 consists of two phragmocone
chambers (Figs. 2, 7). The external prismatic layer of the test
is missing, leaving the inner nacreous shell layer exposed
(Fig. 2). Septa are exposed on each end of the specimen (Fig.
7A). On the dorsal and ventral exterior surfaces at the posi-
tion of the septum dividing the two chambers, there are two
abnormalities in the form of oval openings measuring 9.5 x
6.8 mm and 6.9 x 5.2 mm, respectively (Figs. 2, 7). There are
no crushed shell fragments in the interior of the holes, and no
fragments were found within the sections of the chambers.
The analysis of the cameral deposits of the specimen under-
lies thin and serial sections. The main description is based on
the thin section shown in Fig. 7A; combined with the infor-
mation achieved from other sections.

The connecting rings of the siphuncle of the punctured
specimen are damaged in both chambers on the dorsal side
(Figs. 4D, 7). In the adapical chamber, the connecting ring is
dorsally broken into several fragments (Figs. 4D, 7). There is a
relatively small ventral siphuncular deposit. However, siphun-
cular deposits are absent on the dorsal side. Cameral deposits
on the outside of the connecting ring are well preserved but are
only present on the ventral side of the chamber. In the adoral
chamber, the dorsal side of the connecting ring is fragmented
as is the cameral deposit directly attached to the outside of the
connecting ring. Ventrally, cameral deposits are present on the
inside and outside, and well preserved on the outer surface of
the undamaged connecting ring. Small siphuncular deposits
are present dorsally and at its adapical end. On the ventral side
of the connecting ring, thick lenticular deposits are situated on
both, the adapical and adoral, ends of this chamber. The
siphuncular deposits are thicker in the adoral chamber com-
pared with the adapical chamber. According to observations
of siphuncle and deposits Bjorn Kroger (personal communica-
tion 2011) tentatively assigned the specimen to Hebetortho-
ceras unicamera (see also Kroger and Mapes 2005). In both
chambers the cameral deposits adjacent to the connecting ring
are beige (Figs. 4D, 5C, 7A,) and EDX-analyses indicate a
high magnesium content (Seuss et al. 2012). Inside the con-
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Fig. 4. Details of shell wall of the orthoconic nautiloid specimen BSPG 2011 0002 from the Carboniferous Buckhorn Asphalt Quarry, Oklahoma, USA.
A. Venter showing the damage on the shell filled with sediment and proving that the damage extends through layer 1, thus opening the chamber for seawater, this
establishes that alteration of the original cameral fluid was possible. B. Large spherical dark brownish deposits (layer 6; that the deposit directly above the bite
mark appears whitish is an effect of the imaging technique; compare with thin section in Fig. 7A). C. Siphuncular and cameral deposits in the adapical chamber;
siphuncular deposits are best preserved at the adoral end of the chamber inside the connecting ring and adjacent to the ventral side of the septal neck. D. Frag-
mented siphuncle in the apical chamber with late post-mortem cement filling. Within the connecting ring there are blocky cements, hydrocarbons and some sedi-
ment, on the outside outer surface of the connecting ring cameral deposits are present. E. Preserved (circle on the right) and diagenetically altered (circle on the
left) aragonite of the middle septum. Hydrocarbons partly cover the nacreous structure. F. Sector of the thin section in Fig. 7A illustrating the area of the ventral
hole. In the upper right, the boundary between the dark brown cameral deposits is visible (arrow b). On the left and right of the hole the cauliflower-like layer 3 is
present, identical structures are missing directly above the bite. On the left and right of and above the hole are the black deposit is present, but this layer is missing
within the hole (arrows a). Vertical cracks (arrows c) through the whitish layer (layers 3 and 4) indicate that external pressure was exerted from the outside of the
shell. On the right above the bite the whitish deposits shows a structure suggesting that the part left of the crack was moved upward (arrow d).
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Fig. 5. Thin sections of the orthoconic nautiloid specimen BSPG 2011 0002 from the Carboniferous Buckhorn Asphalt Quarry, Oklahoma, USA illustrating
the whitish cameral deposits (layers 3 and 4) in adoral and adapical chambers. A. Adapical septum, altered early deposits and black deposit overlain by the
cauliflower-shaped and laminated whitish cameral deposits in the older chamber. B. Ventral side of the conch with the middle septum, early cameral depos-
its, the black deposit and the whitish deposits. C. Middle septum with ventral side of the siphuncle of the adapical and adoral chambers; hypo- and episeptal
deposits and the black deposit; in the siphuncle sediment and siphuncular deposits are present; in the adapical chamber the filling with hydrocarbons is obvi-
ous. D. Ventral side of the adapical chamber with cameral deposits and hydrocarbon filling. E. Whitish cameral deposits and black deposit in the adapical
chamber. F. Whitish cameral deposit illustrating the alternation of lighter and darker layers and the grading into darker later deposits of layer 4.
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Fig. 6. Thin sections of the orthoconic nautiloid specimen BSPG 2011 0002 from the Carboniferous Buckhorn Asphalt Quarry, Oklahoma, USA illustrating
the whitish (layers 3 and 4) and dark brown deposits (layer 6). A. Layer 4 illustrating the alternation of lighter granular and darker fibrous layers. B. Cauli-
flower-like to semi-spherical dark brown deposits (layer 6) in the adoral chamber overlying the whitish deposits illustrating the abrupt change in cameral de-
position. C. Adoral septum with early deposits, whitish deposits and the dark brown deposits. D. Layered dark brown deposits in the orad chamber. E. Whit-
ish and dark brown deposits in the adoral chamber illustrating the abrupt change in deposition. F. Dark brown deposits showing the alternation of light min-
eral layers and darker more organic layers.
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necting ring at the septal necks in both chambers, not only len-
ticular siphuncular deposits are preserved (Figs. 4C, 5C), but
the siphuncle void was partially filled with sediment, coarsely
crystalline calcite, and hydrocarbons. The latter are mainly
present in the adapical chamber, whereas sediment is concen-
trated in the adoral chamber (Fig. 7).

Three septa are preserved in the specimen BSPG 2011
0002 (Fig. 7). All are composed of densely packed, platy ar-
agonite crystals as is typical for nacre (Fig. 4E). We exam-
ined the mineralogy and microstructure with XRD-GADDS
(aragonite) and EDX (distinct amount of Sr). In all of the
three septa the nacre has, in places, been diagenetically al-
tered and is best preserved in the septum separating the
adoral and the adapical chamber (Figs. 4E, 7). The well pre-
served nacre plates are about 10 pm in diameter and 1 um
thick, whereas recrystallised crystals measure up to 20 um in
diameter and 3 to 4 um in thickness.

Episeptal, hyposeptal, and mural cameral deposits, cal-
cite cements, and hydrocarbons fill the interior of the cameral
space in both chambers of the specimen BSPG 2011 0002
(Figs. 4A-D, 4F, 5A-D, 6E, 7). The deposits in the two
chambers are complex and variable. There is variation in col-
our, structure, mineralogy, and position of the cameral de-
posits in each chamber as well as on the dorsal and ventral
sides of the specimen. The cements are formed by coarsely
crystalline calcite and together with hydrocarbons they fill
the chamber voids that were not filled by cameral deposits or
sediment. In the following, all parts of the phragmocone fill-
ings including cameral deposits as well as diagenetic ce-
ments, sediment, and hydrocarbon fillings are described ac-
cording to their structure and mineralogy in their assumed
chronological order of formation. The following descriptions
are mainly based on the cameral deposits seen in the thin sec-
tion illustrated in Fig. 7A; but also include information from
SEM images, as well as other thin and serial sections. The
spatial distribution of primary mineralogies/materials in the
chambers is illustrated in Fig. 7B.

Combined cameral deposits (layer 1; Figs. 4A, B, 4F,
SA-E, 6C, 7A;).—These white/translucent deposits are rela-
tively thin, approximately 1-3 mm thick on the ventral side
of the adapical chamber and thinner on the dorsal side of the
chamber. They are developed on the hyposeptal, mural, and
episeptal parts on the inner surface of the septa and shell rep-
resenting the earliest visible deposits in the chamber. They
are present on both, the dorsum and venter of both chambers
and are thicker in the adapical chamber. EDX-data indicate
the presence of Sr at a low Mg-content. All deposits of this
type are altered and show a granular structure in the SEM. In
thin sections, they appear to be partly fibrous and also con-
tain some blocky calcite crystals. The mural deposits were
affected by the damage on the dorsal side and were pene-
trated on the ventral side of the adoral chamber.

Black deposit (layer 2; Figs. 4F, 5A-E, 7A|).—A thin black
organic-aragonitic layer, about 0.1 mm thick, immediately
overlies the initial episeptal, mural, and hyposeptal deposits.

ACTA PALAEONTOLOGICA POLONICA 57 (2), 2012

Itis black only in the adapical chamber on its ventral side but
is present dorsally as well as in the adoral chamber. Where it
is not preserved in black, the structure is still visible and the
layer appears to be bleached and altered. A small-scale inter-
nal lamination is visible in the dark parts of this layer. The al-
tered parts of this thin layer appear to be granular. In the
adapical chamber a laminated structure seems to overly parts
of the black deposit and fills space between the initial crys-
tals of the whitish deposits (layer 3; see below). Whether this
represents a part of layer 2 or not cannot be determined.
GADDS- as well as EDX-measurements evidence the pres-
ence of Sr and organic remains in this deposit. Layer 2 is dis-
rupted by the hole on the ventral side of the adoral chamber
(Figs. 4F, 7).

Cauliflower-like deposit (layer 3; Figs. 4A, B, 4F, 5, 6A-C,
6E, 7A,).—This is a relatively thin layer of cauliflower-
shaped hyposeptal and combined creamy white, mural as
well as episeptal deposits with radial laminated structures of
variable thickness overlying the thin black deposit. These de-
posits appear to be precipitated from “origins of mineralisa-
tion” or nuclei (Figs. 4F, 5SB-E, 6C). They are present dor-
sally and ventrally in both chambers. The cauliflower-like
structures are separated from the overlying deposit in struc-
ture and by a thin darker layer. The deposit consists of lighter
and darker layers. The internal structure is fibrous. Layer 3 is
absent directly above the hole in the adoral phragmocone
segment but present on its left and right sides. In this cham-
ber, it contains vertical cracks perpendicular to the damage in
the conch. In the dorsal half of the adoral chamber these de-
posits built up small semi-spherical deposits following the
dark brown deposits (layer 5; see below; Fig. 7A ).

Light brown deposits (layer 4; Figs. 4F, 5A-D, 7A;).—
This cameral deposit is relatively thick on the ventral side of
both chambers and distinctly thinner dorsally. It consists of
fine, wavy, lighter and darker alternating deposits of light
brownish colour, merging into a medium brown in the adapi-
cal chamber. Internally, the darker layers of the deposits are
fibrous whereas the light layers are granular. The deposits are
emplaced directly on the sites of the cameral deposits of layer
3 and the cracks noticed in layer 3 continue into these depos-
its, ending abruptly at the border to the dark brown deposits
(layer 6) (Figs. 4A, B, 4F, 5A-D, 6B-E, 7A). In the adapical
chamber, layer 4 is thicker and tends to begin with darker
brownish deposits in some places (Figs. 5B—D, 7A,). In the
adoral chamber, the progress was immediately stopped by
the dark brown deposits in a state in which layer 4 only con-
sisted of the light brown and slightly darker layers. In the
adapical chamber close to the siphuncle, the deposits appear
to have been immediately terminated.

Together, the layers 3 and 4 (combined referred to as
“whitish deposits”) are up to 3 mm thick. Their thickness de-
pends on the position of the section and on the progress of de-
velopment at a specific position in the chamber. They are less
prominent in the adoral chamber. An alteration of the layers
by diagenetic effects can be identified with GADDS- and
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Il db, layer 6, dark brown deposit
| Id, layer 7, latest cameral deposit
|:[ C, blocky calcite cements
. fs, false septum
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[Jaragonite [ hydrocarbons
[ sirhuncle (org.) [Jcement

Fig. 7. Sketches of the orthoconic nautiloid specimen BSPG 2011 0002 from the Carboniferous Buckhorn Asphalt Quarry, Oklahoma, USA illustrating the
distribution and formation of cameral deposits. A. Thin section illustrating the bite marks on the dorsal (left) and ventral (right) sides of the conch, the pre-
and post-attack cameral deposits, and the post-mortem deposits. The dorsal septum was partly cut off during sectioning. A, photograph, A,, explanatory
sketch drawing. B. Sketch drawing illustrating the distribution of the several mineralogies/materials (HMC, aragonite, siphuncle, hydrocarbons and sedi-
ment). C. Hypothetical precipitation of the cameral deposits. C;, C, before, C; at the time, and C,—Cg after the attack. For abbreviations and colours used see
A. Note that the drawing is prepared from the thin section illustrated in A and thus, effects of the cut through the specimen also play a role in the distribution
of deposits and the individual parts of the specimen. The interpretation of the precipitation is based on thin sections, serial sections and observation in SEM.
Before the attack: C;, the two chambers of the specimen with layers 1 and 2 (black deposit) and an intact siphuncle; the “?” denotes the suggested trend of
the deposit in this area; C,, layers 3 (cauliflower-like deposits) and 4 (light brown deposits) are deposited and in the siphuncle the first deposits (layer 5) are
precipitated. The attack: C;, damage marks on both sides of the specimen; on the right (ventral) the mark penetrates the cameral deposits layer 1 to 4 (see
Fig. 4A). After the attack: C,, deposition of the unusual dark brown cameral deposits (layer 6) in the orad chamber; further growth of the deposits in the orad
siphuncle (note: whether these deposited had grown further same time as the dark brown deposits were precipitated cannot be stated without doubt); Cs, pre-
cipitation of the latest deposits in the chambers (layer 7), mainly at the siphuncle (layer 7) and in the siphuncle (note: the deposits might have started growing
in this stage, see also comment on C,). Post-mortem: Cg, intrusion of hydrocarbons and sediment; precipitation of calcite cements and diagenesis.
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EDX-measurements, with calcite and dolomite detected by
the GADDS and a relatively high Mg-content measured with
the EDX.

Siphuncular deposits (layer 5; Figs. 4C, 5C, 7A|).—These
layered lenticular deposits are present in both chambers. In
the adoral chamber, the deposits are distinctly thicker than in
the adapical chamber. They are present on both the dorsal
and the ventral sides of the adoral siphuncle whereas in the
adapical chamber they are only developed on the ventral side
of the connecting ring. In both chambers they are mainly
concentrated at the septal necks. EDX-measurements indi-
cate the presence of Mg, Sr, and organic remains.

Dark brown deposits (layer 6; Figs. 4B, 6B-F, 7A,).—
These deposits are present in the adoral chamber exclusively
and nearly completely fill the ventral part of this chamber.
Dorsally they are less massive. The deposits abruptly follow
the whitish deposits. Both, ventral and dorsal deposits form
well-developed hyposeptal and combined mural and epi-
septal deposits. They are built up by a dark brown, relatively
large, finely laminated structure resulting in an overall cauli-
flower-like to semi-spherical shape on the ventral side of the
adoral chamber. On the dorsal side they appear slightly lami-
nated. The internal alternation of light and dark layers in the
deposits is caused by more mineral-rich and more organic
layers. Generally, the internal structure is granular, but in
some darker areas, fibre-like structures are present. Ventrally
the formation of the dark deposits advanced to the point
where there are distinct crystal boundaries between the sin-
gle deposits (Fig. 4F: upper right: arrow b). In places, the de-
posits are heavily altered. EDX-and GADDS-analyses indi-
cate the presence of Sr.

Late cameral deposits attached to the siphuncle (layer 7;
Figs. 4D, 5C, 7A,).—These deposits likely represent the lat-
est deposits precipitated in the chambers before the death of
the animal. They are medium brown (“caramel”-coloured)
and have an irregular non-laminated structure. They are ir-
regularly distributed on the outer surface of the connecting
rings of the siphuncle in both chambers. In the adapical
chamber, they are only visible on the ventral side of the
siphuncle. In the adoral chamber, the deposit on the dorsal
side is broken at the same position as is the connecting ring.
They also fill the space between the dark brown cameral de-
posits in the damaged chamber. Measurements with EDX in-
dicate the presence of high amounts of magnesium.

Heavy fractions of hydrocarbons (hc; Figs. 4C, D, 5C, D,
7A,).—The hydrocarbons filled the remaining voids in both
chambers between the cameral deposits and in the siphuncle
after death. These hydrocarbons were injected into the cepha-
lopod-bearing sediments of the Buckhorn Lagerstitte during
early diagenesis of the sediment. In the adapical chamber a
geopetal structure is present, indicating the approximate post-
mortem shell orientation prior to tectonic movements. Cracks
in the hydrocarbons are caused by outgasing of volatiles trans-
forming the liquid hydrocarbons into asphalt.

ACTA PALAEONTOLOGICA POLONICA 57 (2), 2012

Sediment (Se; Figs. 4A, B, 7A|).—Most sediment is con-
centrated in the siphuncle of the adoral chamber with a re-
duced amount in the adapical connecting ring and the adoral
chamber. The sediment is only present on the ventral side of
the chambers and in the connecting ring where it is overlain
by blocky calcite, filling the remaining chamber space.

Cements (C; Figs. 4D, 7A).—In both chambers the remain-
ing chamber and siphuncle space is filled with cements of
blocky and coarse crystalline calcite (Figs. 4D, 7A). The
even surface of the calcite in contact with the hydrocarbon
infilling forms a geopetal structure.

All other 20 orthoconic nautiloid remains used for compar-
ison show no signs of irregular cameral deposit precipitation
(Fig. 3). In some cases, recrystallisation and diagenetic effects
altered the cameral deposits. The deposits in these specimens
also conform well to those described previously from the
Buckhorn Lagerstitte by Fischer and Teichert (1969) and
Blind (1987, 1991). Thus, these specimens provide a base line
for the normal state of cameral and siphuncular deposit depo-
sition in several genera. They can be compared very well with
the deposits described and illustrated herein for the abnormal
specimen BSPG 2011 0002 and represent our reference for the
normal arrangement and composition of the cameral deposits.

Discussion

The studied well preserved phragmocone fragments of
straight nautiloids and especially the specimen with shell
damage during life time facilitate to infer when and how
cameral deposits were formed. Claims that such deposits
were formed post-mortem (e.g., Mutvei 2002) can now be re-
futed. The external prismatic shell layers are lacking in all
studied specimens. This can be the result of exfoliation when
the specimens were removed from the matrix when col-
lected. In theory, it is also possible that the absence of this
shell layer occurred prior to burial, i.e., during transportation
when the cephalopod coquina was formed. All specimens il-
lustrated in Fig. 3 show no signs of unusual cameral deposi-
tion or any shell damage. This is different in specimen BSPG
2011 0002. Numerous cracks are apparent in the nacreous
shell layer. These cracks, which are filled with hydrocarbons,
are probably due to lithostatic compression after burial. If
this hydrocarbon “glue” was removed, the shell would prob-
ably begin to disintegrate. There are two oval openings in the
shell, one on the dorsal and the other one on the ventral side
of the conch. The slightly crushed edges at their margins
might have originated from diagenetic crushing of the speci-
men due to lithostatic load and possibly tectonic forces that
have occurred in the area. In the following the discussion will
be on the abnormal nautiloid specimen only.

The marks in the conch.—A critical point in understanding
the unusual sequence of cameral deposit formation is in deter-
mining what caused the holes in the nautiloid phragmocone.
We suggest the following interpretation: It is well known that,
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with the rise of fishes, reptiles, and cephalopods, predation
among animal species in the marine realm became increas-
ingly important as a driving force on evolutionary and macro-
ecological development during the Palaeozoic and Mesozoic
(Vermeij 1987). Predator and prey interactions in the Mol-
lusca forced the evolution of defence mechanisms and meth-
ods of shell repair (e.g., Vermeij 1977; Mapes et al. 1995;
Kroger 2002a; Kelley et al. 2003 and references therein;
Mapes and Chaffin 2003; Niitzel and Fryda 2003; Klug 2007;
Ebbestad and Stott 2008; Klug et al. 2010). Some of these
authors reported cases where cephalopods were attacked by
larger marine animals, specifically sharks and other fish.
Cephalopods represented a valuable food source for marine
predators including jawed fish and aquatic reptiles (e.g., croc-
odiles, turtles, mosasaurs, and other aquatic reptiles) in the
Mesozoic (Mapes et al. 1995; Kauffman and Kesling 1960;
Kase et al. 1998; Kauffman 2004), for gnathostome fish in the
Devonian (Klug 2007; Klug et al. 2010) or other cephalopods
perhaps as far back as the Ordovician (Mapes et al. 1995;
Kroger 2002b, c, 2004; Kroger and Keupp 2004; Klug 2007;
Slotta et al. 2011 and references therein). Some of the ammo-
noids and bactritoids examined by Mapes (1979), Bond and
Saunders (1989), and Mapes et al. (1995), as well as the
cephalopods investigated by Klug (2007) show intensive shell
repair, indicating the animals had survived attacks and were
able to repair their conch. The conch and the siphuncle of a
cephalopod are essential for the animal‘s buoyancy. In con-
trast to endocochleate cephalopods which cover the shell with
tissue, the conch of ectocochleate cephalopods is exposed to
the environment and thus more likely damaged. Kroger and
Keupp (2004) stated that only where a mantle covers the shell,
damage can be repaired. These authors suggest that surviving
an injury of the phragmocone and siphuncle is nearly impossi-
ble. Anyhow, in a re-study of the ectocochleate cephalopod
Trocholites depressus (Eichwald, 1840) with injured conch
and siphuncle, they found first evidence ever of an individual
surviving such a severe damage.

As already mentioned above, there are two distinct holes in
the phragmocone of specimen BSPG 2011 0002, one on the
ventral and one on the dorsal side. Position, preservation, sedi-
ment-filling, and shape of the holes make it unlikely that they
are a result of the sampling technique or compaction. There
are no shell fragments within the holes, indicating that the
holes were formed during sampling or compaction. The holes
were obviously present at the time of burial. Figure 4F (also
see Fig. 4A, B) illustrates the hole on the ventral side of the
specimen. It shows that the septum, layer 1, and the thin black
deposit (layer 2) are missing in the area of damage (arrows a in
Fig. 4F). On the left and right sides of the hole, the cauli-
flower-like deposits are present, whereas directly above the
hole, the cauliflower-like structure is missing (note: the grey
bubble left of arrow d is a result of dissolution processes, e.g.,
by pore waters infiltrating through the sediment or along the
sediment-specimen boundary). Based on the section through
the ventral hole seen in Fig. 4F, the cameral deposits from lay-
ers 1 to 3 were present at the time of damage. Another section

through the ventral hole (Fig. 4A) shows that layer 4 (the light
brownish layer) was also present and perforated at the time
when the hole was formed. Assuming the dark brown deposits
(layer 6), which overly the whitish layer, were not present at
the time of perforation, the hole would have opened the cham-
ber and seawater could intrude. The chemical composition of a
possible cameral fluid would have been altered, and cameral
gas, if present, could have been released. The whitish deposits
must have been present at the time of the injury which is cor-
roborated by the vertical cracks marked by arrows c in Fig. 4F.
These cracks are present in only this layer and probably
caused by the predator. Similar cracks are also observed at
other positions in this layer in the adoral chamber. None of
these cracks continues into the dark brown deposits. The whit-
ish deposits are more developed in the adapical chamber com-
pared to those in the adoral chamber as would generally be the
case for the precipitation of cameral deposits in nautiloids
(Teichert 1964). Thus, the pre-damage deposits include at
least layers 1 to 4 and post-damage deposits probably started
with the dark brown deposits (layer 6). Another structure,
which would not be expected if the whitish layers were formed
as a reaction to the damage is the displaced wedge-like frag-
ment of cameral deposit (marked with arrow d in Fig. 4F)
which was probably displaced in the moment of damage. If the
whitish layers were formed as a reaction to the damage, a
smooth base between layer 2 and layer 3 should be present.
One possibility to explain the presence of the displaced wedge
could be that the whitish layer cracked and the wedge-like
fragment was pushed into the chamber by the external pres-
sure, i.e., the predatory attack. Another possibility would be
that the object causing the hole did not have a smooth surface
(e.g., the shark teeth described by Mapes and Hansen [1984]
or other fish teeth with serrations or ornament illustrated by
Mapes and Chaffin [2003]).

The damage of the siphuncle documents two different
events. The siphuncle in the adapical chamber ruptured first
as is suggested by the presence or absence of the siphuncular
deposits (layer 5) and latest cameral deposits (layer 7) that
were formed on the exterior of the connecting ring.
Siphuncular deposits are present on the dorsal side of the
connecting ring in the adoral chamber but are absent in the
adapical chamber. On the ventral side of the connecting ring,
layer 7 deposits are present in both chambers. This indicates
that the deposit could be precipitated but that the rupture of
the dorsal side of the siphuncle in the adapical chamber in-
hibited further formation of cameral deposits in this area of
the adapical chamber. There are latest deposits on the outside
of the connecting ring in the adapical chamber. This suggests
that in this area the siphuncle broke apart in a later phase. The
deposits inside the siphuncle at the position of the septal neck
support the hypothesis that the adapical connecting ring
broke first. The ventral siphuncular deposits in the adoral
chamber are thicker than those at the same position in the
adapical chamber. Usually this is rather the other way round
according to the mode for precipitation of cameral deposits
in nautiloids (Teichert 1964; Ristedt 1971). Cameral deposits
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are formed first near the apex and continue to grow and
spread. Therefore, deposit thickness decreases towards the
aperture. The question of when the rupture of the connecting
ring happened can be estimated in accordance with the
cracks in the whitish deposits. Assuming that the cracks were
caused by a certain pressure, we suggest that this pressure
was transferred onto the siphuncle. The pressure first would
have occurred in the adoral chamber (i.e., the chamber with
the distinct marks) causing the cracks and squeezing its
siphuncle. The pressure in the siphuncle would have been
transferred to the connecting rings of the neighbour-cham-
bers. When the pressure was too high the siphuncle in the
adapical chamber—maybe also in the other adjacent which is
not preserved—would have been torn apart. By that the
siphuncle would have stayed intact in the adoral chamber. In
the progress of cameral deposit precipitation on both sides of
the siphuncle in the adoral chamber deposits were formed be-
fore the siphuncle broke because it is evident that the cameral
deposits broke at the same position where the connecting
ring cracked. The siphuncle in the adoral chamber likely
broke after intrusion of the sediment because otherwise it
would have been buried beneath.

The two significant features on the phragmocone are
morphologically similar to the bite marks described and doc-
umented by Mapes and Hansen (1984) on a coiled nautiloid
from the Lower Pennsylvanian Kendrick Shale. It is very
likely that the holes in the studied conch of the specimen
BSPG 2011 0002 were the result of a predational attack be-
cause the holes were filled with sediment (i.e., they were
formed prior to burial in the sediment) and because of the pe-
culiar cameral deposits, which were formed after the attack
as a reaction to the injury. It is possible that a predator, such
as a fish, had caught the nautiloid and that the dorsal and ven-
tral holes in the cephalopod shell are the bite marks made by
a pair of opposing teeth in the maxilla and the mandible
which penetrated the phragmocone. The chewing pressure of
the jaw of the predator would then have caused the rupture of
the adapical siphuncle (see above) and also of the cracks in
the whitish deposits of the adoral chamber. Presuming the
cephalopod had achieved an approximately horizontal orien-
tation of the elongated shell in the water column because of
the counterweights of the cameral deposits (e.g., Teichert
1964), the localisation of the holes would coincide with a
horizontal position of the predator’s mouth.

The cameral deposits.—Organic precipitation of cameral de-
posits in orthoconic nautiloids was first proposed by Wood-
ward (1851). Soon thereafter, Sandberger and Sandberger
(1852) suggested an inorganic post-mortem origin via infil-
trating fluids. Teichert (in Fischer and Teichert 1969) sug-
gested the presence of a cameral tissue which formed the de-
posits in orthoconic nautiloids. Blind (1987, 1991) concluded
that there must have been some pallial liquid filling the empty
spaces of the chambers. According to his explanation, the de-
posits would have precipitated from this liquid (containing
Ca™ and HCO,"). He also suggested that the liquid was se-
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creted by siphuncular tissues because the chambers were
sealed off otherwise and thus, no other material exchange or
supply was possible. The majority of studies assumes a bio-
genic origin of the cameral deposits (e.g., Fischer and Teichert
1969; Blind 1987, 1991; Bjorn Kroger, personal communica-
tion 2009). Some other researchers (e.g., Mutvei 2002), how-
ever, still favour an inorganic, post-mortem origin.

The specimen with supposed bite marks (BSPG 2011
0002) shows that at least some of the cameral deposits were
precipitated during lifetime. There are two primary minera-
logies indicated by GADDS and EDX, which are aragonite
and HMC (Fig. 7B). Aragonite is present in the septum, the
early deposits (layer 1), the black deposit (layer 2) and the
dark brown deposits (layer 6). The GADDS- and EDX-data
for the whitish and light brown (layer 3 and 4) as well as the
latest deposits (layer 7) suggest a primary HMC-mineralogy
(see also Seuss et al. 2012). An alternation of the two differ-
ent mineralogies in the cameral deposits of orthoconic nauti-
loids has not been described previously to our knowledge.
This mineralogical alteration is probably not the result of
diagenesis because the deposits were sealed by hydrocarbons
very early in its diagenetic history and generally, cements are
dependent on the substrate they grow on. The complex
changes from aragonite (layer 2) to HMC (layer 3), then
HMC (layer 4) back to aragonite (layer 6), and again back to
HMC (layer 7) argue strongly against diagenetic overprint.
Because of their symmetric arrangement, their peculiar
shape, and the abnormal composition, we are convinced that
these deposits are primary and were precipitated during the
animal’s lifetime. The deposits inside the connecting ring
contain Sr as well as a low amount of Mg, and we suggest
that they were primarily aragonitic. However, due to the di-
rect contact to sediment and calcite cement in the siphuncle, a
diagenetic alteration of aragonite in these siphuncular depos-
its to calcite is likely. Therefore the only post-mortem depos-
its in specimen BSPG 2011 0002 consist of asphalt, sedi-
ment, and sparry calcite cements.

Possible scenario.—Summarising the information available
on cephalopod predation and the information gathered dur-
ing this study (holes in the phragmocone of specimen BSPG
2011 0002, development and mineralogy of its cameral de-
posits) a realistic scenario of the development of the cameral
deposits prior and after the predatory attack can be con-
structed. This scenario presents the second report of an ecto-
cochleate cephalopod surviving damage of the phragmocone
and the siphuncle, and is as follows:

The specimen had already precipitated the first biologi-
cally induced cameral deposits (layers 1 and 2; Fig. 7C)).
There is a slight variation in the thickness of the cameral de-
posits but we consider this to be biological effects of both,
simple intraspecific and individual variability. Both layers
are primarily aragonitic. Following these initial cameral de-
posits further cameral deposits were precipitated (Fig. 7C,),
as represented by the cauliflower-like (layer 3) and light
brown deposits (layer 4). Both, layers 3 and 4, have a HMC-
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mineralogy. Presumably some siphuncular deposits were
present already (layer 5).

A predator, probably a shark or other fish, attacked the
specimen (Fig. 7C;). The teeth of the predator caused heavy
damage on the ventral side of the conch and less severe dam-
age dorsally. The teeth penetrated all deposits (layers 1-4) in
the adoral chamber and opened a minute passageway into the
chamber to the seawater (Fig. 4A). This chemical mixing of
cameral fluid with the seawater would have caused disequilib-
rium of the fluids in the chamber and deranged deposition of
cameral deposits. The siphuncle was torn apart in the adapical
chamber due to hydrostatic pressure from the siphuncle in the
adoral chamber (Fig. 4D). Precipitation of the whitish deposit
of layer 4 immediately stopped. The breakage of the connect-
ing ring would also have influenced but not completely inhib-
ited precipitation of the siphuncular deposits (layer 5; these
deposits are less developed in the adapical chamber and the
latest cameral deposits are not present on the dorsal side of the
connecting ring, but on the healthy ventral side). Damage on
the dorsal side of the phragmocone was less intense as only
some of the external shell, part of the septum and layer 1 were
penetrated.

As a reaction to the massive damage (and the change of
the cameral fluid composition) the nautiloid precipitated
the dark brown cameral deposits (layer 6) (Fig. 7C,). These
are aragonitic but also have a high amount of organic mat-
ter, which is typical for cephalopod animals under some
kind of distress (compare, e.g., Ward 1987; Keupp and
Riedel 1995; Klug 2004; Klug et al. 2007). There is a mas-
sive build-up directly above the hole on the ventral side of
the conch (Fig. 4B). Speculatively this could have helped to
strengthen the damaged area of the shell or, alternatively
(and maybe more likely), carbonate precipitation was in-
creased due to the influence of seawater seeping into the
damaged chamber. The dark brownish deposits are absent
in the adapical chamber. This could indicate that the dam-
age in the adoral chamber was much higher, causing an im-
mediate reaction to the attack.

The last biologically induced cameral deposits (layer 7)
in the chambers were deposited (Fig. 7Cs). These are present
on the outsides of the connecting ring in both chambers, ex-
cept on the dorsal side of the siphuncle in the adapical cham-
ber, which we interpret to have been damaged in the initial
attack. This indicates that after precipitation of the dark
aragonitic deposits, the specimen was able to precipitate
further cameral deposits. These late deposits have primary
HMC-mineralogy, suggesting that the nautiloid was capable
to precipitate HMC-deposits. These late deposits are a sign
that the connecting ring played a major role in the precipita-
tion of carbonate deposits in the phragmocone. The damage
of the adapical siphuncle indicates that siphonal deposits
could not be precipitated anymore when there was a rupture
or injury of the connecting ring. The deposits on the outside
of the siphuncle in the adapical chamber point to the possibil-
ity that an intact outside of the siphuncle also is a prerequisite
for the precipitation of cameral deposits.

The last stage of deposition inside the phragmocone (Fig.
7Ce) was not biological. At this point asphalt, sediment, and
calcite cements filled the remaining void of the chambers of
specimen BSPG 2011 0002. This was a taphonomic process
that took place after burial in the sediment. Initially, hydro-
carbons intruded the chamber, followed by the sediment be-
fore compaction had occurred. The remaining space was
filled with calcitic blocky cements.

For the formation of intrasiphonal and cameral deposits,
the siphuncle must have been at least partly functional up to
the point where these secondary deposits were formed. Sev-
eral hypotheses have been introduced to explain the formation
of the organically induced cameral deposits (e.g., Barrande
1859; Blake 1882; Flower 1955; Grégoire 1962, 1988; Mutvei
1964, 2002; Schindewolf 1967; Fischer and Teichert 1969;
Ristedt 1971; Blind 1987, 1991). For instance, Schindewolf
(1967) suggested that cameral organic sheets were involved in
the formation of the cameral deposits (see also Teichert in
Fischer and Teichert 1969) and Blind (1987, 1991) concluded
that there must have been a pallial liquid filling the empty
spaces of the chambers. In the Buckhorn orthoconic cephalo-
pod shells presented here, the bilaterally symmetric arrange-
ment of most of the deposits under consideration corroborate
their organic origin and syn vivo-formation because they were
deposited in accordance with the animals plane of symmetry
(Blind 1991). It can also be considered as a fact that liquid was
involved in the deposition of these organogenic carbonates.

Open questions.—Was there living cephalopod tissue within
the chambers outside of the siphuncle? In the specimens from
the Buckhorn Asphalt, we could not find clear evidence for
this hypothesis. Anyhow, a living tissue is one possible expla-
nation for the lasting process of precipitation. The tissue
would have been damaged by the attack and in a first step the
tissue would need some regeneration and might have behaved
abnormally. This tissue would then, after some recovery, have
sealed the hole caused by predation and inhibited further intru-
sion of seawater. From this tissue, the dark brown (aragonitic,
organic-rich) deposits (layer 6) could have been precipitated.
The siphuncle would then have played a major role to restore
the equilibrium of the initial cameral fluid by exchanging ions.
Accordingly, at the moment when the cameral fluid was re-
newed, normal cameral deposition could have been restored
and the latest deposits (layer 7) precipitated. In any case, it ap-
pears plausible that the localisation of carbonate precipitation
was influenced by the orientation of the shell and local differ-
ences in ion concentration, which might have been controlled
by the siphuncle’s differential intensity of ion segregation. By
contrast, Blind (1991) correctly stated that the shape of intra-
cameral deposits evokes the impression of being formed with-
out organic control. It basically looks superficially like the fill-
ing of an agate.

Were the chambers completely filled with liquid? The
chambers could have been filled with chamber liquid (“Pal-
lialfliissigkeit” of Blind 1991), like Blind (1991: 44) sug-
gested. Since the deposits dominate on the ventral side, it is
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conceivable that there also was some gas in the chambers, at
least in those places where no carbonate was deposited. In
the case of a cameral tissue lining the entire inner surface of
the chamber, the presence of some gas in the phragmocone
cannot be excluded, assuming the tissue was accountable for
the precipitation of cameral deposits. The tissue would have
worked even without a liquid when it was supplied with the
necessary ions to build up cameral deposits. Thus, not only
deposits on the venter would have been precipitated but also
dorsal deposits could have been precipitated independent of
a complete filling with chamber liquid and of gravity. Gas
being concentrated dorsally would probably not have been
lost through the ventral injury, unless the assumed tissue was
damaged and cracks in the cameral deposits would have re-
leased some or all the gas.

What caused the alternation of HMC and aragonite in the
damaged chamber? Blind (1991) did not report the presence of
HMC in the phragmocone chambers of the specimens he stud-
ied nor did any other author. The specimens Blind illustrated
(Blind 1991: pls. 1, 2, 4) show much more uniformly coloured
and shaped cameral deposits like those illustrated in Fig. 3.
Our study (GADDS, EDX, isotope data, microscopical obser-
vations) suggests that there was a primary deposition of both,
HMC and aragonite, in the chambers (Fig. 7B; Seuss et al.
2012). It appears likely that BSPG 2011 0002 first secreted an
aragonitic phragmocone and that early endocameral deposits
also were aragonitic. Following these initial deposits, thick
HMC-deposits (layers 3 and 4) were precipitated. These layers
merged from whitish cauliflower-like structure into a light
brown layering. It would be plausible to explain the switch
from aragonite to HMC as consequence of attack and damage
of the conch. However, as outlined above, there is evidence
that layers 3 and 4 were already present at the moment of the
attack (see line of reasoning above). In contrast, the abrupt
switch back to aragonitic deposits (layer 6) can be explained as
areaction to the bite. After equilibrium of the cameral fluid in
the chamber was restored, deposition of the HMC-deposits
(layer 7) occurred again. Because of the HMC-aragonite-alter-
nation, we suggest that the studied specimen (BSPG 2011
0002) was physiologically disturbed after the attack and that
alternation of aragonite/ HMC-precipitation in the cameral de-
posits does not represent the normal state. A critical point,
however, is the presence of primary HMC, which has not been
reported from other cephalopods previously. Possible causes
for this unusual mineralogy for molluscs could be an indispo-
sition prior or even a change in the mineralogy of the cameral
deposits during growth. A disease would probably be more
plausible. This could have caused precipitation of the unusual
HMC-deposits and at the same time would also have con-
strained the specimen which would make it more likely to be
prey. The question about the HMC finds no unambiguous an-
swer here.

What was the function of cameral deposits? Blind (1991)
argued that the shell became too heavy to swim and that the
animal dragged the heavy shell over the sea-floor. On the one
hand this might be true, because the massive cameral deposits
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seem too heavy to achieve buoyancy. On the other hand this
might be wrong, because even a shell with such heavy depos-
its did have some buoyancy as long as not all open space was
filled. Conclusive proof of a benthic life mode remains elu-
sive. Blind’s (1991) hypothesis of pseudorthoceratids drag-
ging their shells behind lacks evidence, since traces docu-
menting such “dragging behaviour” have never been reported.
Nevertheless, it should be obvious, that if the animal would
keep on growing during lifetime a counterweight to the body
will be necessary. This counterweight can be achieved by the
deposits. Otherwise it is possible that a heavy nautiloid would
be headfirst with the conch upside. This orientation is certainly
not suitable for active swimmers.

Was there gas at any time in some of the phragmocone
chambers? Blind (1991) disagreed with Fischer and Teichert
(1969), who suggested that the chambers were partially filled
with gas. Blind (1991: 45) argued that complete chamber fill-
ing with fluid is likely, whereas Fischer (in Fischer and
Teichert 1969) states that part of the chambers were also
filled with gas to achieve balance and manoeuvrability. The
predominantly ventral carbonate deposits of the chambers
documents not only the horizontal syn vivo shell orientation
but offers the possibility that there was a partial gas-filling
with a dorsally positioned bubble in the chambers. Such an
assumption is not parsimonious because it implies a repeated
shift in siphuncle function as opposed to a single function as
suggested by Blind (1991) who concluded that there was no
gas in the chambers of these phragmocones at all. Support for
the hypothesis that the phragmocone contributed to reduce
the animal’s buoyancy (Fischer and Teichert 1969) is pro-
vided by the fact that the predation marks are on the dorsal
and ventral sides of the phragmocone suggesting it was not
laying in the mud in a benthic life mode. That the nautiloid
was not lying on the ground is also strongly supported by the
facies in which the specimen was found. The facies is a typi-
cally offshore deposit lacking typical benthos but containing
various cephalopods. It is very unlikely that the nautiloid
would be the only benthic species. Thus, it is possible that at
least some gas might have accumulated in the phragmocone
chambers, increasing buoyancy of the shell and supporting
swimming movements. Swimming is supported by the fact
that many orthoconic nautiloids with massive cameral depos-
its are found in hypoxic to anoxic sediments lacking benthos,
which is an unlikely habitat for animals that are unable to
swim. This is strong support for our hypothesis, but the pres-
ence of such complexly-built phragmocones cannot be ex-
plained otherwise. It is also not a parsimonious assumption
that the phragmocone functioned as a buoyancy device in
some cephalopods and in some it did not. Nevertheless, fur-
ther information is needed to answer this question.

Conclusions

We studied well preserved cameral deposits with largely origi-
nal mineralogy of orthocerid cephalopods from the Buckhorn
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Asphalt deposit. The symmetrical arrangement of these pre-
dominantly aragonitic deposits supports a syn vivo-formation.

One of the new specimens, here tentatively assigned to
the Pseudorthoceratidae gen. et sp. indet. shows a dorsal and
a ventral hole in the phragmocone, a ruptured siphuncle, and
unusually shaped cameral deposits, which partially consist of
HMC. The specimen obviously is an individual which sur-
vived a predator’s attack. It is only the second case of a sur-
vived puncture of a phragmocone and siphuncle. Earlier
Kroger and Keupp (2004) studied a specimen of Trocholites
depressus (Eichwald, 1840) and found that the specimen
showed a healed injury of phragmocone and siphuncle. They
accordingly concluded that the specimen had survived this
normally lethal damage.

The event affecting the Buckhorn specimen occurred,
when the first layers of cameral and siphuncular deposits had
already been deposited. The initial cameral deposits were not
completely destroyed but the bite visibly caused cracks and a
hole into one chamber that allowed seawater to seep into the
damaged chamber, thus altering the chemical composition of
the chamber fluid. Initial post-predation deposits are abnor-
mal in form and chemistry. The distribution of cameral and
siphuncular deposits is a strong indication for the importance
of a functional connecting ring involved in the precipitation
of carbonate deposits. Blind (1991) hypothesised that the
orthocerid shells were too heavy for swimming. By contrast,
we suggest, in accordance with Fischer and Teichert (1969)
that some younger chambers might have contained some gas,
which might have enabled these cephalopods to swim.

Our conclusions, however, are based mainly on a single in-
jured specimen with only two chambers preserved. Thus, we
do not know if other chambers were also affected by the
sublethal injuries. We think that it is likely that younger cham-
bers showed similar effects (undamaged chambers should not
contain layer 6, the dark brown deposits). Therefore, more
specimens with same type of damage are needed to corrobo-
rate our hypothesis. The HMC-cameral deposits have not been
reported from cephalopods before. We do have evidence that
these are primary (Seuss et al. 2012). Therefore, either the
specimen precipitated exceptional cameral deposits or this is
an unknown taxon of orthocone nautiloids whose cameral de-
posits had not been examined before.
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