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Abstract

Inoceramid bivalve shells from the mid-Maastrichtian beds of the Sopelana, Zumaya and Bidart sections in the Basgue
Country, were tested for their post-depositional diagenetic alteration. Petrography, cathodoluminescence (CL) and scanning
electron microscope (SEM) observations together with geochemical analyses, indicate that the coarsely prismatic calcite
of the shells from the Sopelana and Zumaya sections have undergone diagenetic alteration, without there being substantial
textural changes in the original prismatic microstructure. A generalized bright yellowish to red colour is seen in al the
samples observed by CL. The 380 values obtained from the shell prisms range from —2.94%o to —5.18%., with a mean
value of —3.6+ 0.5%o in the Sopelana section, whereas in the Zumaya section they range from —1.88%o to —4.71%o, with a
mean value of —3.2 4= 0.3%o. These values are clearly lower than those from the Bidart section (from —0.32%. to —1.48%;
mean value —0.7 £ 0.3%o). Other evidence of diagenetic alteration is inferred from both whole-shell geochemistry and
microprobe analysis. A complementary zonation in the distribution of ‘diagenetic tracers can be detected from the
inner shell layer (ISL) to the outer shell layer (OSL) of inoceramid shells, together with a rare earth element (REE)
enrichment in the shells which have lighter 30 values. In contrast, the inoceramid bivalve shells and their host-rock
from the Bidart section were less atered. The calculated mean palaeotemperature (15°C) and the value of 13°C estimated
from the non-luminescent middle shell layer seem to be consistent with palaeolatitudes about 30°N for deep marine
waters of mid-Maastrichtian time, as the last step of the long-term climatic cooling of the Late Cretaceous ‘ greenhouse’.
(0 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction nor and trace elements) of recent mollusk shells
and fossil shells have appeared in the literature.

Since the 1980's many papers on comparative The aim of the research by Morrison and Brand
geochemical studies (analyses of stable isotopes, mi- (1984, 1986, 1988); Brand (1986, 1987); Veizer et
a. (1986); Krantz et al. (1987); Brand and Morrison

* Corresponding author. Fax: 34 4 464 8500; E-mail: (1987); Barrera and Tevesz (1990) and Barrera et al.
nppelzaj @lg.ehu.es (1990), among others, was mainly to characterize the
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palaecenvironmental features at different latitudes
and sedimentary settings. Other objectives included:
the construction of behaviour models of oceanic wa-
ter columns based on the isotopic record (C, O, Sr,
Nd), the REE content and the elemental geochem-
istry of Cretaceous inoceramid and ammonite shells
from sediments from the Interior Seaway (Whittaker
et a., 1987; Whittaker and Kyser, 1993) and Antarc-
tica (Pirrie and Marshall, 19904). It is generally
assumed that the final composition of fossil shells
is determined by: (a) the physical /chemical environ-
ment in which the organism lived; (b) the biological
controls during skeletal growth; and (c) the subse-
quent diagenetic alteration undergone by the shell
(Dodd and Stanton, 1981).

Deep Sea Drilling Project (DSDP) results reved
that inoceramid bivalves lived in al of the world's
oceans at different depths (from shelfal to abyssa
pal acodepths), from tropical to austral pal aeolatitudes
in Late Cretaceous sediments (Saito and Van Donk,
1974; Saltzmanand Barron, 1982; Barron et al ., 1984;
MacLeod et a., 1996) and their frequency shows fluc-
tuations partly in response to changes in sea level.
Regressions and lowstands correspond to arisein the
total number of species (Voigt, 1995). Saltzman and
Barron (1982) and Barron et al. (1984) selectedinoce-
ramid shells apparently unaffected by diagenesis and
did not take into account the possible ‘vital effect’.
Oxygen isotopic analyses indicated that deep-water
pal aeotemperatures were significantly decreased dur-
ing the Coniacian, Campanian and particularly during
the Maastrichtian throughout the South Atlantic, Pa-
cificand Indian Oceans.

Inoceramids have aso been studied from a bios-
tratigraphic point of view and aso with regard
to their extinction pattern during the mid-Maas-
trichtian in the Basque Arc domain (Ward et a.,
1986; Ward, 1988; Wiedmann, 1988a,b; Ward et al.,
1991; MacL eod and Orr, 1993; MacL eod, 1994) and
in the Navarro—Cantabrian Trough (L6pez, 1992;
Lopez et a., 1992), both domains belonging to the
Basque—Cantabrian Basin, as defined by Feuillée and
Rat (1971). The decline of inoceramids in the K/T
stratigraphic record has also served to show gradual
changes in ecological conditions (MacL eod and Orr,
1993; MacL eod, 1994).

Furthermore, it is worth noting that several as-
pects of the diagenesis undergone by inoceramid

shells have been less studied, i.e. the attack paths
through which the alteration progressed, the role
of growth bands as geochemical controls of ater-
ation, the zones of the shell most susceptible to
diagenetic modification, and finally the geochemical
variations in the isotopic record, and in the con-
tent of minor and trace elements and REE's in the
shells. These and other aspects have been investi-
gated, in lower Santonian inoceramid shells of the
Basque Arc domain (Elorza and Garcia-Garmilla,
1996), which were clearly affected by buria diagen-
esis. In the present paper, we describe a comparative
study of inoceramid shells collected from the coastal
exposures in Sopelana, Zumaya and Bidart (Fig. 1).
Although inoceramid shells from each section ex-
perienced very similar environmental conditions and
have the same geological age (mid-Maastrichtian),
the CL and SEM observations, C and O isotope data,
inoceramid shell /whole-rock geochemical ratios and
electronic microprobe results lead us to think that
the diagenetic history was relatively similar in the
sections of Sopelana and Zumaya, but essentially
different in the Bidart section.

2. Geological setting

Hemipelagic carbonate-rich, Maastrichtian sedi-
ments of the Basque Arc domain are very well
exposed along the coast of the Bay of Biscay. For
this reason and because several sections preserve the
K/T boundary, these sediments have been the fo-
cus of considerable research. Rat (1959) contributed
to a better knowledge of the regiona geology of
the Basgue—Cantabrian Basin and pointed out some
complete sections of Maastrichtian sediments. Later
studies have described stratigraphy, sedimentology
and palaeogeography (Mathey, 1982, 1987, 1988),
biostratigraphy using foraminifera (von Hillebrandt,
1965; Lamolda et al., 1983), ammonoids and/or in-
oceramids (Ward et al., 1986; Wiedmann, 1988a,b;
Ward, 1988; Ward et al., 1991; Ward and Kennedy,
1993), and nannoplankton (Percival and Fischer,
1977; Burnett et al., 1992; Gorostidi, 1993). Sta-
ble isotope studies (Mount et al., 1986; Margolis et
al., 1987; Clauser, 1987, 1994; Nelson et a., 1991;
McArthur et al., 1992; Ward et a., 1992), mag-
netostratigraphy (Delacotte, 1982; Delacotte et .,
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Fig. 1. Geographic and geological location of the Sopelana, Zumaya and Bidart sections, belonging to the lower—mid-Maastrichtian (Bay

of Biscay).

1985; Mary et a., 1991), and studies about marly
limestone/marl cyclicity, as a response to variations
in siliciclastic inputs (Mount and Ward, 1986) have
been published.

Our work focuses on three well-known sec-
tions: Sopelana, Zumaya, and Bidart, which con-
tain seemingly well-preserved inoceramid shells.
The three sections exhibit an aternation of lay-
ered marl and marly-limestone, typically 20-30
cm thick (Figs. 2 and 3A, B), as well as occa
sional, thin distal turbiditic sandstones (specifically
in the Zumaya section). The sediments were de-
posited in a pel agic/hemipel agic environment which
persisted during the Maastrichtian (Mathey, 1982,
1987). Five lithostratigraphic members were recog-
nized by MacLeod and Ward (1990), which main-
tain the same lithologic aternations although with
different thicknesses in each section. Inoceramids
are most abundant in the so-called Member |, be-
longing to the Gansserina gansseri biozone and do
not reach the Abathomphalus mayaroensis biozone.
They eventually disappear in the upper part of Mem-
ber 11, coinciding with the nannofossil zone 24 to
25A, which is contemporaneous with the Anapachy-
discus fresvillensis ammonite zone, in magnetochron
31N (summarized by MacLeod and Orr, 1993). Six
different species of inoceramids have been identi-
fied (MacLeod and Ward, 1990; Ward et a., 1991;
MacL eod, 1994). Most inoceramid shells, sometimes

colonized by small oyster shells, appear complete
both in marly and marly-limestone sediments, but
they are particularly abundant at the top of the marly-
limestone horizons (Fig. 3C, D).

3. Analytical methods

A selection of 50 thin sections of inoceramid
samples were prepared for standard transmitted light
petrography, CL and carbonate staining with Alizarin
Red S and potassium ferricyanide (following Dick-
son, 1965). Fragments of inoceramid prismatic cal-
cite shell material were selected and examined under
SEM using a Jeol JSM-T6400 at the Universidad del
Pais Vasco.

All CL work employed a Technosyn Cold Cath-
ode Luminescence system, model 8200 Mk I,
mounted on an Olympus triocular research micro-
scope with a maximum magnification capability of
400x, utilizing universal stage objectives. Standard
operating conditions included an accel erating poten-
tial of 12 kV and a 0.5-0.6 mA beam current with a
beam diameter of approximately 5 mm.

The stable isotope values of 80/*0 and 3C/**C
from inoceramid shells and bulk-rock (marly-lime-
stones and marls), selected from the three sections,
were determined by using a VG SIRA-9 mass spec-
trometer at the Universidad de Barcelona and Uni-
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Fig. 2. Simplified and partia stratigraphic columns of the Sopelana, Zumaya and Bidart cliffs showing the different lithostratigraphic members (I-111), the planktonic foraminiferal
biozone (Globotruncana gansseri and Abathomphalus mayaroensis) and the location of inoceramid samples collected together with the host-rock (marl or marly-limestone) which
are described in the text. References: (1) MacLeod and Orr (1993); (2) MacLeod and Ward (1990).
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Fig. 3. (A) An outcrop of a marl/marly-limestone aternation containing the highest concentration of inoceramid shells in the Sopelana beach section (cliff height is 18 m). (B)
A detail of the previous photograph (m = marl, ml = marly-limestone). (C) Two different sections of inoceramid shells contained in marly-limestones. Both specimens exhibit
two complete but fractured valves, and the prismatic structure can be easily observed. S is a specimen from Sopelana and Z is from Zumaya. The lens cap is5 cm in diameter.

(D) Two amost complete inoceramid shells (sample BID-13) from Bidart. The lens cap is 5 cm in diameter.
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versidad de Salamanca (Spain). Extraction of CO,
from carbonates was carried out according to the
method described by McCrea (1950). The results are
expressed in § notation in %o, relative to the Pee
Dee Belemnite (PDB) standard: calcite palacotem-
perature values (in °C) were calculated by using the
equation of Craig (1965):

t = 16.9 — 4.2(8; — 8w) + 0.13(8¢ — 8w)?

where 8. is 8180 of CO, generated by reaction of the
carbonate with H3PO, at 25°C (PDB), and 8, is 20
of the water relative to standard mean ocean water
(SMOW). Reproducibility for both 880 and $°C
is better than 0.1%0.. A vaue of —1.0%c (SMOW)
was taken for non-glacial Cretaceous sea water as
assumed by Lowenstam (1964) and Carson (1987),
equivalent to —1.2%0 PDB for the above equation
(see Pirrieand Marshall, 19904).

The inoceramid shells and associated host rock
from each of the three sections which had the low-
est and highest 380 values, were examined for
their content of major, minor and trace elements (21
elementsin total) and of REEs (14 elements). Inoce-
ramid shells and bulk-rock samples were powdered
in a tungsten-carbide mill. Maor elements (wt%)
and Sc (ppm) were determined by inductively cou-
pled plasma (ICP) emission spectrometry. Samples
for trace element and REE analyses were fused with
ultrapure lithium metaborate flux, dissolved while
moltenin HNOs, and analyzed on aVG PlasmaQuad
PQ22, inductively coupled plasma source mass spec-
trometer (ICP-MS) at the Centre de Recherches
Pétrographiques et Géochimiques (Nancy, France),
following techniques described by Govindaraju and
Mevelle (1987). The detection limits are incorpo-
rated in Table 2.

In addition, thin sections of inoceramid shellsfrom
each of the Sopelana, Zumaya, and Bidart sections
were polished, to determine the Fe, Mn, Na, Sr, and
Mg contents, using an automatic Camebax micro-
probe at the Département des Sciences de la Terre
of the Université Blaise Pascal in Clermont-Ferrand
(France). Operating conditions were: 10 s counting
time, ca. 10 nA beam current and the primary beam
spot was focused to adiameter of ca. 2 wumwith 15kV
accelerating voltage. Calibration was against Bureau
de Recherches Géologiques et Miniéres (French Ge-
ological Survey) standard minerals, and a ZAF (cor-

rection program) was used (Henoc and Tong, 1978).
The chemical composition of inoceramid shells was
recal culated as mole percent of CaCO3, MgCO3 and
(Fe+ Mn)COg3 (Table 3).

4. Results
4.1. Petrography of inoceramid shells

We examined 50 thin sections of inoceramids
(cut from both complete shells and large shell frag-
ments (>200 mm), with thick and thin walls, and
some small adjoined specimens of oysters, found
in the marly and marly-limestone sediments of the
Sopelana, Zumaya and Bidart coastal exposures. In-
oceramid shell thickness ranged from 1 to 4 mm
(see Table 1). Under the microscope, the regular,
simple prismatic calcitic microstructure of the inoce-
ramid shells and the composite foliated and vesicular
microstructure of the oysters were apparent. Each
inoceramid prism corresponds to a single crystal and
is about 0.1 mm wide and from 1 mm to 3 mm
in length. Usualy, prism diameters and their polyg-
onal shapes appear rather uniform in sections cut
perpendicular to the prisms long axis, but prism
diameters decrease notably from the inner shell layer
(ISL) towards the outer part of the layer (OSL).
Growth lines occur and are visible perpendicular to
the prisms' long axes. The coarsest lines (0.2-0.5
mm spacing) are well preserved, whereas the finest
ones (0.01-0.02 mm spacing) are sometimesdifficult
to distinguish (Fig. 4A, C, E).

We have not observed the inner aragonitic nacre-
ous shell layer described by other authorsin different
areas (Wright, 1987; Whittaker et al., 1987; Pirrie
and Marshall, 1990a). The boundary between prisms
is clearly defined and well marked, and in some cases
is penetrated by replacive silica. The latter consists
of quartzine—lutecite spherules together with small
bands of the same composition covering the edges of
the shell fragments, in away similar to that observed
by Elorza and Garcia-Garmilla (1996) in the Barrika
section (lower Santonian) of the same Basque Arc
domain.

In these thin sections, the inoceramid prisms of
the shells collected from the Sopelana and Zumaya
sections show under CL a generaized bright yel-
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Table 1
Summary of isotopic data, thickness and estimated paleotemperatures for inoceramid shells, together with marl and marly-limestone
samples from the Sopelana, Zumaya and Bidart sections

Sample Mineral ogy Lithology host-rock Thickness shell (mm) $180%o (PDB) 313C%o0(PDB) t (°C)
SOPELANA SECTION

Inoceramid

MA-41 Cdcite Marly-limest. >2 —4.46 22 28.8
MA-39 Calcite Marly-limest. >2 —4.24 242 28.0
MA-35 Cdcite Marl >3 -3.98 1.98 27.2
MA-34 Calcite Marl >2 —3.42 167 253
MA-33 Cadcite Marl >4 -5.18 1.46 31.0
MA-31 Calcite Marly-limest. >2 —3.57 229 25.8
MA-30 Cdcite Marly-limest. >2 —4.05 1.83 27.4
MA-29 Cdcite Marly-limest. >25 —3.52 217 25.6
MA-28 Cdcite Marly-limest. >25 —-3.54 21 25.7
MA-26 Cdlcite Marly-limest. >2 —3.98 2.05 27.2
MA-25 Cadcite Marl >1 -3.25 1.74 24.7
MA-24 Calcite Marly-limest. >2 —3.53 1.88 25.6
MA-23 Cdcite Marly-limest. >15 -3.57 1.63 25.8
MA-21 Cadlcite Marly-limest. >2 -3.97 132 27.1
MA-20 Cdcite Marly-limest. >3 -3.52 2.18 25.6
MA-19 Cadlcite Marly-limest. >15 —-3.38 19 251
MA-18 Cdcite Marly-limest. >1 -3.45 2.06 25.4
MA-16' Calcite Marly-limest. >1 -3.21 187 24.5
MA-16 Cdcite Marly-limest. >1 -3.55 1.86 25.7
MA-14 Calcite Marly-limest. >2 -3.14 175 24.3
MA-12 Cadlcite Marl >3 -3.08 1.78 24.0
MA-11 Cadlcite Marl >15 —341. 1.39 252
MA-9 Cdcite Marly-limest. >2 -3.56 253 25.7
MA-7 Calcite Marly-limest. >15 -3.14 1.89 24.3
MA-7 Cdcite Marly-limest. >15 -3.62 1.89 259
MA-5 Calcite Marl >1 -3.13 2.08 24.2
MA-3 Cdcite Marly-limest. >3 -3.14 1.69 24.3
MA-2 Calcite Marly-limest. >1 —2.94 2.03 235
Mean value of inoceramids (n = 28) —3.6+0.5 1.94+0.3 25.8
Marls associated with inoceramids

MA-6 Marls -3.95 1.88

MA-13 Marls —3.98 1.83

MA-27 Marls —4.20 1.77

MA-37 Marls —4.23 173

MA-36 Marls -3.98 1.80

MA-38 Marls —4.27 177

Mean value of marls (n = 6) —-4.14+0.1 1.84+0.05
Marly-limestones associated with inoceramids

Ma4 Marly-limest. —451 1.88

MA-8 Marly-limest. —-4.30 1.83

MA-10 Marly-limest. —3.98 177

MA-10 Marly-limest. -3.96 1.86

MA-15 Marly-limest. —3.96 1.86

MA-22 Marly-limest. —-4.10 1.86

MA-32 Marly-limest. —4.09 1.92

MA-40 Marly-limest. —4.37 177

Mean value of marly-limestones (n = 8) —4.14+0.2 1.840.05

ZUMAYA SECTION

Inoceramids

ZU-15 Cadcite Marl >2 —-4.71 2.32 30.0

ZU-14 Calcite Marl >2 —4.01 2.28 217
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Table 1 (continued)

Sample Mineralogy Lithology host-rock Thickness shell (mm) 3180%o (PDB) 313C%o0(PDB) t (°C)
ZU-13 Calcite Marl >1 —1.88 217 19.7
ZU-10 Calcite Marly-limest. >2 -3.26 2.38 25.0
ZU-9 Calcite Marly-limest. >2 -281 2.26 233
ZU-8 Calcite Marl >1 -3.38 1.58 25.4
ZU-6 Calcite Marl >15 —-2.79 248 232
ZU-5 Calcite Marl >2 -3.26 1.92 25.0
ZU-4 Calcite Marl >15 -3.12 225 24.5
ZU-3 Calcite Marly-limest. >3 -3.01 2.59 24.1
ZU-2 Calcite Marly-limest. >1 —2.59 2.30 225
Mean value of inoceramids (n = 11) —3.2+0.7 2.2+0.3 24.6
Marls associated with inoceramids

ZU’-16 Marls -3.13 1.66

ZU-16 Marls -3.30 158

ZU-7 Marls -3.13 1.69

Mean value of marls (n = 3) —-3.2+0.1 1.6+0.1

Marly limestones associated with inoceramids

ZU-11 Marly-limest. —-3.49 171

ZU-1 Marly-limest. —3.56 1.65

Mean value of marly-limestones (n = 2) —3.540.05 1.74+0.04

BIDART SECTION

Inoceramids

Bid-18 Calcite Marly-limest. >15 -0.77 243 151
Bid-16 Calcite Marly-limest. >15 —0.86 1.74 155
Bid-13 Calcite Marly-limest. >3 —1.08 240 16.4
Bid-12 Calcite Marly-limest. >1 -0.74 1.82 14.9
Bid-10 Calcite Marly-limest. >1 —0.78 142 155
Bid-9 Calcite Marl >3 -0.70 1.79 15.1
Bid-7 Calcite Marly-limest. >15 —0.62 220 14.4
Bid-5 Calcite Marl >2 —0.65 214 145
Bid-4 Calcite Marly-limest. >2 —0.59 1.89 14.3
Bid-3 Calcite Marly-limest. >1 —0.63 2.30 145
Bid-2 Calcite Marly-limest. >1 —0.85 254 154
Bid-1 Calcite Marly-limest. >4 —0.38 2.01 134
Bid-1'(0SL) Calcite Marly-limest. >4 —0.36 1.38 133
Bid-1(MSL) Cadlcite Marly-limest. >4 -0.32 154 131
Bid-1'(1SL) Calcite Marly-limest. >4 —0.75 128 15.0
Bid-(-5) Cdlcite Marly-limest. >2 —1.48 247 18.1
Mean value of inoceramids (n = 16) —0.7+0.3 2.0+0.4 14.9
Marls associated with inoceramids

Bid-9" Marls —1.36 184

Bid-6 Marls —1.69 1.80

Bid-(-3) Marls —1.88 1.89

Bid-(-6) Marls —-2.15 247

Mean value of marls (n = 4) -1.8+0.3 2.00+0.3

Marly limestones associated with inoceramids

Bid-19 Marly-limest. -1.25 221

Bid-17 Marly-limest. —1.65 191

Bid-15 Marly-limest. -1.39 192

Bid-14 Marly-limest. —154 1.92

Bid-11 Marly-limest. —1.47 193

Bid-8 Marly-limest. —-2.20 1.98

Bid-(-4) Marly-limest. —-1.84 174

Mean value of marly-limestones (n = 7) —1.64+0.3 1.94+0.1
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Fig. 4. Photomicrographs of inoceramid shells. (A) Prismatic microstructure view from the outer shell layer (OSL) to inner shell layer
(IL) of a complete inoceramid shell section. Weak growth lines, indicated by arrowheads, can be seen. ZU-15; Zumaya section.
Photo width 2.6 mm. Plane-polarized light (PPL). (B) Cathodoluminescence (CL) image of (A), showing a homogeneous red—yellow
luminescence. Growth lines are barely visible (arrowheads) and the smaller prisms of the outer shell layer (OSL) in comparison to the
inner shell layer (ISL). (C) Prismatic microstructure of afractured inoceramid shell (I) showing growth lines (arrowheads), near the inner
shell layer (ISL). The micritic host-rock (HR) contains a globotruncanid section (G) infilled by sparry cement (sample BID-1; Bidart
section). Photo width 2.6 mm (PPL). (D) The same image under CL, with brighter luminescence at the shell’s edge. The CL colour
grades from bright yellow/orange to dull red/brown toward the middle shell layer (MSL) and finally becomes non-luminescent. The joint
lines between prisms (I) remain luminescent and it is interpreted to have functioned as paths for diagenetic fluids (see text). Both the
host rock (HR) and the globotruncanid shell (G) are dightly luminescent. The calcite cement infilling the chambers can be distinguished.
The fracture affecting the shell is clearly post-alteration (Bidart section). (E) An inoceramid shell showing a well-preserved prismatic
microstructure (1) and moderately well-preserved growth lines in the inner shell layer (ISL). The host rock (HR) contains a lot of isolated
prisms (P) and some foraminifera (BID-1, Bidart section). Photo width 2.6 mm (PPL). (F) CL image of photograph (A). Possible prior
compositional control could explain the CL intensity of the growth lines and the gradua colouration from yellow-to-red-to-black from
the inner shell layer (1SL) to the middle shell layer (MSL) (see text).
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Fig. 5. (A) A fractured inoceramid shell (1) contained in a micritic host rock (HR); the host contains isolated inoceramid prisms and foraminifera shells (indicated by white
arrowheads). The outer shell layer (OL) is recognized by its small and thin prism network. Photo width 3.9 mm (PPL) (Bidart section). (B) CL image of (A) showing bright
luminescence close to fracture planes with decreasing luminescence away from the fracture. The prism joints are luminescent as in previous examples The orientation of the
prisms is different in both parts, which suggests that in addition to a simple fracture, rotation has also occurred. The fracture was produced before diagenetic alteration.
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lowish to red colour (Fig. 4B). However, in samples
from the Bidart section, we observed brighter lu-
minescence towards the shell/host rock interface
and variable luminescence away from that region
(Fig. 4D, F). In the middle shell layer (MSL) very
thin brightly luminescent material occurs continu-
ously along the prism boundaries and as discon-
tinuous bands perpendicular and longitudinal to the
prisms (Fig. 4D, F and Fig. 5B). Finally, the wacke-
stone host-rock and the microfossils contained as

foraminifers are dully luminescent, whereas individ-
ual inoceramid prisms are more brightly luminescent
(Fig. 4D, F and Fig. 5B).

Under SEM, the calcite prismatic layers of the
shells collected from the Bidart section seem to
be well-preserved and without evidence of neomor-
phism (Fig. 6A). There is a clear reduction of prism
length and size of prisms from the inner shell layer
(ISL) to the outer shell layer (OSL) in longitudinal
section. The I1SL, perpendicular to the long axis of

20KV

ME UPV

Fig. 6. Scanning electron photomicrographs of a non-etched, inoceramid shell from the Bidart section (BID-133). (A) A complete
inoceramid section view from the inner shell layer (ISL) to the middie (MSL) and outer shell layers (OSL) showing that their calcitic
prisms are not internally homogeneous. The number of prisms increases towards the OSL and they diminish in size. (B) A view of
the ISL with characteristic polygonal, honeycomb morphology, illustrating the simple, prismatic calcite structure perpendicular to the
long axis of the prisms with well-defined boundaries. (C) A close-up view of the inner shell layer showing long substructures with
a well-oriented porosity, probably due to the disappearance of the organic matrix. (D) Details of the preceding photomicrograph. The
regular porosity is aimost free of diagenetic cement, such as calcite crystals due to minimum post-depositional alteration in this inner
shell layer.
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the prisms, is seen to consist of regular, smple pris-
matic calcite, with a polygonal honeycomb morphol -
ogy and well-defined surface boundaries (Fig. 6B).
The seemingly long granular substructure shows a
uniformly distributed porosity, with different orien-
tations among prisms (Fig. 6C). Under higher mag-
nification (x 4300) this regular porosity can be seen
to consist of ovoid pits, with very few calcite sheets
as cement (Fig. 6D). The almost complete absence
of calcite crystals as cement inside the pits could
be interpreted as evidence of non-intense, diagenetic
activity.

However, the microstructures observed in the ISL
and the OSL of the inoceramid shells from the
Sopelana and Zumaya sections are intensely modi-
fied. The polygonal honeycomb morphology of the
ISL ismaintained (Fig. 7A), with size and shape very
similar to the microstructure described before from
the Bidart section (Fig. 6A). Nevertheless, at higher
magnification, we can appreciate badly defined lim-
its among prisms and the absence of an uniformly
distributed porosity (Fig. 7C) and the incorporation
of substantial sheets of carbonate fill the ovoidal pits
(Fig. 7E). The OSL shows surface prisms which are
strongly diminished in size (Fig. 7B) (1/10 approx-
imately) in comparison with the polygonal honey-
comb morphology of the ISL (Fig. 7A). Evidence of
a homogenized process with loss of surface bound-
aries by cementation is apparent (Fig. 7D, F). The
diagenetic alteration undergone by these inoceramid
shellsis evident.

4.2. Oxygen and carbon isotopic data

The 380 and $°C values (in %o PDB) of 42
samples collected from the Sopelana section were
determined (28 inoceramid shells; 6 marls; 8 marly
limestones, see Table 1). The 3'80 values of the in-
oceramid shells vary from —5.18 to —2.94 and have

amean value of —3.6 + 0.5; 3'3C values range from
1.32 to 2.53 with a mean value of 1.9 + 0.3. The
8180 values of marl range from —4.27 to —3.95,
and have a mean value of —4.1 + 0.1; $'3C val-
ues of the marl range from 1.73 to 1.88, with a
mean of 1.8 + 0.05. The 820 values of the marly
limestone range from —4.51 to —3.89, with a mean
value of —4.1 + 0.2; 3'3C values of the marly lime-
stone range from 1.77 to 1.92, with a mean value
of 1.8 + 0.05. When 880 values are plotted against
the 813C values, the resulting dots (inside the area
X) lie outside the shaded LMC area (low magne-
sium calcite) (Fig. 8A). This rectangular shady field
defines the lower and higher limits (0.0 to —2.0%o
8180; 0.00 to 4.0%0 $3C%o) for calcium carbonate
precipitated in isotopic equilibrium with the ambient
seawater (Morrison and Brand, 1986). This indicates
that they have undergone a clear diagenetic effect.
Lithological types (marl and marly limestone) and
the isotopic values/shell thickness ratio do not seem
to be of significant importance in relation to the
diagenesis (Fig. 8B, C).

A total of 16 samples from the Zumaya section
were subject to §%0 and 8'3C isotopic analysis (11
inoceramid shells; 3 marls; 2 marly limestones, see
Table 1). The 580 values of inoceramid shells fluc-
tuate from —4.71 to —1.88 with a mean value of
—3.240.7; $*3C values range from 1.58 to 2.59 and
have a mean value of 2.2 + 0.3. The 380 values of
marl samples vary from —3.30 to —3.13; 3'3C val-
ues of marl range from 1.58 to 1.69. The 8180 values
of marly limestone vary from —4.56 to —3.49; §'3C
values of marly limestone range from 1.65 to 1.71.
The plotting of 3180 against *3C reveasthat all the
samples of inoceramid shells (with the exception of
ZU-13) lie outside the LMC stahility field (Fig. 8A),
thus suggesting diagenetic modification. Once again,
the lithology and isotopic values/shell thicknessratio
do not seem to be significant (Fig. 8B, C).

Fig. 7. Scanning electron photomicrographs of a non-etched inoceramid shell from the Sopelana section (MA-26). (A) A view of the
ISL with characteristic polygonal, honeycomb morphology, illustrating the smple, prismatic calcite structure smilar to Fig. 6B, but with
evidence of a modified and compacted surface. Notice that the honeycomb boundaries are less well defined than in Fig. 6B. (B) View
of the OSL, with the size of prisms clearly diminished. The prisms seem to be well cemented together. (C) View of a prism of (A).
Note the different aspect in relation to Fig. 6B. (D) Part of (B), with several prisms interconnected by cement (C). Note that (A) and (B)
have the same scale; the same for (C) and (D). (E) Detail of (C) showing the long substructures, similar to Fig. 6D, but progressively
obliterated. The porosity, generated by the disappearance of organic proteinaceous sheaths is infilled by calcitic cement (C). (F) Detail of

(D) showing three individual prisms with evidence of cementation (C).
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Fig. 8. (A) Carbon and oxygen isotope values from inoceramid shells from the sections Sopelana (28 samples), Zumaya (11 samples)
and Bidart (16 samples). Two groups of dots can be seen: the group labelled X corresponds to the Sopelana and Zumaya specimens
which are interpreted to have been affected by diagenesis; in the Bidart group (Y), the dots lie inside the LMC stability field for cacite
precipitated in equilibrium with sea-water (Morrison and Brand, 1986). (B) The same trend is observed for marl and marly-limestone
samples from Sopelana (6 and 8 samples, respectively), Zumaya (2 and 2) and Bidart (4 and 7). (C) Thickness of inoceramid shells with
respect to the oxygen isotope value. No apparent trend is evident. Open symbols indicate inoceramids included in marly-limestone; solid
symbols indicate inoceramids included in marl as host-rock.
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Twenty-seven samples from the Bidart section
were analyzed for 380 and 3'3C isotopic values
(sixteen inoceramid shells, four marls, seven marly
limestones, see Table 1). 8'80 values of shells range
from —1.48 to —0.32 with a mean value of —0.7 +
0.3; $13C values oscillate from 1.28 to 2.54 with a
mean of 2.0+ 0.4. §80 values of marl fluctuate from
—2.15 to —1.36 with a mean of —1.8 £ 0.3; §°C
values of the same samples range from 1.80 to 2.09
with a mean value of 1.9 & 0.1. The §*¥0 values of
marly limestone vary from —2.20 to —1.25, with a
mean value of —1.6 + 0.3; 313C values of the same
samples are from 1.74 to 2.21 and have a mean of
1.9 + 0.1. Unlike the inoceramid samples from the
former sections, the plot of 380/8'3C shows that all
data plot within the LMC stability field (Fig. 8A).
This suggests that less diagenetic alteration occurred
a Bidart in comparison to both the Zumaya or
Sopelana sections, since diagenesis is supposed to
deplete §80 values.

With a stainless-steel dental pick, three isotopic
analyses were performed across one sample shell
(Bid-1'). The diameter of each sampled spot was
~0.5 mm. The lightest oxygen values were recorded
from the outer shell layer (Bid-1'OSL, —0.36%0
PDB) and the inner shell layer (Bid-11SL, —0.75%o
PDB), whereas the heaviest value was at the middle
shell layer (Bid-1'MSL, —0.32%. PDB) (Table 1).

In relation to the carbonate host-rock, with the ex-
ception of two samples (marl and marly-limestone),
al the dots lie inside the LMC stability field. Once
again, lithology and isotopic values/shell thickness
ratios do not seem to play a significant role in the
general diagenetic process (Fig. 8B, C).

4.3. Whole rock geochemistry

The occurrence of diagenetic ateration of inoce-
ramid shells is also indicated by the depletion and
enrichment of elements. We compared the concen-
trations of elements in: (1) the isotopically lightest
inoceramid samples, and (2) the heaviest inoceramid
samples. These values were related to the mean value
of the whole host-rock (marl or marly-limestone)
bearing the shells.

Two marl/marly-limestone samples (MA-37,
8180%0 = —4.23%0; MA-4, 380% = —4.51%0)
and two inoceramid shell samples (MA-33, 380

= —5.18%0; MA-2, §80%0 = —2.94%0), from the
Sopelana section, which are representative of sam-
ples with light and heavy isotopic values, respec-
tively (Table 2) were analyzed by ICP and ICP-MS.
Twenty one elements (major, minor and trace) and
fourteen REE's were detected. We aso established
the ratio between the geochemical values of inoce-
ramid shell and marl/marly limestone considering
the value of thelatter as 1 (Fig. 9A).

The marl sample (ZU-16, 880% = —3.30%o)
and two inoceramid shell samples (ZU-15, $%0 =
—4.71%o0; ZU-13, 3'80%0 = —1.88%0) from the Zu-
maya section were analyzed following the same pro-
cedureasthat used in Sopelana. Thesetwoinoceramid
samples have the lightest and heaviest isotopic values
(Table 2). The ratio between geochemical values of
inoceramid samples and marl (ZU-16 sample) was
also established considering the value of the latter as
1(Fig. 9B).

The marly limestone sample BID-14 and two
samples of inoceramid shells (BID-(-5); 880%0 =
—1.48%0 and BID-1; 3'80%0 = —0.38%0) from the
Bidart section were analyzed by using a procedure
similar to that employed in the former sections.
These samples were selected since BID-(-5) has the
lightest isotopic values, whereas BID-1 has the heav-
iest value (Table 2). The ratio between geochemical
values of inoceramid shells and marly limestone was
also established, considering the value of the latter
as1 (Fig. 9C).

4.4. Inoceramid shell chemistry by electronic
microprobe

A total of 50 analyses were performed on samples
from the Sopelana section to determine the Fe, Mn,
Na, Sr and Mg contentsin five different zones across
the shell: (1) the outer shell layer (OSL); (2) the mid-
die outer; (3) the middle shell layer (MSL); (4) the
middle inner; and (5) the inner shell layer (ISL). Ina
similar manner, we carried out 55 analyses on samples
from the Zumaya section and 55 analyses on samples
from the Bidart section (Table 3 and Fig. 10). The
Na content varies depending on the bands; it is low
in the Sopelana and Zumaya samples, but may reach
1500 ppm in the first band and go down to 883 ppm
in the fifth band. Sr maintains constant values in the
Sopelana samples, but the Sr content increasesin the
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Summary of the geochemical analyses of magjor, minor, traces and REE's elements for inoceramid shells (most and least diagenetically
altered), marl or marly-limestones from the Sopelana, Zumaya and Bidart sections (detection limits are included together with the

elements in wt% or in ppm)

Sections: Sopelana section Zumaya section Bidart section

Sample: MA-37 MA-4 MA-33 MA-2 ZU-16  ZU-13 ZU-15 BID-14 BID-(-5) BID-1
Rock/Fossil: Marl Marly-lim.  Inoc. Inoc. Marl Inoc. Inoc. Marly-lim.  Inoc. Inoc.
5180 —423 —-451 -5.18 —294 -33 —1.88 —4.71 —154 —1.48 —0.38
NaO (0.05%) 0.53 0.37 0.08 0.09 0.69 0.05 0.11 0.29 0.21 0.04
Rb (0.50 ppm) 88.6 56.9 6.2 383 112 0.58 2.55 76.6 452 0.73
Ca0 (0.05%) 3143  40.16 50.76 52.93 28.7 51.22 48.25 37.08 50.76 51.16
Ba(0.50 ppm) 207 137 19.7 141 233 91.8 85.7 147 14 5.96
Sr (200 ppm) 836 900 880 1,264 950 1,338 1,370 804 1,048 1,131

V (2.00 ppm) 61.1 409 477 4.73 75.2 2.28 4.09 54.1 8.77 2.03
Nb (0.50 ppm) 7.24 4.19 0.31 0.3 7.84 0.08 0.36 5.38 0.42 0.12
Zr (2.00 ppm) 90.7 437 5.45 7.14 75.6 1.26 23 48.7 391 7.34
MgO (0.05%) 0.81 0.62 0.68 0.7 1.06 0.65 0.64 0.75 0.79 1.06
Fe,O3 (0.10%) 219 1.56 0.37 0.29 318 0.36 0.74 2.16 0.34 0.15
MnO (0.01%) 0.04 0.07 0.06 0.08 0.04 0.07 0.05 0.06 0.1 0

Cr (1.00 ppm) 43 28.8 492 5.02 52.8 355 341 36.7 5.92 251
Co (1.00 ppm) 111 139 171 1.87 8.27 0.7 0.73 15.2 18 0.42
Cu (1.00 ppm) 15.8 12.8 13.2 117 194 7.25 405 122 47.2 79.9
Ni (1.00 ppm) 254 175 9.54 176 30.5 18 14.2 233 101 132
Zn (2.00 ppm) 704 304 129 151 58.3 7.89 8.72 423 14 9.98
P,0s (0.05%) 0.16 0.06 0.02 0 0.06 0.02 0 0.07 0.02 0
Al;03 (0.10%) 8.15 5.44 0.51 0.33 9.72 0.08 0.54 7.1 0.42 0.07
SO, (0.20%) 26.11 16.58 14 0.94 28.21 0.28 146 17.85 1.04 0.18
Y (0.10 ppm) 12.8 114 437 537 16.9 342 13.2 119 3.61 184
La (0.10 ppm) 17.63 12.45 3.66 4.43 2214 2.23 6.54 145 32 1.308
Ce (0.10 ppm) 30.99 21.71 5.27 5101 4164 3.06 16.37 25.36 4 1.195
Pr (0.03 ppm) 3.83 281 0.74 0.773 5.01 0.48 1.86 313 0.62 0.22
Nd (0.10 ppm) 15.39 11.01 3.19 3.063 1941 1.85 8.26 12.16 251 0.88
Sm (0.10 ppm) 3.09 232 0.67 0.569 3.88 04 2.06 227 0.5 0.133
Eu (0.01 ppm) 0.57 0.46 0.17 0.155 0.85 0.1 0.435 0.44 0.13 0.045
Gd (0.10 ppm) 2.38 187 0.55 0.692 342 0.38 1.957 2.08 0.46 0.198
Tb (0.03 ppm) 0.36 0.29 0.09 0.096 0.51 0.07 0.318 0.31 0.07 0.03
Dy (0.10 ppm) 22 1.75 0.61 0.609 293 0.41 1.876 171 0.46 0.168
Ho (0.03 ppm) 0.47 0.37 0.14 0.146 0.67 0.11 0.474 0.4 0.1 0.045
Er (0.10 ppm) 12 0.94 0.34 0.347 1573 0.23 1.233 1.03 0.28 0.12
Tm (0.03 ppm) 0.17 0.12 0.05 0.066 0.254 0.03 0.189 0.15 0.05 0.018
Yb (0.10 ppm) 122 0.84 0.41 0.406 17 0.24 132 11 0.31 0.111
Lu (0.01 ppm) 0.19 0.13 0.05 0.061 0.241 0.04 0.177 0.17 0.05 0.019
Sc (ppm) 113 10.3 6.6 6.4 111 41 9.1 111 74 4

2nd, 3rd and 4th bands of the Zumaya samples. The
Sr content in the Bidart samples ranges from 1015
ppm (1st band) to 2500 ppm (5th band). The Mg con-
tent tends to diminish from the external to the internal
shell bands in the samples taken from Sopelana. The
Mg evolution in the Zumaya samples is uncertain,
whereas in the Bidart specimens the Mg content is
higher in the 3rd and 4th bands. The chemical com-

position of inoceramid shellsin mole percent (CaCOs
mol% + MgCOz; mol% + (Fe + Mn)COs; mol%)
shows that all the samples are composed of low-mag-
nesium calcite (LMC with <4 mol% MgCQOs), with
mean values ranging from 1.4 to 2.9 mol% MgCOs.
Only the second band in the Sopelana samples has a
higher value (4.3 mol% MgCQOs;), without any clear
reason being evident (Table 3).
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5. Discussion
5.1. Diagenetic evidence

Cathodoluminescence reveals severa patterns in-
dicative of diagenetic alteration. On the one hand,
inoceramid shells from the Sopelana and Zumaya
sections show very homogeneous red to yellow-
ish colours, the latter occurring in the most altered
zones. The paths for diagenetic fluids are almost
completely obliterated (Fig. 4A, B).
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However, the diagenetic process preserved the bi-
ological growth lines, which appear homogeneous
and sometimes recognizable under CL as an aterna-
tion of luminescent and non-luminescent bands. As
early as 1979, Ragland et al. (1979) detected diage-
netic changes before recrystallization and significant
variations in the Mg, Sr, Mn, Na and K contents of
unrecrystallized gastropod and bivalve shells from
the Late Cretaceous to Holocene, in several areas on
the southeastern U.S. Atlantic Continental Shelf. A
similar type of diagenesis may have affected the in-
oceramid shells from the Bidart section. The wacke-
stone host-rock is poorly luminescent, probably due
to its MnO content (0.04—0.07%), which in turn is
very similar to that of the inoceramid shell (0.06—
0.08%) as observed in the Sopelana and Zumaya
sections. Stronger variations between the host-rock
(0.06%) and inoceramid shell (0.1 to 0%) occurred
in the Bidart section (Table 2).

On the other hand, samples from the less-dia-
genetized Bidart section provide clearer evidence of
diagenetic advance mechanisms:

(a) The OSL is yellow, whereas the MSL shows
awell-preserved prism arrangement yielding a zona-
tion from red to non-luminescent just at the middle
zone (Fig. 4C, D).

(b) The diagenetic fluid advance lines are red-
luminescent and, with the exception of fractures,
fully coincide with the thin boundaries between non-

Fig. 9. Analytical results of the most and the least diagenetically
altered (as defined by 3'80) inoceramid shells versus the whole
rock (marl or marly-limestone). (A) Inoceramid shells (MA-33;
8180 = —5.18%0 PDB) and (MA-2; 380 = —2.94%. PDB)
versus the whole rock (MA-37; 880 = —4.23% PDB) and
(MA-4; 380 = —4.51%0 PDB), in the Sopelana section. (B)
The same relation applied to the inoceramid shells from the
Zumaya section (ZU-15; 8180 = —4.71%. PDB) and (ZU-13;
3180 = —1.88%0PDB) versus the whole rock (ZU-16; 5180 =
—3.30% PDB). (C) The same relation in the Bidart section
inoceramid shells (BID-(-5), $80 = —1.48% PDB; BID-1,
8180 = —0.38%0 PDB) and their corresponding marly-limestone
(BID-14; 3180 = —1.54%. PDB). The REE relations are very
sensitive to diagenesis, and those of the most diagenetized shells
are close to those of the host rock, as can be seen in the Zumaya
and Bidart sections. In the Sopelana section, a contrary trend is
observed, which can be explained in terms of the different wealth
and mobility of REEs inside marl or marly-limestone deposits.
Ino/marl = inoceramid value/marl value.



Table 3

Summary of geochemical mean values for inoceramid shells (1st to 5th band) in ppm and mol% of the Sopelana, Zumaya and Bidart sections

Inoceramid shell, 1st band

Inoceramid shell, 2nd band

Inoceramid shell, 3rd band

Inoceramid shell, 4th band

Inoceramid shell, 5th band

Sections Sopelana Zumaya Bidart Sopelana Zumaya Bidart Sopelana Zumaya Bidart Sopelana Zumaya Bidat Sopelana Zumaya Bidart
Mean values n=10 n=11 n=11 n=10 n=11 n=11 n=10 n=11 n=11 n=10 n=11 n=11 n=10 n=11 n=11
Sr (ppm) 693 998 1015 837 827 1115 786 1226 1553 879 2001 2345 1049 987 2498
Fe (ppm) 3692 3709 2502 801 2173 2954 1609 2256 1844 1803 1803 551 3234 3985 1449
Mn (ppm) 1510 1006 1169 364 693 1119 287 645 366 651 713 225 1317 998 1197
Mg (ppm) 6818 3481 5017 10920 4272 4178 5676 4005 6229 5441 4911 6887 3474 4506 5001
Na (ppm) 267 257 1409 682 117 1180 437 349 1065 111 292 1119 556 387 883
CaCO3; mol% 96.5 97.8 97.2 95.5 97.8 97.6 97.4 97.9 97 97.5 97.5 97 97.8 97.3 97.4
MgCO3 mol% 2.6 1.4 21 4.3 1.7 1.7 2.3 16 2.6 2.1 2 2.9 1.4 18 21
Sid.% + Rod.% 0.9 0.8 0.7 0.2 0.5 0.7 0.3 0.5 0.4 04 0.5 0.1 0.8 0.9 0.5

The shell mineralogy is clearly low-magnesium calcite (LMC <4 mol% MgCOs).
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Fig. 10. Fe, Mn, Na, Sr and Mg values in ppm were analyzed across five bands (from OSL to ISL) of inoceramid shells from the
Sopelana, Zumaya and Bidart sections. The Fe and Mn are lowest closest to the central area, while the Na and Mg fluctuate and do not
show a clear trend. Sr content has its maximum value in the 5th band of samples from the least diagenetically altered area of the Bidart

section.

disintegrated prisms. Such boundaries could have
harboured alarge proteic content (Fig. 4D).

(c) The natural growth lines of the shells con-
trolled the advance of diagenetic fluids and some-
times acted as chemical barriers (Fig. 4E, F).
An alternation of red—yellowish—-black luminescent
colours appears along the growth lines. This observa-

tion can be interpreted in two ways:. (1) colour zon-
ing could reflect compositional differences caused
by original biological growth, without an important
cationic modification by diagenesis; or (2) colour
zoning could reflect diagenetic alteration focused
aong growth lines (Fig. 4E, F). In our opinion, the
second explanation is favoured, since the pattern is
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best observed near the interface with the carbonate
host-rock. Away from this contact, growth lines are
visible in plain light but not CL. Luminescent alter-
nation only appears in the outer or inner parts of the
shell, but not in the middle in which the growth lines
are non-luminescent or weakly red luminescent, as
can be observed in Fig. 4B.

(d) The isolated prisms detached from the shell
and surrounded by sediment exhibit a luminescent
yellow colour. These isolated prisms could be more
easily altered than intact shell (Fig. 4F).

(e) Since luminescent joints between prisms are
broken, we believe that fracturing and packing of
shells occurred after early diagenesis (Fig. 4D). Ma-
jor fractures seem to have formed prior to diagenetic
alteration and may have functioned as paths for dia-
genetic fluids (Fig. 5A, B) since shell material near
these breaks luminesce brightly. Nevertheless other
fractures (Fig. 4D), cut luminescent bands and seem
to post-date alteration.

These peculiarities observed using CL are con-
firmed under SEM. In the inoceramid shell samples
of the Bidart section, the ISL has a well-devel oped,
polygonal honeycomb morphology with a uniformly
distributed porosity and cementation is almost ab-
sence (Fig. 6). The ovoidal pits may originate from
the breakdown of organic matrix. The admittedly
high concentration of proteic matrix interspersed
among the mineral structure could endow the inoce-
ramid shells with a degree of flexibility necessary
in deep waters. On the contrary, the OSL and ISL
of the inoceramid shell samples from the Zumaya
section present a diagenetically altered morphology
with the original microstructure substantially mod-
ified by an intense cementation process described
above (Fig. 7).

With regard to the Sopelana and Zumaya se-
ries, the mean oxygen isotopic values of inoce-
ramid shellsare clearly lighter (—3.6 %o in Sopelana,
—3.2%0 PDB in Zumaya) than those found at Bidart
(—0.72%0. PDB). The same tendency is observed for
the mean values of marls (—4.1%. PDB in Sopelana,
—3.2%0 in Zumaya, —1.8%0 in Bidart) and marly
limestones (—4.1%o0, —3.5%0 and —1.6%. PDB, re-
spectively) (Fig. 8A, B). For this reason, inoce-
ramid shells, marls and marly limestones from the
Bidart section, which have the highest oxygen iso-
topic values, are less affected by diagenesis and the

palaeotemperatures estimated from the inoceramid
shells of the Bidart section deposits can be consid-
ered as being most representative of the palaeoen-
vironmental conditions during the mid-Maastrichtian
at the Basque Arc. The pal aeotemperatures estimated
from the inoceramid shells of the Sopelana and Zu-
maya sections have been rejected.

Neverthel ess, the data which most clearly indicate
the post-depositional diagenetic evolution undergone
by the LMC prisms of the inoceramid samples from
the Sopelana, Zumaya and Bidart sections is the
content of minor and trace elements and REE's in
the whole-rock and inoceramid shells, together with
the Sr, Mg, Na, Fe, and Mn values measured across
the five bands of the shells (Fig. 9A, B, C, Table 2).

The inoceramid shell /host rock (IS/HR) ratios
for minor and trace elements and REE's are quite
significant. In the Zumaya and Bidart sections, the
IS/HR ratio for minor and trace elements and REE’s
tends to be close to unity. The closer to 1 the IS/HR
ratio is, the higher the diagenetic degree becomes.
As shown in Fig. 9B and C, the IS/HR ratio of
samples ZU-15/2U16 and BID(-5)/BID-14, which
are the most atered diageneticaly, are closer to
1, unlike the least diageneticaly atered samples
ZU-13/ZU-16 and BID-1/BID-14. The REE values
better indicate this trend in spite of their low ppm
values. This same tendency (IS/HR) was observed in
different places from the Basque Arc, such asin the
Barrika section (Elorza and Garcia-Garmilla, 1996).

The Sopelana samples deserve some additional
comments. Contrary to what may be expected, the
IS/HR is far from 1 in the more diagenetically
altered materiad (MA-33/MA-37), in comparison
to the less diagenetically altered MA-2/MA-4, in
which the IS/HR is closer to 1 (Fig. 9A). We sug-
gest that despite the fact that shell MA-33 has light
isotopic values (3®0 = —5.18%. vs. PDB) and
the marl (MA-37) is enriched with potentialy in-
terchangeable elements, the mobilization of cations
that should have been absorbed by the shells was
inhibited since the permeability of the marl may
have been relatively low in comparison to that of the
marly limestone (MA-4). Analysis of additional sam-
ples from this area will facilitate our testing of this
hypothesis. This may explain why the inoceramid
shells contained in porous limestone host rocks are
enriched in elements of the latter, whereas the shells
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included in marls are poor in elements supplied from
the marly host rock.

The analyses of the shells across the five bands
under the electronic microprobe show a symptomatic
evolution in Fe and Mn with minimum values in the
central bands (Fig. 10), and indicate an important and
similar input in the outer and inner surfaces of the
shell, which is clearly diagenetic in the Sopelana and
Zumaya sections. Fe values of samples taken from
Bidart do not follow this trend, probably owing to a
lower degree of diagenesis. This can be explained by
the natural enrichment in Mg just at the inner part
(3th and 4th band) of the shell, an element which has
been replaced by cations such as Mn and Fe at the
edges.

As Fig. 10 and Table 3 show, the evolution of
cationic contents across the shell is, in genera,
gradual, with excursions due only to the biologi-
cal growth. Fe and Mn are more abundant just at the
shell edges. The higher the Na and Sr contents, the
lighter the diagenetic ateration. Finally, Mg seems
to be concentrated in the central part of the less
diagenetically altered shells.

5.2. Palaeoervironmental implications

The ‘vital effect’ typically gives rise to lighter
rather than heavier §!3C values with avariable intake
of isotopically light metabolic CO, into the skeletal
carbonate (Pirrie and Marshall, 1990a), whereas the
removal of CO, by photosynthesis causes heavier
carbon values in carbonates (Marshall, 1992). This
outwardly simple tendency could be modified by
the presence of symbiotic bacteria known to highly
fractionate carbon isotope values of the outer layer
during mollusc shell growth. Rio et a. (1992) con-
firm that the mean 3*3C values of present-day bivalve
shells living near the hydrothermal vent of the East
Pacific Rise or near oceanic cold seeps (Florida,
Louisiana, Oregon, Japan) are generaly different
from those of normal marine shells. If they live with
methane-oxidizing bacteria they are *C-depleted,
and when they contain sulphide-oxidizing bacteria
they can be *C-enriched.

The mean carbon isotope values are rather con-
stant across sample type at Bidart (2.0%. PDB in-
oceramid shells, 2.0%0 marls and 1.9%. marly-lime-
stones), which suggests the absence of a substantial

‘vital effect’ upon inoceramid shells. More disperse
values are observed in the Sopelana samples (1.9%o,
1.8%0 and 1.8%o, respectively), as well as in those
from Zumaya (2.2%o, 1.6%0 and 1.7%o, respectively).
The Zumaya mean value (2.2%o) differs from that of
Sopelana and Bidart owing to environmental factors,
such as a strong siliciclastic input, as mentioned in
Mount and Ward (1986).

When the equation of Craig (1965) is applied
to the Bidart oxygen isotope values, the mean
palaeotemperature obtained from inoceramid shells
is close to 15°C, with a minimum of 13.1°C and
a maximum of 18.1°C (Table 1). As has been
mentioned before, three isotopic analyses were per-
formed across the shell in one sample (Bid-1). The
lightest oxygen values were recorded from the outer
shell layer (Bid-1'0OSL)(—0.36%. PDB) and the in-
ner shell layer (Bid-1'ISL) (—0.75%. PDB), whereas
the heaviest value was at the middle shell layer
(Bid-1'MSL) (—0.32%0 PDB). The latter value sug-
gests a palaeotemperature of 13°C, perhaps relatively
close to that of marine bottom water, because the
internal part of the shell is non-luminescent and
presumably less diagenetically altered.

Clauser (1994) estimated for the Bidart section
24°C for the lower Campanian—|ower Maastrichtian
and 18°C for the upper Campanian and upper Maas-
trichtian at 30°N. These palaeotemperatures were
determined from 8'80%o(PDB) values of marls and
marly-limestones. The values of both lithologic types
are very similar (from —2.2%. PDB to —1.2%0) and
a mean value of —1.5%0 was obtained by Clauser
(op. cit.) in the zone running from the maximum
development of inoceramids up to their disappear-
ance (section 14, lithology 3). This author claimed
that the development of icecaps could have started
during Maastrichtian times at latitude 80°N and at
temperatures of 3°C and 1°C for the lower and up-
per Maastrichtian, respectively. We have measured
in the same zone mean values of —1.8%o and —1.6%o
PDB for marls and marly-limestones, respectively
(Table 1). Our results are dightly different from the
mean value of —1.5%. PDB obtained by Clauser
(1994), and are in our opinion undoubtedly indica-
tive of mixed planktonic and benthonic microfaunas,
together with a diagenetic cementation and tectonic
fabric, from which it is inadvisable to deduce an
oceanic water palaeotemperature.
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A general cooling trend is assumed in marine wa-
ters from the Cenomanian to the Maastrichtian (Bar-
reraet al., 1987; Pirrie and Marshall, 1990b; Barrera,
1994; Jenkyns et a., 1994; Ditchfield et al., 1994).
In northern Morocco, Lécuyer et al. (1993) based
on variations in §80%o values of well preserved
phosphatic teeth (shark and ray) recorded substantial
features about thermal variations within the water
column of the western Tethys. In this way, tropical
waters with a mean temperature of 27°C underwent
rapid cooling down to about 19°C in the early Maas-
trichtian, followed by a period of consistently low
temperatures. The faunas collected in Morocco cor-
respond to nektonic and benthic associations and
the calculated water depth did not exceed 200 m.
This mean value of about 19°C is consistent with
our lower palaeotemperature value of 13°C when the
higher latitude (30°N) assigned for the Bidart section
(Clauser, 1994).

From Cretaceous northwest European chalk shelf
deposits a cooling trend along the Upper Cretaceous
(Jenkyns et al., 1994) and a particular cooling from
the upper Campanian to lower Maastrichtian have
been detected (Schonfeld et al., 1991). In northern
Belgium, Elorza et a. (1997) deduced from less di-
agenetically altered belemnites mean pal aeotemper-
atures of 12.5°C for the late Campanian and 11.3°C
for the early Maastrichtian, whereas the temperature
values obtained from diagenetically altered inoce-
ramids (13.9°C and 24.1°C, respectively) cannot be
taken into consideration for palaeoenvironmental in-
terpretations.

Temperatures closer to 10-11°C were estimated
by Barrera and Huber (1990) for the early Maas-
trichtian, whereas during the late Maastrichtian, the
water temperature could have been close to 9°C in
the Maud Rise (South Atlantic region, ODP Sites
689 and 690 at latitude 65°S). These palaeotem-
peratures are based on the isotopic relations in
Gavelinella beccariiformis and indicate that bottom
waters (at a depth of about 1500 m) in the south-
ern South Atlantic were probably of an Antarctic
origin. On the other hand, Barrera et al. (1987) esti-
mated 5.5°C to 9°C for the Seymour Island (Antarctic
Peninsula) shelf bottom-water during the early Maas-
trichtian and 4° to 8.5°C for the late Maastrichtian.
Boersma (1984) calculated a temperature of 9°C for
intermediate waters in the Agulhas Plateau during

the latest Maastrichtian based on different analyses
on G. beccariiformis. Shackleton et a. (1984) in-
ferred temperatures from 6.5°C to 10°C for sites 525
and 527 in the South Atlantic, based on benthic data.

5.3. Inoceramid extinction

Except for the enigmatic Tenuipteria argentea
(Conrad) form which occurs at low abundances
throughout the upper Maastrichtian, it is admit-
ted, at least in the Basgue Cantabrian region, that
the bivalve family Inoceramidae declined gradually
in both abundance and species diversity over tens
of metres of stratigraphic section; the last species
disappeared between 2 and 2.5 m.y. before the
K/T boundary, just when the Gansserina gansseri
planktonic foraminiferal biozone vertically evolved
to the Abathomphalus mayaroensis zone (MacLeod
and Hoppe, 1992; Macl eod, 1994).

Different authors have proposed opposing ideasto
explain inoceramid extinction, particularly asregards
the temperature of oceanic waters. It has been sug-
gested that the pattern and timing of inoceramid ex-
tinction reflectsaworl dwi de phenomenon and may be
part of a mid-Maastrichtian event that was global in
extent (D’Hondt, 1983; Ward et al., 1991; MacL eod
and Hoppe, 1992; MacL eod, 1994). Another hypoth-
esis suggests that it was caused by warm episodic
eventsrelated to decreasing of upwelling currentsand
primary productivity. Thisissupported by synchronic
negative excursions of 380%. PDB and $*3C%. PDB
(up to 2%0 PDB units) such as those of the Zumaya
section, detected by Mount et al. (1986), just at the
moment when marls begin to dominate marly-lime-
stones. The oxygen isotope values obtained in Zu-
maya (Mount et a., 1986 and in this work) do not
represent absolute original palaeotemperatures, but
relative temperature changes since diagenesis com-
plicatestheinterpretation of isotopic variations. L ater,
Margolis et al. (1987), based on substantial isotopic
datafrom Upper Cretaceousand Lower Tertiary lime-
stones and marlstones from the Zumaya section, con-
sidered that the ammonite and inoceramid disappear-
ance coincides with two distinct episodes of negative
carbon isotope excursions, which may reflect local-
ized palaesoceanographic or ecological changes.

MacL eod (1994) and MacLeod et a. (1996) sug-
gested that the decline in inoceramid abundance
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corresponds to a major ecological event, which oc-
curred over a resolvable interval of geological time,
at different times, in different areas. Thus, an in-
put of oxygen-rich, deep Antarctic waters during the
Maastrichtian would have largely removed anoxic
soft-bottom conditions, with a decrease in temper-
ature. In fact, 80/0 data suggest that Antarc-
tic bottom waters were largely remobilized during
the Campanian/Maastrichtian (Saltzman and Bar-
ron, 1982; Barron et a., 1984) and the waters
became colder during the mid-Maastrichtian (Bar-
rera and Huber, 1990; Thomas, 1990; Huber, 1990).
Wang et al. (1986) and Hu et al. (1988) believe that
the variations in the relative abundance of Ce at the
beginning of the Campanian may reflect changes in
the degree of oxygenation in bottom waters in the
South Atlantic, which would account for inoceramid
disappearance in deep waters.

Crame et a. (1996) and Crame and Luther (1997)
determined within the James Ross Basin (Antarctica)
that the stratigraphically highest molluscan macro-
fossils, such as a giant inoceramid bivalve, are dated
as mid-late-Campanian, whereas belemnites cor-
respond to early—mid-Campanian. The inoceramid
shells are totally absent throughout the Maastrichtian
succession. The evolution towards a giant size was
interpreted as an antipredatory device, but the secre-
tion of such large calcite shells may have become
physiologically impractical when the seawater tem-
peratures in the southern high latitudes were begin-
ning to fall. Their mid- to late-Campanian extinction
in Antarcticais exceptionally early and may be taken
as a response to the regiona shallowing event and a
phase of high-latitude cooling.

The inoceramid shell isotope values we have ob-
tained do not show a clear trend towards a decrease
in temperature (Table 1), because the samples se-
lected are prior to the decline in inoceramid abun-
dance at the Sopelana and the Zumaya sections.
Neither a decrease is detected in the thickness of
the inoceramid shell along the stratigraphic sections
that could suggest a calcite secretion crisis and an
initial cooling. The inoceramid shell isotope values
taken along the stratigraphic column of the Bidart
section are very similar (Fig. 2). On the contrary,
the lithologic contact with red marls already without
inoceramids (Member 111 of MacLeod, 1994; Sec-
tion 13, lithologic unit 6 of Clauser, 1994) marks a

negative excursion of §¥0%. (PDB) and therefore a
probable ecological event.

6. Conclusions

Although the original shell architecture is well
preserved and organic growth lines are clearly vis-
ible without evidence of neomorphism, cathodolu-
minescence, scanning electron microscope and geo-
chemical data (analyses of stable isotopes, minor,
traces and REE) support the hypothesis of diagenetic
maodification, which becomes particularly evident in
the inoceramid shells collected from the Sopelana
and Zumaya sections and is observed to a lesser
extent in those from Bidart. The diagenetic intensity
shown by inoceramid, marl and marl-limestone oxy-
gen isotopic values increases from east to west in the
Basque Arc domain.

Thelithology of the host-rock (marl or marly-lime-
stone) in every section and the shell thickness do not
seem to be strongly related to the grade of diagenetic
alteration suffered by the inoceramid shell.

Inoceramid shells have a relatively heavy carbon
isotopic composition which is close to that of the
host sediment. For this reason, the hypothesis of a
‘vital effect’ upon the composition of shells cannot
be maintained for the time being. Oxygen isotopic
values are clearly lower in shells collected from
Sopelana and Zumaya when compared with those
from Bidart. The estimation of mean palaeotem-
perature based on the Sopelana and Zumaya shells
is meaningless due to diagenetic processes, but the
pal aeotemperature value of 13°C estimated from the
non-luminescent middle shell layer (MSL) from the
Bidart section seems to be compatible with values
for palaeolatitudes of about 30°N during mid-Maas-
trichtian time.

Cathodoluminescence is a useful tool for showing
the paths of diagenetic fluids responsible for dia-
genetic modification. Whereas most shells collected
from the Sopelana and Zumaya sites have their lu-
minescence homogenized by diagenesis, with com-
bined effects of intragranular cementation and re-
crystallization, those from Bidart still permit recog-
nition of the paths for diagenetic fluids. At Bidart,
diagenetic fluids followed the boundaries between
prisms which seem to have been the most favourable
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paths for diagenetic fluid advance from the outer
shell layer (OSL) and the inner shell layer (ISL) to
the middle shell layer (MSL).

Enrichment and depletion of minor, traces and
REE values together with cationic zonations from
the OSL or ISL to the middle parts of the shell are
considered to be the result of cationic maobilization
during diagenesis. Sinceit isthe region least affected
by diagenesis, the Bidart section turns out to be
the most promising area as regards the study of
pal aeoenvironmental conditions that prevailed during
mid-Maastrichtian time in the coastal region of the
Bay of Biscay.
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