doi: 10.1111/1.1365-3121.2007.00784.x

Foraminiferal and 5'>C isotopic event-stratigraphy across the
Danian-Selandian transition at Zumaya (northern Spain):
chronostratigraphic implications

|. Arenillas,’ E. Molina, S. Ortiz' and B. Schmitz?
' Departamento de Ciencias de la Tierra, Universidad de Zaragoza, E-50009 Zaragoza, Spain; >Department of Geology, University of Lund,

SE-22362 Lund, Sweden

ABSTRACT

The Zumaya section, northern Spain, is a suitable candidate to
define the Global Stratotype Section and Point for the base of
the Selandian Stage (Palaeocene) because of its excellent
accessibility, exposure and stratigraphic continuity. Uncertain-
ties exist, however, with regard to the stratigraphic horizon
where to place the Danian/Selandian (D/S) boundary. Five

potential stratigraphic horizons (HDS1 to HDS5) to define the

D/S boundary have been identified at Zumaya, based on

integrated stratigraphic studies that include quantitative plank-

Introduction

An international working group of the
International Subcommission on Pal-
aeogene Stratigraphy is searching for
a suitable section to define the Global
boundary Stratotype Section and
Point (GSSP) for the base of Selan-
dian (Schmitz, 1994; Schmitz e al.,
1998). The Danian/Selandian (D/S)
boundary must be defined in a well-
documented continuous stratigraphic
section for the stability of the
Geological Time Scale. According to
Remane et al. (1996), the boundary
level must be chosen within a series of
successive events, enabling good reli-
able approximate correlation in the
absence of the primary marker.
Rosenkrantz (1924) defined the
Selandian Stage on the eastern Sjael-
land (near Copenhagen, Denmark) on
the basis of a succession composed of
conglomerates, greensands, marls, and
clays that unconformably overlie the
Danian limestones (Perch-Nielsen and
Hansen, 1981; Berggren, 1994; Lut-
erbacher et al., 2004). The contact
between the Danian and Selandian in
Denmark is marked by a regional
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unconformity, characterized by a ma-
jor lithological shift from greyish
white, oxic limestone/chalk of the
Danskekalk Fm., upper Danian, to
suboxic, glauconitic green sand of the
Lellinge Greensand Fm., lower Selan-
dian, overlain by grey marl and clay of
the Kerteminde Marl Fm., middle
Selandian. This unconformity was
correlated with the sequence bound-
ary between cycles TA 1.3 and TA 1.4
(Hardenbol et al., 1998) and it may
have resulted from an eustatic sea-
level fall (Haq et al., 1988; Clemmen-
sen and Thomsen, 2005).

The D/S boundary was correlated
with the NP4/NP5 biozonal boundary
of calcareous nannofossils (Perch-
Nielsen and Hansen, 1981; Thomsen,
1994; Schmitz et al., 1998). By con-
vention, the D/S boundary was placed
at the P2/P3 biozonal boundary of
planktic foraminifera (Hansen, 1968;
Berggren, 1994; Berggren et al., 1995;
Steurbaut et al., 2000). Nevertheless,
other interesting biohorizons have
been identified across the Danian—
Selandian (D-S) transition and pro-
posed as potential D/S boundary
levels. A Morozovella acme-horizon
(MAH) at the lower part of P3 Zone
by Berggren et al. (1995) was also
proposed as a potential D/S boundary
in the Caravaca (Spain) and Sidi
Naseur (Tunisia) sections (Arenillas,
1996; Arenillas and Molina, 1997). An
excursion of benthic foraminifera

tic and benthic foraminiferal results, as well as 5'3C isotopic
and lithological data. Two of these horizons (HDS2 and HDS4)
placed in Zone C26r appear to have particularly good potential
for serving as the D/S boundary marker, because they may
represent significant global palaeoceanographic, palaeoclimatic
and eustatic events.
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Neoeponides duwi assemblages (N.
duwi event) in the lower part of P3
Biozone was identified in Egypt and
Jordan, and related to a sea-level fall
at the D/S boundary (Speijer, 2003).
The Zumaya section (northern
Spain) is an excellent candidate to
define the GSSP for the base of the
Selandian Stage (Schmitz ez al., 1998;
Bernaola et al., 2006). It provides a
link between the Danish sections and
the expanded Tethyan sections in
Egypt, Israel, Tunisia and southern
Spain (Schmitz et al., 1998). The aim
of this study was the planktic and
benthic foraminiferal and 8'*C isoto-
pic event-stratigraphic analysis of the
Zumaya section to identify potential
(bio-) horizons where to place the D/S
boundary and define its GSSP.

Material and methods

The Zumaya section (42°18.00'N/
2°15.30'W) is an excellent outcrop
located to the northwest of the village
of Zumaya (Basque Country, northern
Spain). The Palaeocene sediments ex-
tend from the Aitzgorri headland (Cre-
taceous/Palacogene) to the access of
the San Telmo or Itzurun beach (Pal-
aeocene/Eocene), and the D-S transi-
tion occurs along the cliffs of the beach
(Fig. 1). The D-S succession at Zu-
maya spans the upper part of the
Danian Limestone Formation and the
lower part of the Itzurun Formation
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Fig. 1 Geographical and geological location of the Zumaya section (Norhern Spain).

(Apellaniz et al., 1983; Baceta et al.,
2004). A prominent lithological shift
occurs between Danian Limestone and
Itzurun Fms, about 56 m above the
Cretaceous/Palacogene boundary at
Zumaya, from greyish limestone-red-
dish marly limestone couplets to red
marls.

Thirty-six samples across the criti-
cal D-S succession were collected at
Zumaya for micropalacontological
analysis at about 1 m spacing, and
seventy for isotopic analysis at 0.25—
0.5 m spacing. The studied strati-
graphic interval spans the uppermost
20 m of the Danian Limestone Fm.
and the lowermost 8 m of the Itzurun
Fm. The micropalaeontological sam-
ples were taken preferably in marly
beds. These samples were processed
using the standard disaggregating
technique employing diluted H-O,.
The remaining more lithified samples
were processed using a disaggregation
technique with a solution of 80%
acetic acid. All samples were sieved
into 63-106 pum and 2>106 um size
fractions. For the quantitative studies,
a representative split of more than 300
planktic foraminiferal specimens from
>106 pm size fraction was picked from
each sample, using an Otto splitter.
The analyses for stable carbon isoto-
pic composition (3'*C) were studied
on whole-rock samples. These analy-
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ses were carried out with a VG Prism
Series II mass spectrometer attached
to an Isocarb automated carbonate
preparation system. The values are
expressed as per mil differences with
respect to the PDB standard.

Palaeobathymetry

The D-S transition at the Zumaya
section contains abundant organically
cemented (Hyperammina, Saccam-
mina, Rhabdammina, Recurvoides,
Trochamminoides  Paratrochammino-
ides) and calcareous-cemented (Are-
nobulimina, Clavulinoides, Dorothia,
Marssonella, Remesella) agglutinated
foraminifera. They are flysch-type taxa
typical of relatively quiet terrigeneous
environments, suggesting a minimum
water depth of lower-middle bathyal.
Based on agglutinated foraminifera,
Kaminski and Gradstein (2005) in-
cluded the Zumaya section in the
Slope-type biofacies of Kuhnt et al.
(1989), corresponding to deep-water
and low-middle latitude agglutinated
foraminifera.

Benthic foraminiferal assemblages
are also characterized by taxa typical
of deep-bathyal environment, such as

Bulimina  trinitatensis, Cibicidoides
hyphalus, Cibicidoides velascoensis,
Gyroidinoides  globosus, Stensioeina

beccariiformis, Nuttallides truempyi,

florealis,

Osangularia velascoensis, Nuttallinela
Gaudyrina pyramidata or
Spiroplectammina spectabilis. Most of
them are typical of the Velasco-type
fauna (Berggren and Aubert, 1975).
These data suggest that the D-S sedi-
ments at the Zumaya section were
deposited in a middle-lower slope
(900-1100 m depth), in agreement with
Pujalte et al. (1995) and Kuhnt and
Kaminski (1997).

The lithological shift from the grey-
pink limestones of the upper part of the
Danian Limestone Fm. to the red-
marls of the basal part of the Itzurun
Fm. at Zumaya has been correlated
with a prominent initial Selandian sea-
level fall and an unconformity in the
Danish stratotype area (Pujalte ef al.,
1995; Baceta et al., 2004). Neverthe-
less, benthic foraminiferal data do not
indicate any sea-level change across the
lithological shift. This apparent con-
tradiction may be because of the pal-
aeobathymetry of the Zumaya section
being too deep that the benthic fora-
miniferal assemblages were affected
(Ortiz, 2006).

Biostratigraphy

Figure 2 shows planktic foraminiferal
zonations proposed for the D-S tran-
sition in lower and middle latitudes.
The D-S transition was initially
divided into the Acarinina uncinata,
Morozovella angulata and Igorina
pusilla Zones (Bolli, 1966; Toumarki-
ne and Luterbacher, 1985; Canudo
and Molina, 1992); the first occur-
rence data (FODs) of these taxa are
the index-biohorizons used to place
the lower boundaries of these bioz-
ones, and the FOD of Luterbacheria
pseudomenardii is the upper boundary
of the I. pusilla Zone. The P-zonation
by Blow (1979) included two biozones:
P2, equivalent to the A. uncinata
Zone, and P3, equivalent to the M. an-
gulata and I. pusilla Zones. Berggren
et al. (1995) and Berggren and Pear-
son (2005) subdivided the P3 into two
subzones: P3a and P3b, being the
FOD of Igorina albeari the P3a/P3b
boundary. Arenillas and Molina
(1995, 1997) used the FODs of Mor-
ozovella crosswicksensis and Igorina
albeari to subdivide the P3 by Berg-
gren et al. (1995) into three biozones:
M. angulata, M. crosswicksensis and
1. albeari Zones. As Olsson et al.
(1999) considered M. crosswicksensis
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Fig. 2 Comparison of the planktic foraminiferal zonations proposed for the D-S transition in lower and middle latitudes.
Significant planktic foraminiferal species in DS biostratigraphy: (a) Acarinina uncinata; (b) Morozovella angulata; (c) Morozovella
cf. albeari [M. crosswicksensis according to Blow (1979) and Arenillas (1996)]; (d) Igorina albeari; (f) Luterbacheria pseudomenardi;
(g) Acarinina trinidadensis; (h) Morozovella conicontruncata; (i) Igorina pusilla [according to Toumarkine and Luterbacher (1985)
and Arenillas (1996)]; (j) Morozovella occlusa; (k) Morozovella velascoensis.

to be a junior synonymous of Mor-
ozovella occlusa, the lowermost Selan-
dian crosswicksensis-type specimens
according to Blow (1979) and Arenil-
las (1996) are considered as Morozov-
ella cf. albeari in Figs 2—4.

Figure 3 shows the stratigraphic
positions at Zumaya of the biozones
proposed by some of the above-men-
tioned authors. Previous correlations
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between biozones and magnetostrati-
graphic data from Zumaya were
shown by Molina and Arenillas
(1998) and Arenillas and Molina
(2000), but the Fig. 3 shows a new
correlation with the updated magneto-
stratigraphic data by Dinarés-Turell
et al. (2003) based on lithostratigraph-
ic criteria. Several index-species have
taxonomic-type problems and their

biostratigraphic distribution is, there-
fore, debatable (Arenillas, 1996; Ols-
son et al., 1999; Bernaola et al., 2006).
As there are taxonomic problems still
unsolved, the quantitative distribution
(abundance curves) of planktic -and
benthic- foraminiferal groups (genera
and assemblages) is probably more
significant for identifying biohorizons
where to place the D/S boundary.
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Fig. 3 Planktic and benthic foraminiferal quantitative distribution (abundance curve) and 3'*C isotopic curve across the Danian—
Selandian transition at the Zumaya section. TS, % tropical-subtropical planktic foraminifera; C, % cosmopolitan planktic
foraminifera; I, % infaunal benthic foraminifera; E, % epifaunal benthic foraminifera. The index TS/C is the percentage of
specimens of tropical/subtropical planktic foraminifera with respect to the total, i.e. TS/C = 100 x [TS/(TS + C)]. Its turnovers
approximately reflect the variations of the temperature at the ocean surface, which is linked to the local climatic temperature. The
1/E index is the percentage of specimens of infaunal benthic foraminifera with respect to the total, i.e. I/E = 100 x [I/(I + E)]. Its
turnovers in the D-S stratigraphical record approximately reflect the variations of some palacoenvironmental parameters, such as
the nutrient supply to the sea-floor and the bottom sea-water oxygenation.

Foraminiferal and isotopic event-
stratigraphy

A quantitative analysis of the planktic
and benthic foraminiferal assemblages
across the D-S transition allows the
identification of significant quantita-
tive-biohorizons that may correspond
to potential bioevents for defining the
D/S boundary. Several planktic and
benthic foraminiferal groups have
been quantitatively analysed at
Zumaya. The D-S planktic foraminif-
eral genera can be grouped into trop-
ical-subtropical (TS,  Praemurica,
Morozovella, Acarinina and Igorina)
and cosmopolitan (C, Parasubbotina,
Subbotina, Eoglobigerina, Globanoma-
lina, Luterbacheria and Chiloguembe-
lina), according to Premoli Silva and
Boersma (1988) and Olsson et al.
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(1999) among others. The D-S ben-
thic foraminifera can be grouped into
infaunal (I, Clavulinoides, Karrerulina,
Bifarina, Gyroidinoides beisseli) and
epifaunal (E, Recurvoides, Osangular-
ia, Stensioeina beccariiformis, Nuttal-
lides trimpyi) ecomorphotypes
according to Corliss and Chen
(1988), and Jones and Charnock
(1985) among others. These groups
are mainly genera and assemblages
whose quantitative distributions allow
palaeoceanographic and palaeocli-
matic variations to be inferred.
Figure 3 shows turnovers of plank-
tic (index TS/C) and benthic forami-
niferal (index I/E) assemblages across
the D-S transition at Zumaya, as well
as the quantitative distribution (rela-
tive abundance) of planktic Morozov-
ella and Acarinina, and benthic

Karrerulina, Bifarina, Spiroplectam-
mina and trochamminids. Figure 3
also shows the 3'*C isotopic curve
across the D-S transition at Zumaya.
Two carbon isotopic excursions (CIE)
were identified at Zumaya: CIE-DSI1
spans 2.5 m (from meter 45 to meter
47.5) and CIE-DS2 spans of about
5 m (from meter 56 to meter 66).

The analysis of the quantitative
stratigraphic distribution (at marly
beds) of planktic and benthic forami-
niferal groups and the 8'°C stratigra-
phy (at limestone beds) has allowed us
to identify five stratigraphic horizons
at Zumaya corresponding to signifi-
cant local events (Fig. 3):

1 HDSI1 occurs at meter 40 (lower
part of the C27n), is characterized
by increases in Acarinina and Karr-
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Fig. 4 Panoramic photographs of the Danian and Danian—Selandian transition at
Zumaya. a: stratigraphical positions of the horizons HSD1 to HSDS in the upper block
of anormal fault that affects the D-S transition (the samples of grey and red marls of the
Itzurun Fm. were taken here). b: stratigraphical positions of the Cretaceous/Palaeogene
boundary and the horizons HSD1 to HSDS5 in the lower block of the fault (the samples
of pink-grey limestones and marls of the Danian Limestone Fm. were taken here).

erulina and Spiroplectammina, and
corresponds to the lower boundary
of the Morozovella angulata Zone;
some authors usually place the D/S
boundary at this biohorizon, i.e. at
the P2/P3 biozonal boundary
(Berggren, 1994; Berggren et al.,
1995; Steurbaut et al., 2000).

2 HDS2 occurs at meter 45 (lower
part of the C26r), is characterized
by a negative 8'°C excursion (base
of CIE-DS1) and an increase in
Morozovella (MAH), and may cor-
respond to the lower boundary of
the Morozovella cf. albeari Zone.

3 HDS3 occurs at meter 47.5 (lower
part of the C26r), is characterized
by an increase in Karrerulina and
maxima values in percentage of
Morozovella, and coincides with a
lithological shift from white lime-
stone — greyish marly limestone
couplets to pink or greyish lime-
stone — reddish marly limestone
couplets.
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4 HDS4 occurs at meter 56 (middle
part of the C26r), may correspond
to the lower boundary of Igorina
pusilla Zone, and is characterized by
a prominent lithological shift (from

grey limestone - reddish marl
couplets to red marls of the
depositional sequence boundary

DS-P2/DS-P3), a negative 8'°C
excursion (base of CIE-DS2), a
slight decrease in Morozovella, and
increases in trochaminids and Spir-
oplectammina.

5 HDSS5 occurs at meter 58.5 (middle
part of the C26r), is characterized
by minimal 8'°C values in the CIE-
DS2, a relevant lithological shift
(from red marls to grey marls),
minima values in percentage of
Morozovella and maxima values in
percentage of Bifarina.

The five stratigraphic horizons
described above are potential candidate
levels to define the D/S boundary at

Zumaya. Nevertheless, these potential
levels should be further studied to test
whether they represent global events
that can be used for worldwide correla-
tion. HDS2 and HDS4 are probably the
better horizons to place the D/S bound-
ary at Zumaya, because they include
multiparameter criteria, which may help
in global chronocorrelation.

The slight increase in the TS/C
index value at HSD2 is mainly caused
by a significant increase in Morozov-
ella (Fig. 3). This horizon coincides
with the negative 8'*C excursion at the
base of CIE-DSI, suggesting a decline
in biological productivity, a sea level
fall or the release of CH,4 from oceanic
methane hydrates. Significant in-
creases in Morozovella (MAH) in
coincidence with the M. angulata/
M. cf. occlusa zonal boundary have
also been identified in Tethyan sec-
tions (Arenillas, 1996; Arenillas and
Molina, 1997; Guasti et al., 20006).
Both stratigraphic markers (MAH
and base of CIE-DS1) suggest a pos-
sible hyperthermal global event and
episode, which mainly affected the
ocean surface. Except for a slight
decrease in the I/E index, no relevant
change in the benthic foraminiferal
assemblages has been identified. Nev-
ertheless, it may correspond to the ‘N.
duwi event’ in the middle part of the
calcareous nannofossil NP4 Biozone
identified in Egypt and Jordan by
Speijer (2003).

HDS4 coincides with a prominent
lithological shift (from greyish lime-
stone — reddish marly limestone cou-
plets to red marls) that corresponds to
the boundary between the Danian
Limestone and Itzurun Fms. at Zu-
maya (Fig. 4). Scarce and dubious
specimens of I. pusilla have been
identified here, suggesting that the
base of the I. pusilla Zone by Tou-
markine and Luterbacher (1985) cor-
responds to the HDS4 at Zumaya.
HDS4 may coincide with the calcare-
ous nannofossil NP4/NP5 zonal
boundary, although Schmitz et al.
(1998) recognized the FOD of the
index-species Fasciculithus tympani-
formis 1 m above. The slight decreases
in Morozovella and TS/C and I/E
indices, and increases in trochaminids
and Spiroplectammina, suggest an
apparent decrease in the local climatic
and surface oceanic temperature, and
a possible increase in the bottom sea-
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water oxygenation. The second nega-
tive 8'°C excursion (base of CIE-DS2)
suggests a significant decline in the
local biological productivity or a sea
level fall. As the sea level falls more,
12-C rich organic detritus from near
shore environments affects the 3'°C.
The CIE-DS2 may also be caused by a
release of CH,4 from oceanic methane
hydrates, although this hypothesis
seems to contradict the progressive
decrease in Morozovella and TS/C
index at Zumaya. HDS4 coincides
with the depositional sequence bound-
ary DS-P2/DS-P3 by Pujalte et al.
(1995, 1998) and the boundary bet-
ween the cycles 1.4/2.1 by Haq et al.
(1988), related to a eustatic sea-level
fall. For this reason, some authors
relate this stratigraphic horizon to the
relative sea-level fall at the base of the
Selandian stratotype (base of the Lel-
linge Greensand Fm.) and propose to
place the D/S boundary at this level of
the Zumaya section (Arenillas, 1996;
Schmitz et al., 1997, 1998).

In conclusion, HDS2 in the lower
part of C26r and HDS4 in the middle
part of the C26r appear to be the best
candidates as potential D/S boundary
levels, because they may represent
significant global events, which are
easy to recognize and chronocorrelate
in the stratigraphic record. Neverthe-
less, the identification and correlation
of these horizons at other worldwide
sections are necessary before choosing
and deciding on the most appropriate
criterion for definition of the D/S
boundary.

Post-scriptum

At the recent meeting of the Palaeo-
cene Working Group (Zumaya, Spain,
June 2007), a decision was reached by
unanimous (but informal) vote to
place the D/S (GSSP) at the litholog-
ical boundary between the ‘Danian
Limestone’ and the Itzurun Forma-
tion (~56m level) in the beach section
at Zumaya, Spain. This is Hori-
zon/Level HDS4 in this paper. This
level is ~1.1 m below the FAD of the
calcareous nannoplankton taxon Fas-
ciculithus tympaniformis and essen-
tially coincident with the 2nd
radiation of the fasciculiths and the
regional, but temporary, disappear-
ance of braarudosphaerids. This rec-
ommendation will now be submitted
to the voting members of the Interna-

© 2008 Blackwell Publishing Ltd

tional Subcommission on Palacogene
Stratigraphy (ISPS) for approval;
pending approval it will be forwarded
to the International Commission on
Stratigraphy (ICS) for ratification.
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