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New petrographic and geochemical insights on diagenesis and
palaeoenvironmental stress in Late Cretaceous inoceramid shells
from the James Ross Basin, Antarctica
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Abstract: New petrographic and geochemical insights from inoceramid bivalve shells of lower Campanian
(Marambio Group, James Ross Basin, Antarctica) show that they suffered significant palaeoenvironmental
stress just before their disappearance in the southern high latitudes. Inoceramid data have mainly been
derived from shell fragments of the large form Antarcticeramus rabotensis Crame & Luther, collected at
stratigraphical levels marking the early disappearance of inoceramids in the James Ross Basin (10 m.y.
before the Cretaceous/Tertiary boundary in Antarctica). Cathodoluminescence studies and minor and trace
element intra-shell variations in A. rabotensis shells, along with their whole shell geochemistry (major,
minor, and trace elements, including REE), have revealed evidence of only weak diagenesis but significant
palaeoenvironmental stress. The most relevant evidence of such adverse palaeoenvironmental conditions in
A. rabotensis shells is reflected by marked growth interruptions in the normal shell layering, including the
occurrence of a previously undetected inner aragonitic nacreous layer formed of alternating aragonitic and
calcitic sublayers. The weak diagenesis produced characteristic geochemical intra-shell variations, which
have subsequently been detected in the inoceramid shell microstructure, especially in the inner aragonitic

nacreous layer.
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Introduction

New insights into the early disappearance of inoceramids in
the Southern Hemisphere, apparently related to global,
long-lasting palaeoenvironmental changes throughout the
Late Cretaceous are presented in this paper. For over twenty
years, these palaeoenvironmental changes in the southern
high latitudes have triggered debates in palaeontological
and geochemical research. Stable isotopic data gathered
from molluscs (ammonites, belemnites and bivalves) (Pirrie
& Marshall 1990a, 1990b, Marshall et al. 1993, Ditchfield
et al. 1994) and microfossils (planktonic and benthic
foraminifers) (Barrera et al. 1987, Barrera & Huber 1990,
D'Hondt & Lindinger 1994, Huber et al. 1995, Li & Keller
1999, Barrera & Savin 1999), along with studies of growth
rings in fossil wood (Francis 1986, 1989) and climate
related geochemical variations in sediments (Dingle &
Lavelle 1998), are all consistent with a climatic cooling
trend in high latitudes, both in the oceanic waters and
terrestrial environments of the Southern Hemisphere during
the Late Cretaceous (Huber 1998, Huber et al. 2002). The
main causes for these global palaeoenvironmental changes
are not well understood, although the evidence suggests that
they may have been related to high organic production in
shallow waters at low-latitudes, with a consequent
reduction in atmospheric CO, (Spicer & Corfield 1992).
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The inferred long-term cooling and associated changes in
stratification of the oceanic water column at high latitudes
during the Late Cretaceous are thought to have exerted a
profound influence on Antarctic marine organisms.
Changes in the diversity and composition of micro- and
macrofauna, along with their early disappearance and
migration events, appear to reflect alterations in the marine
palaeoenvironment around Antarctica (Huber & Watkins
1992, Huber et al. 1995, Olivero & Medina 2000). The
Cretaceous thermal maximum (Turonian—-Coniacian) is
detectable in the Hidden Lake Formation. Temperatures
then decline from some point in the Campanian to the late
Maastrichtian. They fluctuate over the Cretaceous/Tertiary
(K/T) boundary, but then rise through the Palaeocene to the
Palaeocene-Eocene boundary (PETM) (J.A. Crame,
personal communication 2005). Especially relevant for the
present contribution is the early disappearance of
inoceramids in Antarctica (Crame et al. 1996). This group
was well represented from the Aptian up to the
Santonian—earliest Campanian in the James Ross Basin
(Antarctica) (Crame 1983, Scasso et al. 1991, Medina &
Buatois 1992). However, the group declined during the
early Campanian, reappeared in the late early Campanian
(Scasso et al. 1991, Olivero 1992), with the abundant
occurrence of the large species Antarcticeramus rabotensis
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Fig. 1. General map of the James Ross Basin area, Antarctica, with
the distribution of the Natalites Sequence (N Sequence,
Santonian—early Campanian), Neograhamites-Gunnarites
Sequence (NG Sequence, late Campanian—early Maastrichtian),
and Maorites-Grossouvrites Sequence (MG Sequence,
Maastrichtian). Circled letters represent sections studied in this
study (Bb = Brandy Bay, Sm = Santa Marta, V = Vega,

H =Humps, D = Dreadnought, Ra = Rabot, Re = Redonda,

Hn = north Hamilton, Hm = Hamilton, Sc = Sanctuary Cliffs, Sh
= Snow Hill and Se = Seymour Island). Adapted from Olivero
etal. (1999), Olivero & Medina (2000) and Elorza et al. (2001).

Crame & Luther (Crame et al. 1996, Crame & Luther
1997), and finally completely disappeared from the James
Ross Basin in the basal late Campanian (Figs 1 & 2). A
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similar timing for the early disappearance of the
inoceramids has also been found in deep marine deposits in
Tierra del Fuego (Olivero et al. 2003, 2004).

In lower latitudes of the Northern Hemisphere,
inoceramids disappeared at the early/late Maastrichtian
boundary (MacLeod et al. 1996, 2000, Gémez-Alday et al.
2004). In the deep water pelagic limestone of
Umbria—Marche Apenines (Italy), inoceramids disappeared
synchronously about 3.5 m.y. before the K/T boundary
(69.1 m.y., magnetic chron C31R), which is about 0.9 m.y.
before the inoceramid extinction in the Basque—Cantabrian
Basin (Spain) (68.2 m.y., mid part of magnetic chron C31N,
using the time scale of Cande & Kent (1995)). Therefore, on
a global scale, inoceramid extinction was diachronous,
encompassing at least a 4 m.y. interval between the last
appearance datum at several DSDP sites and the last
appearance  datum at the  Sopelana  sections
(Basque—Cantabrian Basin) (Chauris et al. 1998, and
references therein). This diachronous extinction of
inoceramids cannot be explained by a global catastrophic
event, such as a large cosmic impact, exceptional volcanic
eruptions or eustacy. On the contrary, the primary causes
have been suggested to be long-lasting palaeoecological
changes, probably driven by climatic changes during the
Late Cretaceous (MacLeod et al. 1996).

Elorza et al. (2001) demonstrated varying degrees of
diagenetic modification in the Campanian inoceramid shells
from the James Ross Basin, recorded both by
cathodoluminescence (CL) observation and light isotopic
values (8'80). However, the prominent growth breaks
recorded by these authors in the A. rabotensis shell
microstructure under petrographic observation seem to
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reflect the response of the organisms to marked changes in
palaeoenvironmental conditions, which could eventually
have led to the early disappearance of the group in
Antarctica. Furthermore, different stable oxygen isotope
values from early Campanian and Maastrichtian belemnites
confirm a temperature drop during this interval, which
supports inferences of increasing palaeoenvironmental
stress as a likely explanation for the early inoceramid
disappearance, about 10 m.y. before the K/T boundary in
Antarctica (Elorza et al. 2001).

In this study, new geochemical microprobe and whole-
sample analyses, together with petrographic studies are
presented, on the early to basal late Campanian inoceramids
and host rocks from the James Ross Basin, with the aim of
inferring their geochemical response to both diagenesis and
palaeoenvironmental changes. Our data have confirmed that
earliest Campanian inoceramids show a regular
microstructure, whereas latest early Campanian-basal late
Campanian specimens exhibit marked microstructural
anomalies and previously undetected geochemical changes
across the shell layering, the latter a likely consequence of
palaecoenvironmental stress just before the early
disappearance of the group in Antarctica.

Geological setting

A major Cretaceous—Palaeogene marine sedimentary
succession, with a thickness in excess of 6 km, is preserved
in the James Ross Basin (north-east Antarctic Peninsula)
(Fig. 1). The evolution of deep marine environments during
the Early Cretaceous (Ineson 1989) to shelf settings during
the Late Cretaceous—Palaeogene is recorded in this back-arc
basin (Scasso et al. 1991, Pirrie 1991, Olivero et al. 1992,
Crame et al. 2004). Within the Late Cretaceous—
Palaeogene, the Santonian—Danian succession is relatively
complete, highly fossiliferous, includes the K/T boundary,
and represents a unique geological window for the study of
biotic and palaeoenvironmental changes in the southern
high latitudes (Macellari 1986, Olivero 1992, Zinsmeister &
Feldmann 1996, Olivero & Medina 2000).

The Santonian—Maastrichtian—Danian  succession is
contained within the Marambio Group (Fig. 2), which is
about 3 km thick, and mainly composed of sandy and silty
mudstones, with subordinate sandstones, coquinas and
conglomerates (Macellari 1988, Scasso et al. 1991, Olivero
et al. 1992, Pirrie et al. 1997). Due to the dominance of
homogeneous fine-grained sediments, there is no general
agreement on the stratigraphic division of the Marambio
Group. Therefore, herein we follow the allostratigraphic
division of Olivero et al. (1999) and Olivero & Medina
(2000). Accordingly, three main stratigraphic sequences are
included in the Marambio Group:

a) the N Sequence (Santonian—early Campanian),
b) the NG Sequence (late Campanian—early Maastrichtian),
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and
¢) the MG Sequence (mid-Maastrichtian—Danian).

The sequence names are derived from their most abundant
kossmaticeratid genera:

a) Natalites (N Sequence),
b) Neograhamites-Gunnarites (NG Sequence), and
¢) Maorites-Grossouvrites (MG Sequence).

The base and top of the NG Sequence are defined by two
important regional unconformities, which are accompanied
by notable changes in the diversity and composition of
marine invertebrate biota (Olivero & Medina 2000) (Fig. 2).

Materials and methods

The studied material, comprising samples of inoceramid
shell and host rock, was collected from different
stratigraphic horizons of the N Sequence (Santonian—early
Campanian), specifically at the Brandy Bay, Santa Marta
and Redonda Point sections (James Ross Island) (Figs 1 &
2). The material from lower stratigraphic horizons of the N
Sequence, at the Brandy Bay section, includes several
specimens of Dimitobelus sp. (belemnites) and Inoceramus
sp. (sample SM), recorded within the Inoceramus Biofacies
(Scasso et al. 1991), Natalites rossenssis Assemblage
(ammonite assemblage 2), and Alpha Member (earliest
Campanian part of the Santa Marta section). The material
from higher stratigraphic horizons of the N Sequence at the
Brandy Bay section are specimens of Dimitobelus sp. and
the inoceramid A. rabotensis Crame & Luther (sample I-1),
found close to the boundary between ammonite
assemblages 6 and 7 of latest early Campanian age (Fig. 2)
(Olivero 1992, Olivero & Medina 2000). The rest of the
material from the N Sequence at the Brandy Bay section
includes several specimens of Dimitobelus sp. recorded at
intermediate stratigraphic levels of early Campanian age
and specimens of A. rabotensis (sample F-71) of latest early
Campanian age. The material from the N Sequence at the
Redonda Point section includes specimens of A. rabotensis
(samples 1-2, 1-3, 1-4, 12-ino, Re (a), Re-b, Re-1T and Re
4/5), also of latest early Campanian age.

A total of 30 thin sections of inoceramid shells were
studied by standard transmitted light microscopy and CL.
All CL work employed a Technosyn Cold Cathode
Luminescence system, model 8200 MK 11, mounted on an
Olympus triocular research microscope with a maximum
magnification capability of 400x using universal stage
objectives. Standard operating conditions included an
accelerating potential of 12 kV and a 0.5-0.6 mA beam
current with a focused beam diameter of approximately
5 mm. Fragments of inoceramid shells were also selected
and examined under the scanning electron microscope
(SEM). Inoceramid  prismatic  microstructure  with
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Table I. Minor and trace element mean values (mmol/mol) for A. rabotensis Re-1T and F-71 shells, along the microprobe transects (Line 1 and Line 2).
Geochemical data are presented as (intra-) prismatic non-luminescent and luminescent points, aragonitic and calcitic sublayers, and inter-prismatic

luminescent points.

Mg/Ca Sr/Ca Na/Ca Ba/Ca Fe/Ca Mn/Ca

A. rabotensis Re-1T (analysis interval)

Linel Zone 1, non-luminescent (1 to 48) 561+13 1.63+£0.5 797+19 0.18+0.2 0.25+0.3 0.15+0.2
Zone 2, luminescent (49 to 169) 9.80+4.3 1.39+£0.7 512+4.1 0.19+0.3 8.07+6.3 8.95+6.2

Line2 Zone 1, non-luminescent (1 to 99) 710+2.2 1.64+0.4 8.08+24 0.18+0.2 0.64+0.4 0.37+0.2
Zone 2, luminescent (100 to 193) 11.28+4.8 1.37+£0.6 46025 0.18+0.3 7.58 +5.8 8.29+6.4
Inter-prismatic zones, luminescent 6.68+2.4 0.79+0.5 5.42+3.6 0.05+0.1 500+2.8 523+3.1

A. rabotensis F-71 (analysis interval)

Linel Zone 1, luminescent (1 to 8) 264577 1.95+1.0 43713 012+0.2 469+15 39320
Zone 2, non-luminescent (9 to 145) 5.33+23 1.90+£0.6 754+2.7 0.17+0.2 0.28+0.5 0.23+0.5
Zone 3, aragonitic sublayer (146 to 149) 0.28+0.4 52004 10.33+4.3 0.00 0.15+0.2 0.06+0.1
Zone 4, calcitic sublayer (150 to 151) 1.70+1.6 226+04 11.71+0.7 0.15+0.2 3.25+37 0.00
Zone 5, aragonitic sublayer (152 to 154) 0.13+0.2 417+0.1 994+1.4 0.01+0 0.35+0.3 0.44+0.2
Zone 6, calcitic sublayer (155 to 157) 2.04+2.0 8.88+7.0 10.78 £4.3 0.43+0.5 3.80+4.9 0.00
Zone 7, aragonitic sublayer (152 to 160) 07011 6.46 +4.9 16.27+10.9 0.25+0.3 0.62+1.0 0.20+0.2
Zone 8, calcitic sublayer (161 to 164) 10.73+6.1 277+24 556+2.6 0.47+0.6 3.29+36 444+46
Zone 9, aragonitic sublayer (165 to 167) 0.53+0.4 6.91+0.7 10.14+0.3 0.11+£0.2 154+1.2 0.03+0.1
Zone 10, calcitic sublayer (168 to 169) 149755 515+1.6 10.31+1.0 0.00 8.00+0 0.34+0.2
Inter-prismatic zones, luminescent 13.50+6.3 1.79+0.8 9.12+10.9 0.18+0.3 193+1.2 1.60+£0.7

Line2 Zone 1, non-luminescent, (1 t0120) 537+138 1.80+0.6 6.86 1.7 0.19+0.3 0.20+04 0.19+0.2
Zone 2, aragonitic sublayer, (121 to 122) 295+4.2 6.83+0.1 7.47+0.1 0.35+£0.2 1.13+04 1.85+£2.0
Zone 3, calcitic sublayer (123 to 127) 525+3.2 193+14 6.85+8.3 0.23+0.2 204+4.1 0.16+0.2
Zone 4, aragonitic sublayer (128 to 136) 0.83+1.7 585+2.3 9.51+15 0.23+£0.3 127+27 0.16 £0.2
Inter-prismatic zones, luminescent 226875 1.30+£0.2 517+3.0 0.16+0.2 4.85+45 5.73+5.0

Mg Sr Na Ba Fe Mn

Detection limits (ppm) 166 569 302 ~1 411 ~1
Counting times (sec) 15 30 15 30 15 15

anomalous glauconite-rich layers was detected under
standard transmitted light and qualitatively determined (Al,
Si, Fe, Mg, K) by energy dispersive spectrometry
(SEM/EDX) using a Jeol JSM-T6400 (University of the
Basque Country).

Two inoceramid shell samples (A. rabotensis Re-1T and
F-71) were analysed by electron probe microanalyser
(EPMA) to determine Ca%*, Mg?*, Sr?*, Na*, Ba?*, Fe?* and
Mn?* contents (Cameca SX100 electron microprobe at the
Département des Sciences de la Terre of the Université
Blaise Pascal, Clermont-Ferrand, France). Analytical
conditions were a beam current of 30 nA for all of the
elements, except Ca®* (10 nA), an accelerating voltage of
15 kV and a spot diameter of 5 um, which can be easily
observable in reflected light and under CL. Details of the
analytical conditions (detection limits and counting times)
are given in Jiménez-Berrocoso et al. (2004) and Table I.
Analyses of the shell samples totalled 667 spots, shared in
four transects corresponding to shells A. rabotensis Re-1T
(Line 1 and Line 2) and F-71 (Line 1 and Line 2), typically
along the prisms of the inoceramid shells. Analysis
intervals, between 10 and 20 microns apart, varied
according to the thickness of the shells and the growth lines,
due to the occasional difficulty in recognizing the finest
growth lines. All the analyses were then related to their
location within the shell and to the CL emission (outer and
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inner shell layers, inter-prismatic zones) using thin section
photographs in both reflected light and CL.

Three inoceramid shell samples (A. rabotensis Re-1T and
F-71 and Inoceramus sp. SM) and associated host rock were
further examined for their contents of major, minor and
trace elements (32 elements) and REE (14 elements). Whole
samples (inoceramid shell and host rock) were powdered in
a tungsten-carbide mill. Major elements (wt %) were
determined by inductively coupled plasma (ICP) emission
spectrometry. Samples for trace element and REE analyses
were fused with ultrapure lithium metaborate flux,
dissolved while molten in HNO,, and analysed on a VG
PlasmaQuad PQ22, inductively coupled plasma source
mass spectrometer (ICP-MS) at the Centre de Recherches
Pétrographiques et Géochimiques (Nancy, France),
following techniques described by Govindaraju & Mevelle
(1987). The detection limits are incorporated in Tables Il &
I

Morphologic and petrographic features of inoceramid
shells

The large specimens of A. rabotensis, from the Brandy Bay
and Redonda Point sections (top of N Sequence), were
previously recorded as “big Inoceramus” in Olivero et al.
(1986), Lirio et al. (1989), Crame et al. (1991), Marenssi


https://doi.org/10.1017/S0954102006000411

INOCERAMID PALAEOENVIRONMENTAL STRESS 361

Table I1. Whole-sample geochemistry (major, minor and trace elements) for inoceramid shells (Ino) (Inoceramus sp. and A. rabotensis) and host rock (Hr).
Analytical detection limits (d.l.) are presented in brackets.

Elements A. rabotensis Host rock A. rabotensis/  A. rabotensis Host rock A. rabotensis/  Inoceramus sp. Host rock Inoceramus sp./
(detection host rock host rock host rock
limits) F-71(Ino)  F-71(Hr) F-71(Ino)/F-71(Hr) Re-1T (Ino) Re-1T (Hr) Re-1T(Ino)/Re-1T(Hr) SM(Ino) SM(Hr) SM(Ino)/SM(Hr)
SiO, (0.2%) <d.l. 28.97 - <d.l 35.30 - 0.49 32.35 0.02
AlLO, (0.1%) <d.l. 6.22 - <d.l 5.60 - 0.46 7.40 0.06
Fe,0, (0.1%) <d.l. 3.72 - <d.l 1.98 - <d.l. 3.07 -
MnO (0.03%) 0.06 0.50 0.12 0.07 0.53 0.13 0.11 0.28 0.39
Ca0 (0.15%) 51.68 30.20 1.71 54.51 30.27 1.80 50.61 27.68 1.83
MgO (0.15%) 0.31 111 0.28 0.31 0.35 0.89 0.91 117 0.78
Na,O (0.05%) 0.17 0.77 0.22 0.32 1.14 0.28 0.46 1.38 0.33
K,0 (0.05%) <d.l 1.22 - <d.lL 1.10 - <d.lL 1.20 -
TiO, (0.05%) <d.l. 0.25 - <d.l 0.28 - <d.l. 0.39 -
P,O; (0.05%) <d.l. 0.39 - <d.lL 6.32 - 0.31 15.05 0.02
Rb (0.60 ppm) <d.l. 48.76 - 0.73 39.28 0.02 1.05 45.58 0.02
Cs (0.20 ppm) <d.l. 1.92 - <d.l 1.35 - <d.l. 1.63 -
Sr (2.00 ppm) 1236 300 412 1069 753.90 142 1362 418.60 3.25
Ba (2.00 ppm) 4.06 253.8 0.02 59.59 371.70 0.16 11.28 229.80 0.05
Y (0.1 ppm) 3.40 14.58 0.23 6.32 43.70 0.14 5.13 265 0.02
Zr (1.00 ppm) 1.19 97.26 0.01 1.22 92.12 0.01 4.37 134.80 0.03
Hf (0.04 ppm) <d.l. 2.56 - <d.l 2.34 - 0.09 2.86 0.03
V (1.50 ppm) <d.l. 52.46 - <d.l 41.33 - 2.03 63.95 0.03
Nb (0.10 ppm) <d.l 421 - <d.l. 4.14 - 0.12 4.70 0.02
Ta (0.02 ppm) <d.l. 0.38 - <d.l. 0.37 - <d.l. 0.44 -
Cr (5.00 ppm) <d.l. 18.77 - <d.l 25.95 - <d.l. 15.82 -
Co (0.20 ppm) 0.74 5.08 0.15 0.83 5.09 0.16 0.96 4.42 0.22
Ni (6.00 ppm) 8.03 12.53 0.64 7.50 11.16 0.67 8.60 10.10 0.85
Cu (4.00 ppm) <d.l. 7.30 - <d.l 6.86 - <d.l. 6.17 -
Zn (8.00 ppm) <d.l. 64.11 - <d.l. 34.34 - 9.47 65.98 0.14
Ga (0.15 ppm) <d.l. 8.38 - 0.19 6.78 0.03 0.38 13.12 0.03
Sn (0.50 ppm) 0.54 1.20 0.45 <d.l 0.97 - <d.l. 1.43 -
Pb (1.50 ppm) <d.l 16.14 - 1.71 10.74 0.16 3.76 10.48 0.36
As (0.70 ppm) <d.l. 4.08 - <d.l. 7.96 - <d.l. 3.65 -
Bi (0.05 ppm) <d.l 0.12 - <d.l 0.08 - <d.l. 0.12 -
Th (0.05 ppm) 0.06 4.18 0.01 0.50 3.98 0.12 0.11 4.78 0.02
U (0.05 ppm) 0.41 1.17 0.35 0.20 2.29 0.09 0.37 9.07 0.04

Table I11. REE results for inoceramid shells (Ino) (Inoceramus sp. and A. rabotensis) and host rock (Hr). Analytical detection limits (d.l.) are presented in

brackets.

Elements A.rabotensis Hostrock A.rabotensis/ A.rabotensis Hostrock A.rabotensis/ Inoceramussp. Hostrock Inoceramus sp./
(detection host rock host rock host rock
limits) F-71(Ino) F-71(Hr) F-71Ino/Hr Re-1T(Ino) Re-1T(Hr) Re-1T(Ino/Hr) SM(Ino) SM(Hr) SM(Ino/Hr)
La (0.10 ppm) 1.18 12.7 0.09 4.03 51.9 0.08 10.70 325 0.03
Ce (0.10 ppm) 2.92 26.8 0.11 9.56 60.50 0.16 18.00 597 0.03
Pr (0.03 ppm) 0.281 3.07 0.09 0.976 5.45 0.18 1.78 64.90 0.03
Nd (0.10 ppm) 1.24 11.9 0.10 3.96 19.50 0.20 6.88 256 0.03
Sm (0.10 ppm) 0.325 2.49 0.13 0.953 3.67 0.26 0.986 41.50 0.02
Eu (0.01 ppm) 0.081 0.543 0.15 0.237 6.60 0.03 0.149 6.35 0.02
Gd (0.10 ppm) 0.387 2.16 0.18 0.971 4.30 0.22 0.802 35.90 0.02
Tb (0.03 ppm) 0.069 0.342 0.20 0.179 0.61 0.29 0.096 4.80 0.02
Dy (0.10 ppm) 0.462 2.06 0.22 1.07 3.60 0.30 0.546 28.40 0.02
Ho (0.03 ppm) 0.103 0.411 0.25 0.211 0.717 0.29 0.114 6.12 0.02
Er (0.10 ppm) 0.313 1.25 0.25 0.571 1.91 0.30 0.346 18.80 0.02
Tm (0.03 ppm) 0.049 0.192 0.25 0.083 0.258 0.32 0.055 2.77 0.02
Yb (0.10 ppm) 0.306 1.30 0.23 0.541 1.58 0.34 0.368 18.80 0.02
Lu (0.01 ppm) 0.049 0.208 0.23 0.078 0.225 0.35 0.063 3.01 0.02
>REE 8 65 - 23 161 - 41 1410 -
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Fig. 3. Inoceramid specimens at the lower Campanian strata of the James Ross Basin (Antarctica). a. Hand sample of Inoceramus sp.
(sample SM, earliest Campanian) showing a fan-like arrangement of calcite prisms. b. Hand sample of prismatic shell structure of A.
rabotensis formed by subparallel, long, and slender calcite prisms. In both cases (a & b), the prisms grow downwards from the outer shell
layer (OSL) to the inner shell layer (ISL), as indicated by the black arrows. The host rock (Hr) consists of volcaniclastic sandstone with
carbonate cement. c. SEM view of the inoceramid prisms, from the ISL, showing the typical pseudo-hexagonal honeycomb
microstructure, partially eroded by differential meteoric dissolution (Inoceramus sp. SM). d. Close-up of the rectangle area in c, where the
ultrastructure of the calcite prisms can be observed. Note the different orientation for the thin pseudo-rhombic forms that comprise the

interior of adjacent calcite prisms.

et al. (1992) and Olivero & Mussel (1993) and were
formally describe by Crame & Luther (1997). These
specimens are abundant in certain stratigraphical intervals,
consisting of alternating fine sandstone and mudstone beds,
representative of storm-dominated settings in the offshore
transition zone. Most of these inoceramids showed a
preferred orientation of the length of the valves with respect
to the inferred direction of waves or currents (Olivero &
Mussel 1993, Crame & Luther 1997). The living position of
A. rabotensis was interpreted as an edgewise-recliner, with
the commissure in a sub-vertical position and the thicker,
shelf-like anterior part of the shell resting on the bottom
(Olivero & Mussel 1993), or as a snow-shoe strategist with
the commissure lying sub-horizontal and parallel to the
sediment substrate (Crame & Luther 1997). Specimens of
the smaller Inoceramus sp. are relatively abundant in
massive tuffaceous horizons in the lower part of the N
Sequence at the Brandy Bay section, which are rich in
carbonaceous material (Scasso et al. 1991) (Fig. 2). Two
varieties of shell structure are clearly distinguishable from
the studied inoceramid samples. The shell of Inoceramus
sp. is characterized by a fan-like growth of calcitic prisms
with their general arrangement controlled by associated
prominent ribs (Fig. 3a). In comparison, the shell of
A. rabotensis is smooth and without prominent ribs.
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Furthermore, calcitic prisms in A. rabotensis are slender,
flexible and have relatively constant width (Fig. 3b).

Under the microscope, the thick outer layer of both
inoceramid groups, formed of low magnesian calcite
(LMC), consists of branching, small, rod-type prisms in the
outer shell layer that give way to a regular, simple prismatic
microstructure, with larger prisms, in the inner shell layer.
In SEM images the low-Mg calcite prismatic microstructure
of Inoceramus sp. exhibits the typical honeycomb pattern
(Fig. 3c & d). Moreover, some specimens show evidence of
boring traces and organic incrustations on the outer shell
layer, as previously reported from inoceramid shells from
lower latitudes (Basque—Cantabrian Basin) (Elorza &
Garcia-Garmilla 1996, 1998, Gomez-Alday et al. 2004,
Jiménez-Berrocoso et al. 2004). The inner aragonitic
nacreous layer, previously described for A. rabotensis by
Crame & Luther (1997) and for other Antarctic inoceramids
by Pirrie & Marshall (1990a), is occasionally preserved in
the inner shell layer of the studied A. rabotensis specimens.
It consists of thin laminated aragonitic tablets, partially
fused, alternating with enclosing prismatic thin calcitic
sublayers (Fig. 4a—h). The presence of aragonite material in
A. rabotensis shells has been verified also with XRD
analysis.

Under CL, Inoceramus sp. calcitic prisms present a bright
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Fig. 4. Shell microstructure of A. rabotensis (sample F-71, latest early Campanian). a. Plane-light view of a thin-section showing a
detail at the ISL, where the low-Mg calcite (LMC) prismatic layer can be differentiated from the inner aragonitic nacreous layer. The
latter consists of alternating brownish aragonitic (A) and clear calcitic (C) thin sublayers. Black arrow indicates the direction of prism
growth. b. The same area as a under cross-polars. Note the clear distinction between aragonitic and calcitic sublayers, with no
evidence of neomorphism. c. Inoceramid view similar to a & b under SEM. It can be observed the contact of the LMC prismatic layer
(C), at the ISL, with the inner aragonitic nacreous layer (IANL), without sublayer distinction. d—f. Successive close-ups of the contact
between the LMC prismatic layer (C) and the sheet aragonitic structures (A) with weak compaction. g. View perpendicular to the
prism length axes from the ISL, with the honeycomb microstructure of calcite prisms (C) clearly differentiated from the inner
aragonitic nacreous layer (A). h. Close-up of the rectangle area in g, showing a detail of the contact between the LMC prismatic layer

(C) with the inner aragonitic nacreous layer (A).

reddish-yellow colour, clear evidence of diagenetic
modification, with the contact between prisms (inter-
prismatic zones) showing bright yellowish luminescence
(Fig. 5a). Most of the A. rabotensis sections, however,
present brighter yellowish luminescence close to the
boundary of both the outer shell layer and inner shell layer,

https://doi.org/10.1017/50954102006000411 Published online by Cambridge University Press

which gradually gives way to reddish and to non-
luminescent zones towards the central part of the shell
(Fig. 5b). Within the less luminescent and diagenetically
modified zones of A. rabotensis, thin dark lines (laminae
obscurae) are visible as alternating bright yellow lines
under CL. A dense grouping of these lines may define
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Fig. 5. Shell microstructures of Inoceramus sp. (earliest Campanian) and A. rabotensis (latest early Campanian) from the James Ross Basin.
a. LMC prismatic layer of Inoceramus sp. (sample SM) under CL, with bright yellowish-red luminescence. A yellowish luminescence
characterizes the inter-prismatic zones (IPZ) at the prism boundaries, caused by secondary calcite cements. Note the irregular volcanic
grains in the host rock (Hr), most of them non-luminescent, and the luminescent cement. b. LMC prismatic layer of A. rabotensis (sample
Re-b) under CL, showing bright yellowish luminescence at the OSL, which gradually gives way to reddish and to non-luminescent zones
towards the central part of the shell. Dark, organic-rich lines (DL) exhibit bright yellowish luminescence. c. A detail of the microstructure
of A. rabotensis (sample F-71) at the ISL under CL. The LMC prismatic layer is differentiated from the inner aragonitic nacreous layer, the
latter formed by two reddish luminescent aragonitic (A) sublayers enclosing a thin calcitic (C) sublayer. The host rock (Hr) cement has
bright yellow luminescence. d. LMC prismatic layer of A. rabotensis (sample 13) under CL. A yellow luminescent dark, organic-rich line
(DL) marks the interruption of the normal-sized calcite prisms. After that, the smaller and newly formed calcite prisms progressively
recover normal size (see main text for interpretation). e. Detail of the LMC prismatic microstructure of A. rabotensis (sample Re-1T) at
the ISL under CL. Note calcite prisms abruptly interrupted by a dense group of dark, organic-rich lines (DL). Smaller prisms initiate their
growth after this interruption but they are further interrupted by the presence of denser dark lines and irregular surfaces (see main text for
interpretation). f. LMC prismatic microstructure of A. rabotensis (sample Re-a) at the ISL (cross nicols), showing a glauconite-rich layer
(G) that interrupts the normal growth of calcite prisms. The glauconite-rich layer gives way laterally to an organic-rich layer (see main text
for interpretation). Thick white arrows indicate the direction of growth of the prisms in all the photographs. g. Poorly defined pseudo-
hexagonal honeycomb pattern of the ISL under plane-light view (sample 8a, latest early Campanian). h. The same area as g, under CL,
where a honeycomb pattern, with mainly non-luminescent prismatic patches, is well defined. The bright yellowish luminescent thin film
of diagenetic calcite is present at the prism boundaries.

https://doi.org/10.1017/50954102006000411 Published online by Cambridge University Press


https://doi.org/10.1017/S0954102006000411

INOCERAMID PALAEOENVIRONMENTAL STRESS 365

Re-I'T (Lile 13
—

Lonel

Re-1T (Line 2)

il

“
v | ACa

mmolmol

M.-l/ .'"‘uf-'\n Ah Fw"- ""uﬂ"r'-f""fwul, {wﬂf‘\’ﬁp‘n

swme B =

: mr;-vﬁm'w;

»
A m o dwgg Np o A fl= i »
et AT A - -] i L
al , 'Y R N PO Y : B 1A

mmil ml

e o=

14
BasCa ™ ]
™

mm ol mal
i
E

“n\ [ .M“ il Pl i |f\

h\ Ii|'| I | "
""" [0 I |" b AT T W LIV M I H“”

mmulimed

sl mol

TEEE
E3EERE .

mmd'mul

mimd el
]

N

mmolimul

ZLone Zone 2
SH/CH .
2 VA s AL e, A A i
\N"NWL\_, i|||l.l|\['J (U W M JL re Y By AWl
Pyt % i\ | 3 “ AT n n
:|Iu.1-¢_a J r -I~ ” : ;il - I| - I Iq
e o [\l = =l A L ALl I
4 -Lull"%u' 'H‘Nlll‘l'lll‘li | I} ‘ ||I| ||.|'|I”I | I- ! "'lu I':‘vl I!llllli' II II'I"'!J' i
1 B, m H g 7 m W = oy ol Ll |.. 7 '”U -L II:U
MA/Ca -
o ,'ll 'pr 1, _'.‘r‘_
pafin o = ofe B oo peile PURSTYWYELY
tnm - Ve iy P il [T S

Fig. 6. Thin-section views under CL and MTE profiles (Mg/Ca, Sr/Ca, Na/Ca, Ba/Ca, Mn/Ca and Fe/Ca ratios) for the luminescence-zoned
shell Re-1T, with 2 zones differentiated. White arrows indicate the direction of prism growth. Spots represent the microprobe transects
(169 for Line 1 and 193 for Line 2). All the elemental ratios exhibit a similar “saw-toothed” pattern, whose intervals are marked by the
distance between the analyses (10 to 20 um apart), and the amplitudes by the concentration (in mmol/mol). Note the considerably different
compositional pattern between zone 1 (non-luminescent) and zone 2 (mainly luminescent), with an abrupt rise in Fe/Ca and Mn/Ca

contents, starting from spots 49 and 100, respectively.

organic matter-rich layers, alternating with the rest of the
prism material (laminae pellucidae). The inner aragonitic
nacreous layer identified in A. rabotensis shells, consisting
of the afore-mentioned alternating thin aragonitic and
calcitic sublayers, exhibits low intensity reddish
luminescence with respect to the yellowish luminescence of
the calcitic cement in the host rocks (Fig. 5¢). Particularly
distinguishable under CL is the anomalous microstructure
of the shell layering in the low-Mg calcite prismatic layer of
A. rabotensis, also detected by Elorza et al. (2001), which is
dealt with below (Fig. 5d-f). The typical regular
honeycomb microstructure is not well observed under plane
polarised light but is perfectly visible under CL, where
luminescence is mainly restricted to the inter-prismatic
zones (Fig. 59 & h).

Geochemical results

Geochemical intra-shell variations throughout the
A. rabotensis microstructure

By means of EPMA, four geochemical transects have been
performed in the most representative A. rabotensis thin
sections (Re-1T and F-71). Transects in the Re-1T specimen
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(80 = -4.09%0 PDB; whole-shell from Elorza et al. 2001),
with 169 (Line 1) and 193 (Line 2) analysed spots
respectively, can be divided into two zones, following the
geochemical changes together with luminescent behaviour
of the shell (Fig. 6a & b). Geochemical transects in Zone 1,
extending across nearly the entire analysed inoceramid thin
section, cross non-luminescent, well-developed prisms.
Moreover, Zone 1 is characterized by yellowish
luminescence at both the inter-prismatic zones and the
mechanical twins of the prisms; the latter can be used as
strain gauges to determine deformation in marine carbonate
rocks according to Gonzélez-Casado et al. (2003).
Geochemical transects in Zone 2 cross the latest growth
stages of this specimen, where the prisms are smaller as a
consequence of clear interruptions in the growth of the
microstructure. Accordingly, it exhibits an alternation of
dense, thin dark and light growth lines up to the very margin
of the shell (inner shell layer), where the inner aragonitic
nacreous layer cannot be distinctly observed.

Transects in A. rabotensis F-71 (80 = -4.32%0 PDB;
whole-shell from Elorza et al. 2001) include two lines of
169 (Line 1) and 136 (Line 2) analysed spots, respectively
(Fig. 7a & b). The external-most part of the outer shell layer
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Fig. 7. Thin-section views under CL and MTE profiles (Mg/Ca, Sr/Ca, Na/Ca, Ba/Ca, Mn/Ca and Fe/Ca ratios) for shell F-71. Spots
represent the microprobe transects (169 for Line 1 and 136 for Line 2, with 10 and 4 zones differentiated, respectively). All the elemental
ratios exhibit a “saw-toothed” pattern, whose intervals are marked by the distance between the analyses (10 to 20 um apart), and the
amplitudes by the concentration (in mmol/mol). White arrows indicate the direction of growth of the prisms. Note how Line 1 presents
visible compositional differences between the small zone 1 (luminescent) and the greater part of zone 2 (non-luminescent). The inner
aragonitic nacreous layer, starting at the spot 146 in Line 1, has been differentiated into 8 zones, with calcite (zones 4, 6, 8 and 10) and
aragonite (zones 3, 5, 7 and 9). The weak diagenetic alteration at the ISL permits the establishment of compositional differences. The same
behaviour is visible in Line 2, where the inner aragonitic nacreous layer starts at the spot 121, but with a minor number of calcitic (zone 3)
and aragonitic (zones 2 and 4) areas. Diagenetically altered analyses, precisely in the inter-prismatic zones, coincide with pronounced
troughs in both profiles and have been segregated of necessity (see Table I and Fig. 8).

in F-71 (Zone 1 of Line 1), with smaller prisms, is distinctly
luminescent with respect to the rest of the inoceramid thin
section (Zone 2 of Line 1; Zone 1 of Line 2). Importantly,
the occurrence of an original alternation of aragonitic and
calcitic sublayers (inner aragonitic nacreous layer) is clearly
shown in the inner shell layer of F-71. Both the alternating
luminescent behaviour of the shell and geochemical
variations detected by the microprobe transects in the ISL
have permitted the differentiation of up to four aragonite-
calcite couplets, especially for Line 1. Thus, eight subzones
for Line 1 (Zone 3 to 10) and three for Line 2 (Zone 2 to 4)
have been differentiated along the geochemical transects in
the inner shell layer of F-71 (Fig. 7a & b). In addition, a few
of the analysed spots in shells Re-1T and F-71 are located in
the luminescent inter-prismatic zones, which have been
separated from the rest of the geochemical analyses.

The minor and trace element (MTE) contents detected by
EPMA in the differentiated zones of A. rabotensis shells
(Re-1T and F-71) are reported in millimoles of each cation
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relative to moles of Ca?* (mmol/mol) (Table 1). It is
noteworthy that all the elemental ratios exhibit “saw-
toothed” patterns (Figs 6 & 7), as recently described by
Jiménez-Berrocoso et al. (2004) in Santonian inoceramid
shells from the Basque—Cantabrian Basin. The Mg/Ca ratios
of A. rabotensis Re-1T and F-71 have distinctly higher
mean values in the luminescent low-Mg calcite prismatic
zones (more diagenetically altered) (Fig. 8). In the non-
luminescent prismatic zones (less diagenetically affected),
however, Mg/Ca ratios present more regular “saw-toothed”
patterns and lower mean values. These geochemical trends
are the opposite of those observed in the
Basque—Cantabrian  Basin inoceramids, where non-
luminescent and less altered prisms were higher in Mg/Ca
(Goémez-Alday & Elorza 2003, Jiménez-Berrocoso et al.
2004). The thin originally aragonitic sublayers detected in
specimen F-71 are clearly depleted in Mg/Ca (Zones 3, 5, 7
and 9 of Line 1; Zones 2 and 4 of Line 2), with respect to the
enclosing calcitic sublayers (Zones 4, 6, 8 and 10 of Line 1;
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Fig. 8. Diagrams showing the MTE contents (mmol/mol) from
Table | for the non-luminescent, luminescent and inter-prismatic
analyses obtained from the microprobe transect on A. rabotensis
Re-1T (Lines 1 and 2) and F-71 (Lines 1 and 2). The
relationships of Mg/Ca vs. Na/Ca, and Fe/Ca vs. Mn/Ca are
shown. Different areas, marked by dashed lines, indicate that
luminescent and inter-prismatic analyses (more diagenetically
altered) are mainly enriched in Mg/Ca, Fe/Ca and Mn/Ca with
respect to the non-luminescent analyses (less diagenetically
affected), which are, in contrast, enriched in Na/Ca.

Zone 3 of Line 2) (Fig. 9). This finding confirms that the
existence of the inner aragonitic nacreous layer of
A. rabotensis can be identified both with petrographic
techniques (Elorza et al. 2001) and with microprobe
transects. Furthermore, it is evident that the inner aragonitic

A. rabotensis F-71 (Line 1)
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Fig. 9. Histograms showing the geochemical mean values
(mmol/mol) for the alternating aragonitic and calcitic thin
sublayers (differentiated by zones) that form the inner aragonitic
nacreous layer of A. rabotensis F-71 (microprobe transects of
Lines 1 and 2) (see Table I for the mean values). On a general
basis, an increase in Sr/Ca and Na/Ca is observed in the
aragonite zones, whereas Mg/Ca, Fe/Ca and Mn/Ca are usually
higher in the calcite zones.
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nacreous layer of the analysed specimens was originally
formed by alternating thin calcitic and aragonitic sublayers.
Sr/Ca ratio mean values of Re-1T and F-71 are quite similar
both in the luminescent and non-luminescent prismatic
zones. In the aragonitic sublayers of F-71, however, Sr/Ca
ratios appear distinctly enriched relative to the thin calcitic
sublayers (Fig. 9).

Na/Ca profiles all exhibit wave-like trends along the
transects of Re-1T and F-71, with the mean values notably
higher in the non-luminescent prismatic zones (Fig. 8).
Although not as evident as in the former elemental ratios,
Na/Ca mean values of F-71 are slightly higher in the
aragonitic sublayers than in the calcitic ones (Fig. 9). In
contrast, Ba/Ca profiles present characteristic “saw-
toothed” patterns, with many prominent and cuspated
values. Furthermore, luminescent and non-luminescent
prismatic zones of Re-1T and F-71 have low and similar

James Ross Basin inoceramid shells
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Fig. 10. Diagrams showing the whole-sample geochemistry of
inoceramid shells (Ino) and host rocks (Hr) (see Table 11 for
whole-sample values). a. & b. Data from the James Ross Basin
inoceramids: Inoceramus sp. (sample SM) and A. rabotensis
(samples Re-1T and F-71). c. & d. Data from the Basque-
Cantabrian Basin inoceramids (uppermost late Coniacian-lower
Santonian): shell samples VILLA-10 and VILLA-13 from the
Villamartin section, and CAS-22 and CAS-32 from the Isla de
Castro section (Jiménez-Berrocoso 2004). In all the graphs, data
represent inoceramid values relative to that of their respective
host rocks. The value of the host rock corresponds to unity.
Results from the Basque-Cantabrian Basin shells reveal a
general pattern of geochemical behaviour for these inoceramids.
This pattern is represented by a greyish dashed area and can be
used as a reference element for comparison. It can be seen that
most geochemical elements present a similar pattern of variation
for the inoceramids of the same basin, although the pattern is
distinct between shells from different basins.
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Ba/Ca mean values. In the F-71 shell, Ba/Ca mean values
are very low for the aragonitic sublayers, whereas they are
slightly higher for the calcitic ones.

Fe/Ca and Mn/Ca “saw-toothed” profiles both present
similar trends in the A. rabotensis shells. Their mean values
are clearly enriched in the luminescent prismatic zones with
respect to the non-luminescent ones (Fig. 8). Moreover, in
shell F-71, Fe/Ca and Mn/Ca mean values are distinctly
higher for the calcitic sublayers, whereas they are generally
depleted and under analytical detection limits in the
aragonitic ones (Fig. 9).

Finally, analyses in the luminescent inter-prismatic zones,
differentiated from the rest of the microprobe spots, show a
similar geochemical behaviour to that of the (intra-)
prismatic luminescent zones (Zones 2 of Re-1T; Zone 1 of
F-71). In Re-1T (Line 2) and F-71 (Lines 1 and 2),
luminescent inter-prismatic zones are mainly enriched in
Fe/Ca, Mn/Ca and Mg/Ca mean values, relative to the non-
luminescent prismatic ones (Fig. 8). In contrast, Sr/Ca and
Na/Ca mean values are generally depleted in the
luminescent inter-prismatic zones with respect to the non-
luminescent prismatic ones. Ba/Ca ratios show an
ambiguous pattern.

Whole-sample (inoceramid shell and host rock)
geochemical composition

Three inoceramid whole-shell samples (A. rabotensis Re-
1T and F-71; Inoceramus sp. SM) and their respective host
rocks have been analysed for their major, minor and trace
element content, including REE (Tables Il & I11). We have
compared the geochemical contents of each inoceramid
whole-shell to that of its host rock. Thus, the geochemical
concentration of the host rock is represented by unity in
every case. On the whole, the concentration of Na,O, MgO,
MnO, AL,O, and SiO, in the analysed inoceramids is less
than unity (host rock value) (Fig. 10a-b). However, Fe,O,
contents are under the analytical detection limits, although
CaO and Sr are always above unity in all the shells. Other
elements in the shells, such as Rb, Ba, Y, Zr, Co, Zn, Ga, Pb,
Thand U, clearly present lower concentrations than those in
the host rock (unity). Furthermore, Ni and Sn contents in the
inoceramids are close to the host rock value. Finally, Cs, Ta,
Cr, Cu, As and Bi, with low concentrations in the host rock,
appear under analytical detection limits in all the analysed
inoceramids (Table I1).

Apart from the above geochemical contents, we have
found two slightly different geochemical patterns for the
three analysed inoceramid whole-shells, revealed by the
detection of major and trace elements, such as Al,O,, SiO,,
Hf, V and Nb, exclusively in Inoceramus sp. SM, with
respect to A. rabotensis Re-1T and F-71. Furthermore, the
YREE of the inoceramids (SM = 41 ppm; Re-1T = 23 ppm;
F-71 = 8 ppm) are also symptomatic. In spite of the very
low contents relative to the XREE host rock values (SM =
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Fig. 11. Graph showing the inoceramid shell (Ino) (Inoceramus sp.
SM and A. rabotensis Re-1T and F-71) REE signatures (see
Table 111 for values). Data represent inoceramid values relative
to that of their respective host rocks (Hr). The high Eu value
(6.6 ppm) from Re-1T (Hr) probably corresponds to an artefact.

1410 ppm; Re-1T = 161 ppm; F-71= 65 ppm) (Table I1I),
Inoceramus sp. SM clearly shows a differentiated REE
signature with respect to that of A. rabotensis Re-1T and
F-71 (Fig. 11).

Our geochemical study on inoceramid whole shells has
been complemented by comparing it with geochemical data
provided by low-latitude inoceramid whole-shells located in
different tectono-sedimentary domains of the Basque-
Cantabrian Basin (northern Spain). For this purpose, we
selected two pairs of inoceramid and host rock, with
extreme depleted and enriched oxygen isotope values, from
the uppermost Coniacian-lower Santonian Villamartin
(VILLA-10; 8%0 = -2.32%. PDB and VILLA-13; %0 =
-4.60%0 PDB) and Isla de Castro (CAS-32; 580 = -2.05%o
PDB and CAS-22; 80 = -4.51%. PDB) successions
(Jiménez-Berrocoso 2004). The comparison of these data
reveals two different geochemical patterns in the two
groups of inoceramid whole-shells (James Ross Basin vs
Basque-Cantabrian Basin), characterized, respectively, by
different major and trace elements in the two groups
(Fig. 10a—d).

Discussion
Textural features of diagenesis in A. rabotensis

Elorza et al. (2001) reported different degrees of diagenetic
modification in the Campanian inoceramids from the James
Ross Basin. Diagenesis was mainly detected by both the
depleted stable isotope values (8'*0 = -4.32 to -3.01%o
PDB) and the CL emission of the shells collected from the
Brandy Bay, Santa Marta and Redonda Point sections. In
the present work, we have confirmed that the prismatic
microstructure of Inoceramus sp. (earliest Campanian)
shows a bright reddish luminescence, indicative of a more
intense diagenetic alteration than A. rabotensis (Fig. 5a). In
addition, we have found that A. rabotensis (latest early
Campanian) has a yellowish luminescent emission near the
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boundary of both outer shell layer and inner shell layer, with
the central part of the shells almost completely non-
luminescent (Fig. 5b). Furthermore, the inter-prismatic
zones and dark growth lines are always luminescent in the
two geochemically analysed inoceramid species. These
facts are all indicative of an apparently selective diagenetic
modification in the shells, especially for A. rabotensis. In
this regard, diagenetic alteration in A. rabotensis was
principally restricted to the margin of the shells (outer shell
layer and inner shell layer) and to the inter-prismatic zones,
where the low-Mg calcite prismatic microstructure was just
in contact with diagenetic pore-fluids. Likewise, Elorza &
Garcia-Garmilla (1996, 1998) found similar selective
diagenetic alteration in some inoceramid shells from the
Santonian and Maastrichtian rocks of the Basque Arc
domain (northern Spain). A yellowish-red luminescence
characterized the outer shell layer-inner shell layer and
inter-prismatic zones of these shells, evidence of localized
geochemical replacement during burial diagenesis.

Taking into account the depleted oxygen isotope values of
A. rabotensis Re-1T and F-71, -4.09 and -4.32%. PDB
respectively (Elorza et al. 2001), the occurrence of a
presumably homogeneous intense diagenetic alteration
throughout the low-Mg calcite prismatic microstructure
would be expected. This is, however, in disagreement with
the above CL inferences of restricted diagenetic
modification in A. rabotensis. Apart from diagenesis that
possibly modified the primary isotopic composition of the
shells, other factors acting during the inoceramids’ lifespan
could have promoted originally depleted oxygen isotope
values (Elorza et al. 2001). Likely factors could include:

a) contrasting segregation of shell material during
warmer (laminae pellucidae) and colder (laminae
obscurae) periods (Harrington 1986, Clarke 1990),

b) shell growth in waters relatively enriched in %0 during
decomposition of volcaniclastic materials to smectite
and mixed-layer clays (Lawrence et al. 1979,
Whittaker et al. 1987, Pirrie & Marshall 1990a) and/or

c) a supply of continental fresh-water depleting surface
waters with respect to 8'80 in a semi-enclosed warm
depositional basin (Price & Sellwood 1997).

Geochemical features of diagenesis in A. rabotensis

Minor and trace element analyses along the transects of Re-
1T and F-71 further support the notion of limited diagenesis
in A. rabotensis. Minor and trace element intra-shell
variations indicate a strong relationship between the
geochemistry of the shells and their restricted luminescence
(Figs 6 & 7; Table 1). It is generally accepted that CL in
carbonates results from the content in activating cations
(e.g. Mn?"), counteracted by the existence of other
quenching elements such as Fe?* (Machel 1985, 2000).
These cations have long been used as diagenetic indicators
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due to their frequent increase with burial diagenesis (Brand
& Veizer 1980, Al-Asm & Veizer 1982, Brand & Morrison,
1987). Considering the most luminescent zones
differentiated in the low-Mg calcite  prismatic
microstructure of Re-1T (Zone 2 of Line 1 and Line 2) and
F-71 (Zone 1 of Line 1), we have found an expected Fe/Ca
and Mn/Ca increase (Fig. 8), evidence of cationic
substitution in such luminescent zones. Interestingly,
Mg/Ca ratios seem to be directly related to Fe/Ca and
Mn/Ca, since they (Mg/Ca) usually present higher values in
the same luminescent prismatic zones. This fact suggests
that Fe?*, Mn?* and Mg?* incorporation was controlled by
the same, either primary or diagenetic, factors. As
mentioned above, rather than being primary controlled,
enrichments in Fe?* and Mn?* are thought to be diagenetic
in origin and therefore Mg?* enrichment could be diagenetic
as well. Accordingly, diagenetic incorporation of Mg?* into
A. rabotensis could have been partially related to increased
levels of dissolved Mg? in pore-fluids, a likely
consequence of the decomposition of volcaniclastic
materials to Mg-rich clays [e.g. smectite, (Al, Mg) (OH),
Si,0,, Na (H,0),] during burial (Lawrence et al. 1979,
Whittaker et al. 1987, Pirrie & Marshall 1990a). In contrast,
however, previous studies on Basque-Cantabrian Basin
inoceramids detected high contents of original Mg*
incorporated in the shells (Gémez-Alday 2002, Gémez-
Alday & Elorza 2003, Jiménez-Berrocoso 2004, Jiménez-
Berrocoso et al. 2004). In this regard, we cannot discard the
notion that diagenetic enrichments of Mg?* in the
luminescent prismatic zones of A. rabotensis could have
been a secondary supplement to originally high contents of
Mg?* in the whole-shells. This hypothesis is further
supported by the occurrence of Mg?* as the minor and trace
element with the highest content in the studied shells
(Table 1), apart from Ca?*, which is evidence of a significant
concentration of Mg?* in the low-Mg calcite prisms prior to
diagenesis.

The intra-shell variations of other ratios, such as Sr/Ca
and Na/Ca, can also be correlated with the luminescent
behaviour of the shells (Figs 6 & 7; Table I). Higher mean
values of these cations in the less luminescent zones of Re-
1T (Zone 1 of Line 1 and Line 2) and F-71 (Zone 2 of Lines
1 and 2), especially for Na* (Fig. 8), indicate less effective
cationic exchanges with pore-fluids during burial.
Consequently, the less luminescent prismatic zones of
A. rabotensis shells are expected to have undergone weak
diagenetic modification and part of the original
geochemical intra-shell variations, particularly those for
Sr/Ca and Na/Ca, may preserve primary variation. As
regards Ba/Ca ratios, their detected ambiguous pattern,
without a clear connection with the luminescence of the
shells, also suggests partial preservation of the primary
intra-shell variations along the A. rabotensis sections.

The whole-shell geochemistry can provide important
clues as to the diagenetic alteration of the analysed
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inoceramids. Particularly indicative are the REE contents of
carbonate  materials  (McLennan  1989), because
diagenetically altered inorganic and biogenic materials
(carbonate and apatite) present increased levels of REE
(Wang et al. 1986, Banner et al. 1988, Qing & Mountjoy
1994) compared to those originally preserved (Saw &
Wasserburg 1985, Palmer 1985, Reynard et al. 1999,
Lécuyer et al. 2003, 2004). The analysed inoceramid whole-
shells (Re-1T, F-71 and SM) all show lower REE contents
than their host whole rocks (Fig. 11), the latter being the
main sources for REE during diagenesis (Banner et al.
1988, Grandjean & Albaréde 1989, McLennan 1989, Qing
& Mountjoy 1994, Haley et al. 2004). This fact indicates
that diagenetic incorporation of REE into the shells was not
so relevant as to significantly elevate their primary low
contents. In accordance with previous inferences from CL
and minor and trace element data, the REE results confirm a
weak diagenetic alteration in the shells, especially in
A. rabotensis Re-1T and F-71.

Considering the above interpretation, it is further
suggested that diagenetic modification in the whole-shells,
and thus their geochemistry (major, minor and trace
elements), was importantly influenced by the geochemical
nature of their host rock. The most relevant evidence of that
is found by comparing data from the James Ross Basin
shells with those from the Basque-Cantabrian Basin
inoceramids (Fig. 10a—d). Host rocks from the Brandy Bay
and Redonda Point sections (James Ross Basin) bear
important volcaniclastic components, which make them
quite different from the carbonate-rich facies rocks of the
Basque-Cantabrian Basin sections. The comparison of the
data indicates that most geochemical elements show a
similar pattern of variation for inoceramids from the same
basin, although this pattern is clearly different between
shells from different basins. A likely explanation for these
facts can be found in that the host rock was able to modify,
in a different way for each basin, the availability of cations
in  pore-fluids through the different diagenetic
transformations of their main components (e.g. volcanic
grains and clays).

Palaeoenvironmental stress in A. rabotensis low-Mg calcite
prismatic microstructure

It is well known that shell accretion in bivalve molluscs
takes place by adding shell material in periodic growth
increments. These increments are represented by alternating
light, inorganic-rich (laminae pellucidae) and dark, organic-
rich (laminae obscurae) growth lines, which reflect the
cyclic deposition/dissolution of varying amounts of CaCQO,,
controlled by the environment and the biological-clock
mechanism in the organism. Alternating light and dark
growth lines, representing continuous and cyclic increments
of still unknown periods, are clearly distinguishable in the
studied inoceramid shells  (Inoceramus sp. and
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A. rabotensis). However, only the A. rabotensis shell
microstructure (Re-1T and F-71) presents marked growth
breaks (Fig. 5d-f), interpreted by Elorza et al. (2001) as
reflecting conditions of strong palaeoenvironmental stress,
based on their analogy with the detailed information
provided by extant shallow-water bivalves (Kennish 1980).
Diagenetic modifications are unlikely to have caused such
microstructural features in the analysed A. rabotensis shells,
since CL and minor and trace element data, along with
whole-shell geochemistry, all indicate weak diagenesis.
Furthermore, the absence of neomorphism in the inner
aragonitic nacreous layer supports the notion that the
marked growth breaks are primary characteristics
(Fig. 4a-h). The observed reddish luminescence in this
layer, although somewhat indicative of diagenetic
alteration, does not imply that such alteration was so critical
as to produce the polymorphic transformation from
aragonite to calcite in the case of the aragonitic sublayers
(Fig. 5¢). Moreover, we consider the calcitic sublayers as
prevented from any type of recrystallization since they
exhibit good textural preservation, similar to that found in
the low-Mg calcite prisms. The most characteristic features
of growth breaks, mentioned by Elorza et al. (2001), in the
A. rabotensis shells are:

(a) Abrupt growth interruption of normal-sized calcitic
prisms (laminae pellucidae), marked by a thin, dark
organic-rich line (laminae obscurae) followed by renewed
growth of markedly smaller calcitic prisms (Fig. 5d). This
marked break is interpreted to be a result of substantial
cooling, temporarily interrupting normal shell growth,
reflected by the deposition of an organic-rich line.
Subsequently, the growth of initial small-sized calcitic
prisms, grading to normal size in the direction of shell
growth, would follow the gradual recovery of seawater
temperature.

The interruption of continuous shell growth by the abrupt
appearance of a dark, organic-rich line may be interpreted
following the ideas of Lutz & Rhoads (1977). The active
filtration of well-oxygenated waters results in the deposition
of CaCO,-rich material, along with diluted organic material
(laminae pellucidae), when the organism exhibits an
aerobic metabolism. As the dissolved oxygen concentration
falls in the internal microenvironment of a bivalve during
shell closure, anaerobic respiration results in a rise of acidic
end products (succinic acid; COOH-CH,-CH,-COOH) in
the extrapallial fluid. The acid build-up is neutralized by the
dissolution of shell CaCO,. This decalcification process
increases the ratio of acid-insoluble organic material to
CaCO, at the shell-mantle interface. Upon re-opening of the
valves, with the consequent continuation of aerobic
metabolism, deposition of CaCO, and organic material
within a region containing an abundance of insoluble
organic residue should result in a localized increase in the
ratio of organic material to CaCO,. The end product of this
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process is an organic-rich growth increment (laminae
obscurae). When a dark, organic-rich line (laminae
obscurae) of inoceramid shells did not mark the interruption
in the size of calcitic prisms, the situation is interpreted in
terms of normal seawater palaeotemperature changes,
presumably driven by cyclic seasonal processes. In that
case, it could be suggested that temperature drop was not so
intense as to produce a marked change in the calcitic prism
size after depositing the dark, organic-rich line.

(b) Abrupt growth interruption of normal-sized calcitic
prisms (laminae pellucidae), in the inner shell layer, caused
by thick, organic-rich lines (laminae obscurae) with
alternating dissolution surfaces (Fig. 5e). Under CL, a
delicate pattern of dozens of thin yellow organic-rich lines
alternating with red organic-poor lines is distinctly
observable (Re-1T). This finding is considered as indicative
of a continued trend of changes in the segregation of calcite
material by the organism, probably promoted by fall and
recovery temperatures with a strong seasonal stress in
bottom seawater. The alternating pattern and thickness of
these lines are in contrast with the general disposition of the
fewer dark lamina along both the outer shell layer and the
central part of the shell.

(c) Truncation of normal-sized calcitic prisms by a laminar,
glauconite-rich layer (Fig. 5f). This layer is irregular in
thickness, with a curved surface at the top, and finishes
laterally as a thin, organic-rich surface between calcitic
prisms. In the opinion of Elorza et al. (2001), this is an
anomalous microstructural modification of inoceramid
shells that is difficult to account for. Selective replacement
by glauconite is known in various types of organisms,
including inoceramid shells (Nockolds et al. 1979, Haggart
& Bustin 1999), but they always seem to be post-mortem
replacements. In our case, a coherent explanation for in-vivo
replacement could be an abrupt halt in normal prismatic
shell growth. The necessary ions for glauconite formation
would be expelled from underlying glauconite-rich pore-
fluids of sandy-silty sediments to the bottom seawater.

We have confirmed that the marked growth breaks in the
shell microstructure of A. rabotensis are restricted to the
specimens recorded in the stratigraphical levels just below
the earliest late Campanian disappearance event of the
James Ross Basin inoceramids. Therefore, the
microstructural growth breaks seem to mark a strong
change in the palaeoenvironmental conditions, preceding
and finally leading to the early disappearance of the group
in the James Ross Basin (Crame et al. 1996, Crame &
Luther 1997, Elorza et al. 2001).

Palaeoenvironmental insights from A. rabotensis inner
aragonitic nacreous layer

Two relevant features are symptomatic of the inner
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aragonitic nacreous layer in the inner shell layer of the
studied inoceramid shells. First, as described above, it is
formed of alternating aragonitic and calcitic thin sublayers
(Figs 4a—h, 5c). Second, it shows good textural preservation
in the analysed shells, highlighting its usefulness for
subsequent palaeoenvironmental interpretations based on
geochemical data. Thus, we suggest that the particular
alternation of aragonitic and calcitic sublayers in the
inoceramid shells could also be a likely product of
palaeoenvironmental stress.

A review of the literature on the inner aragonitic nacreous
layer of high latitude inoceramids indicates a nearly
complete aragonitic composition, with no evidence of
originally enclosing calcitic sublayers (Pirrie & Marshall
1990a, Crame & Luther 1997). In low-latitude shells,
however, most authors have found no evidence of the inner
aragonitic nacreous layer, either original or neomorphed
(Elorza & Garcia-Garmilla 1996, 1998, Elorza et al. 1997,
Gbémez-Alday & Elorza 2003, Gémez-Alday et al. 2004,
Jiménez-Berrocoso et al. 2004). Hence, a reasonable
explanation for the distinct occurrence of alternating
aragonitic and calcitic sublayers can be found in that
marked changes in the palaeoenvironmental conditions, just
prior to the early disappearance of inoceramids in
Antarctica (basal late Campanian), could also have made
A. rabotensis specimens unable to deposit the inner
aragonitic nacreous layer as a whole. In accordance with
this, we propose that the latest growth stages of
A. rabotensis shells underwent continuous changes in the
segregation of shell material, between calcite and aragonite,
probably encouraged by strong palaeoenvironmental
instability in the bottom seawater conditions. In our
opinion, it is still premature to hypothesize on the primary
palaeoenvironmental factor(s) (e.g. marked temperature
changes, food availability, scarcity of appropriate dissolved
ions in seawater) responsible for changes in the deposition
of the aragonitic and calcitic thin sublayers since we lack
other presumably important data (e.g. fine-resolution 3'%0
and 8%C sampling along the shell layering) that would
support any proposals.

Nonetheless, clear identification of the alternating
aragonitic and calcitic sublayers, by means of the minor and
trace element intra-shell variations, provides substantial
insights. Geochemical ratios from A. rabotensis F-71 show
higher Fe/Ca and Mn/Ca, together with Ba/Ca and Mg/Ca,
in calcitic sublayers (Zones 4, 6, 8 and 10 of F-71) than in
aragonitic ones (Zones 3, 5, 7 and 9) (Figs 7 & 9; Table ).
In turn, Sr/Ca and Na/Ca ratios increase in aragonite
material with respect to calcite. These findings indicate that
geochemical intra-shell variations along the inner aragonitic
nacreous layer apparently responded to the mineralogical
composition of the analysed sublayers, either aragonite or
calcite. This is rather intuitive, considering that the less
dense aragonite lattice usually bears higher concentrations
of larger cations (e.g. Sr?*, Na*) with respect to the denser
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lattice of calcite, in which smaller cations are frequently
found in higher amounts. In contrast, in the Basque-
Cantabrian Basin inoceramids, Gémez-Alday & Elorza
(2003) and Jiménez-Berrocoso et al. (2004) interpreted that
palaeoenvironmental factors (e.g. cyclic temperature and
food availability changes) were the main controls on the
geochemical intra-shell variations exclusively along the
low-Mg calcite prismatic microstructure. However, our data
suggest that the influence of palaeoenvironmental factors on
the geochemical intra-shell variations, along the inner
aragonitic nacreous layer, was subordinate to that caused by
original alternating mineralogical changes (aragonitic and
calcitic thin sublayers).

Early disappearance of Inoceramids in Antarctica and
aragonite-calcite isotopic palaeotemperatures

The early disappearance of inoceramids in Antarctica was
preceded or accompanied by major changes in composition,
diversity and biogeographical distribution of early
Campanian ammonite fauna from the James Ross Basin
(Olivero et al. 1999, Olivero & Medina 2000). These
relevant faunal changes were accompanied by the
exclusion, from southern high latitudes, of several mollusc
taxa that are known to have survived up to the Maastrichtian
in mid- to low-latitudes elsewhere in the world, including
several ammonite (Scaphitidae, Nostoceratidae, Baculitidae
and Phylloceratidae), belemnite (Belemnitidae) and bivalve
families (Inoceramidae and most of the Trigoniidae)
(Olivero 1992, Zinsmeister & Feldmann 1996) (Fig. 2). In
particular, Olivero & Medina (2000) found significant
changes in the diversity of ammonite fauna from the
Campanian—Maastrichtian sedimentary succession of the
James Ross Basin. Stratigraphically above a notable
regional Maastrichtian unconformity, the MG Sequence
(mid-Maastrichtian—Danian) is dominated by the ammonite
genera Maorites and Grossouvrites (Fig. 2), which
characterize a marked reduction in the diversity of the
molluscan fauna. These diversity patterns are consistent
with similar trends observed from microfossils (e.g.
planktonic foraminifers) (Huber & Watkins 1992), which
could all reflect major palaeoenvironmental controls
associated with the marked long-term Campanian-
Maastrichtian cooling of southern high latitude oceanic
waters (Huber 1998, Huber et al. 2002).

On the whole, it is accepted that the particularly adverse
conditions preceding the early inoceramid disappearance in
the James Ross Basin (10 m.y. before the K/T boundary)
progressed slowly towards mid- to low-latitudes, possibly
conditioned by tectonic forcing such as the final breaching
of Walvis Ridge and Rio Grande Rise (Frank & Arthur
1999). Inoceramid disappearance in deep water
palacoenvironments of the Northern Hemisphere is
recorded during the mid-Maastrichtian, just 3.5 m.y. before
the K/T boundary in the Gubbio Basin (Italy) and 2.6 m.y.
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before the K/T in the Basque-Cantabrian Basin (Spain).
However, the above-described marked growth breaks,
reflecting conditions of palaeoenvironmental stress on
A. rabotensis shells (Fig. 5d-f), were not recognized in the
inoceramid species of the Basque-Cantabrian Basin (Elorza
& Garcia-Garmilla 1998). Yet, recent findings have pointed
out that the extreme thinness of the inoceramid shells, just
prior to their final extinction event in the Basque-
Cantabrian Basin, could be one of the causes for not
recognizing possible microstructural growth anomalies in
the low-Mg calcite prisms (Gomez-Alday 2002, Goémez-
Alday et al. 2004).

The evolution of the giant size in A. rabotensis
inoceramid shells was interpreted by Crame & Luther
(1997) as a primary antipredatory device. The same authors
indicated, however, that just as large predators (e.g. fish and
reptiles) were increasingly radiating in the latest
Cretaceous, seawater temperatures were falling, thus
making the secretion of such a large calcitic shell
physiologically impractical. Crame et al. (1996) indicated a
temperature drop of about 5°C for bottom seawater in
southern high latitudes, from the mid Campanian through
the late Maastrichtian. Subsequently, Crame & Luther
(1997) stated that this temperature drop could be one of the
major factors explaining the afore-mentioned restriction of
inoceramids in mid- to low-latitudes, around the margins of
the Tethyan Province, during the latest Cretaceous.

Isotopic mean values obtained by Elorza et al. (2001)
from early Campanian belemnite calcite rostra of the N
Sequence (Brandy Bay section, §'80 = -0.94%o., n = 5; Santa
Marta section, 680 = -0.50%o, n = 21) were similar to those
previously reported by Pirrie & Marshall (1990a, 1990b),
Marshall et al. (1993), Ditchfield et al. (1994) and Crame
et al. (1996) from well-preserved high latitude macrofossils
(belemnites, ammonites, oysters and inoceramids).
However, Elorza et al. (2001, Fig. 3, Table 1) detected that
belemnite isotopic values were quite different for distinct
samples collected from the same stratigraphic level. The
estimated difference was more than 2%. PDB (8'80 =
0.94%0 to -1.1%0). Accordingly, these could not be
considered as absolute values, since §'80 palaeotemperature
calculations could have been overestimated by a significant
supply of fresh water in restricted palaeoenvironments, thus
modifying the normal seawater isotopic composition.
Despite a possible overestimation in palaeotemperature
values, via a surplus of fresh-water supply and diagenetic
alteration, there was certainly a marked drop in the seawater
palaeotemperature trend provided by belemnites from the
late early Campanian (15.8°C) to the mid-/late
Maastrichtian (12.5°C). This finding is consistent with the
detected, long-lasting climatic cooling for the latest
Cretaceous and also supports conditions of palaeo-
environmental stress on the studied A. rabotensis shells.

Especially significant is the alternative use given to
aragonite  and  calcite  material  for  isotopic
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palaeotemperature calculations from inoceramid shells.
Most authors have long focused on well-preserved calcitic
prisms to obtain feasible 80 values from Jurassic and
Cretaceous inoceramids (e.g. Schonfeld et al. 1991,
Ditchfield et al. 1994, Hilbrecht et al. 1996, Price &
Sellwood 1997, Zakharov et al. 1999, 2005, Fisher &
Arthur 2002, Gomez-Alday et al. 2004). In other cases,
however, the inner aragonitic nacreous layer was used for
isotopic analyses (e.g. Wright 1987, Whittaker et al. 1987,
Pirrie & Marshall 1990a). Nevertheless, the latter can be
even more problematic because the thermodynamic
instability of aragonite during diagenesis may produce
significant carbonate transformations affecting the original
isotopic values. Moreover, given the recognition of a
particular inner aragonitic nacreous layer in the studied
A. rabotensis shells, formed by alternating aragonitic and
calcitic thin sublayers (Figs 4a-h, 5c), it would be
appropriate to first accurately characterize the carbonate
material before analysing for isotopic palaeotemperatures.
Consequently, based on the results presented in this paper,
we recommend not only carrying out an exhaustive
examination for textural and geochemical diagenetic
features in the inoceramid carbonate material, but also
evaluating the possible mineralogical variability inside the
shells, especially in the inner aragonitic nacreous layer. The
latter is mostly relevant for selecting a suitable
palaeotemperature equation, because mixing carbonate
mineralogy can provide rather imprecise results.
Furthermore, we consider this work of high importance,
especially since new isotopic palaeotemperature data will
aid in unravelling the inoceramid bivalve demise from a
global perspective.

Several studies have indicated that the final inoceramid
biotic crisis lasted about 0.5 m.y. in low-latitudes. The
extinction interval does not seem to show any remarkable
lithological change, although it is significantly
characterized by rapid increases in burrowing organism
population, a negative excursion of 0.7%. in the 82C of
benthic foraminifers, major decreases in both bi-keeled
planktonic foraminifers and inoceramid prism abundance,
along with increased ventilation of bottom waters
(MacLeod 1994a, 1994b, Chauris et al. 1998, Frank &
Arthur 1999). Most authors have considered all these
factors as evidence of a substantial reorganization of deep-
ocean circulation towards cooler and less saline waters, with
increased dissolved O, levels in the deep-sea (MacLeod &
Huber 1996, MaclLeod et al. 1996). The progressive
ventilation of the deep-sea would have led to a decrease in
the flux of organic matter (Frank & Arthur 1999), which
may also have contributed to the extinction of inoceramid
organisms. Moreover, recent data on inoceramid species
distribution and stable isotope values from Sopelana
sections (Basque—Cantabrian Basin) have provided further
evidence of the modification of the marine thermocline and
the onset of climatic cooling close to the early/late
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Maastrichtian boundary as the main causes for the final
inoceramid extinction in the Northern Hemisphere (Gémez-
Alday et al. 2004). In the opinion of these authors, the
record of the boreal inoceramid Spyridoceramus tegulatus,
consistent with a positive §'0 excursion in the inoceramid
extinction interval, suggests the entry of deep, cool and
oxygenated waters arriving from the North Atlantic. In
deep-sea deposits from Tierra del Fuego, the inoceramid
group disappeared during the late Campanian to early
Maastrichtian, and the local extinction of the group was
accompanied by a marked increase in the degree of
bioturbation, which was also related to the incoming of
oxygenated bottom waters (Olivero et al. 2003, 2004). To
sum up, all these features make the diachronous
disappearance of inoceramid bivalves, observed first in the
basal late Campanian (James Ross Basin) and finishing
close to the early/late Maastrichtian boundary (Basque-
Cantabrian Basin), an event of attractive worldwide
attention, in which, however, much information remains to
be debated to completely understand it.

Conclusions

Varying degrees of diagenesis have been demonstrated in
Campanian inoceramids from the James Ross Basin
(Antarctica). The low-Mg calcite prismatic microstructure
of Inoceramus sp. (earliest Campanian) exhibits bright
reddish-yellow luminescence, indicative of significant
diagenetic modification. In contrast, luminescence in
A. rabotensis specimens (latest early Campanian) is mostly
localized both at the margin of the shells and the inter-
prismatic zones, which is evidence of diagenetic
modification restricted to the contact of the prismatic
microstructure with pore-fluids. Good textural preservation
of the original inner aragonitic nacreous layer in
A. rabotensis further indicates weak diagenetic alteration.
Newly obtained minor and trace element intra-shell
variations along A. rabotensis transects, with a
characteristic “saw-toothed” pattern, also support limited
diagenesis in these shells, since geochemical variations are
strongly related to their restricted luminescence.
Importantly, Fe/Ca, Mn/Ca and Mg/Ca mean values are
usually higher in the Iluminescent zones, reflecting
diagenetic enrichments during burial. It is not impossible,
however, that diagenetic incorporation of Mg?* into the
shells, possibly derived from decomposition of
volcaniclastic sediments to pore-fluids, could have been a
secondary supplement to already originally high Mg?*
levels in the shells. In turn, Sr/Ca and Na/Ca ratios mainly
present higher mean values in the less luminescent zones,
which is suggestive of limited diagenetic modification.
Therefore, part of the primary geochemical intra-shell
variations in such zones may have been preserved. The
unclear relationship of Ba/Ca ratios with the luminescence
of the shells also implies partial retention of the original
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intra-shell variations.

Particularly indicative of weak diagenesis are the REE
results provided, for the first time, from A. rabotensis
whole-shells. These inoceramid REE contents are
significantly lower than those from their host whole-rocks.
In view of that, it is suggested that diagenesis affecting the
whole-shell geochemistry (major, minor and trace elements)
was principally influenced by the geochemical nature of the
host rock, the latter modifying the availability of cations in
pore-fluids through the diagenetic transformations of their
main components.

As regards the inoceramid shell microstructure, only
A. rabotensis has been shown to exhibit marked growth
breaks. These breaks, interrupting the continuous and cyclic
shell growth of still unknown periods in inoceramids, have
been interpreted as reflecting conditions of strong
palaeoenvironmental stress, which could have finally led to
the early inoceramid disappearance in southern high
latitudes (10 m.y. before the K/T boundary in Antarctica).
As new evidence, we propose the possibility of the
characteristic alternating aragonitic and calcitic thin
sublayers, which form the inner aragonitic nacreous layer,
as being a response of inoceramids to severe changes in
palaeoenvironmental conditions. This is supported by the
exclusive occurrence of the particular inner aragonitic
nacreous layer in A. rabotensis. Finally, before analysing for
isotopic palaeotemperatures, we first recommend accurately
evaluating possible mineralogical variability within the
inoceramid shells, particularly in the case of the inner
aragonitic nacreous layer. This is especially important when
new isotopic data are proffered for deciphering inoceramid
extinction from a worldwide perspective.
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