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A complete succession of lower bathyal–upper abyssal sediments was deposited across the Paleocene–
Eocene Thermal Maximum (PETM) at Alamedilla (Betic Cordillera, Southern Spain), where the benthic
foraminiferal turnover and extinction event associated with the negative carbon isotope excursion (CIE)
across the PETM have been investigated. Detailed quantitative analyses of benthic foraminifera allowed us to
distinguish assemblages with paleoecological and paleoenvironmental significance: pre-extinction fauna,
extinction fauna, survival fauna (including disaster and opportunistic fauna) and recovery fauna. These
assemblages have been associated with significant parts of the δ13C curve for which a relative chronology has
been established. The correlation between the benthic turnover, the δ13C curve, the calcite and silicate
mineral content, and sedimentation rates, allowed us to establish the sequence of events across the PETM.
At Alamedilla, the benthic extinction event (BEE) affected ~37% of the species and it has been recorded over a
30-cm-thick interval that was deposited in c.a. 10 ky, suggesting a gradual but rapid pattern of extinction. The
beginning of the BEE coincides with the onset of the CIE (+0 ky) and with an interval with abundant calcite,
and it has been recorded under oxic conditions at the seafloor (as inferred from the benthic foraminiferal
assemblages and the reddish colour of the sediments). We conclude that dissolution and dysoxia were not
the cause of the extinctions, which were probably related to intense warming that occurred before the onset
of the CIE.
The BEE is immediately overlain by a survival interval dominated by agglutinated species (the Glomospira
Acme). The low calcite content recorded within the survival interval may result from the interaction between
dilution of the carbonate compounds by silicicate minerals (as inferred from the increased sedimentation
rates), and the effects of carbonate dissolution triggered by the shoaling of the CCD.We suggest thatGlomospira
species (disaster fauna) may have bloomed opportunistically in areas with methane dissociation, in and
around the North Atlantic. The disaster fauna was rapidly replaced by opportunistic taxa, which point to oxic
and, possibly, oligotrophic conditions at the seafloor. The CCD gradually dropped during this interval, and
calcite preservation improved towards the recovery interval, during which the δ13C values and the calcite
content recovered (c.a. +71.25 to 94.23 ky) and stabilized (N94.23 ky), coeval with a sharp decrease in
sedimentation rates.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The generally warm, greenhouse world of the Paleogene under-
went significant disruption at the Paleocene–Eocene transition, c.a.
55 Ma ago, when temperatures increased by 5° to 9 °C in the oceans
and on land within less than 10,000 years (e.g., Röhl et al., 2000;
Thomas, 2007). A major perturbation of the global carbon cycle
occurred during this episode that is commonly known as the
Paleocene–Eocene Thermal Maximum (PETM; Zachos et al., 1993),
including a negative 2.5 to 6‰ carbon isotope excursion (CIE) in
marine and terrestrial δ13C values of carbonate and organic carbon
ll rights reserved.
(e.g., Kennett and Stott, 1991; Thomas and Shackleton, 1996; Zachos
et al., 2001; Bowen et al., 2006) and a ~2 km shoaling of the calcite
compensation depth (CCD) in the deep-sea (e.g., Zachos et al., 2005).
The onset of these anomalies occurred during a time period b20 ky
(Röhl et al., 2000, 2007), whereas subsequent recovery of δ13C values
took 170 ky (Röhl et al., 2007). This global perturbation of the carbon
cycle is interpreted in terms of a rapid input of isotopically light carbon
into the ocean–atmosphere system, possibly related to the massive
dissociation of marine methane hydrates, although the triggering
mechanism is still under debate (e.g., Dickens et al., 1997; Katz et al.,
2001; Cramer and Kent, 2005; Pagani et al., 2006; Sluijs et al., 2007a).

Rapid changes in terrestrial and marine biota occurred during the
PETM, including the most severe extinction of deep-sea benthic
foraminifera recorded during the Cenozoic (e.g., Tjalsma and Lohmann,
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Fig.1. A) Location of the Alamedilla section, and other Paleocene–Eocene sections referred to in the text. B) Paleogeographical reconstructionmodified fromHay et al. (1999). GSSP=
Global Stratotype Section and Point.
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1983; Thomas, 2007), a global acme of the dinoflagellate genus Apec-
todinium and its migration to high latitudes (e.g., Crouch et al., 2001;
Sluijs et al., 2007a,b), an acme of the planktic foraminiferal genus
Acarinina and its migration towards higher latitudes (e.g., Arenillas and
Molina, 1996; Kelly et al., 1998; Molina et al., 1999), the rapid
evolutionary turnover of calcareous nannoplankton (e.g., Bralower,
2002; Stoll, 2005), the extinction and origination of shallow-water
larger benthic foraminifera (e.g., Pujalte et al., 2003), latitudinal
migration of plants (Wing et al., 2005) and a rapid radiation of
mammals on land (e.g., Koch et al., 1992). The relation between carbon
cycle perturbation, global warming and coeval biotic changes is not
completely understood, because of the different response that indivi-
dual ecosystems may have had to the effects of carbon release (Bowen
et al., 2006). In particular, the causes of the rapid (b10 ky) benthic
extinction event (BEE) in the deep-sea are not yet clear (e.g., Thomas,
2007). Many deep-sea species that had survived the global environ-
mental crisis of the Cretaceous/Paleogene boundary (e.g., Alegret and
Thomas, 2005, 2007; Alegret, 2007)went extinct at the PETM, andwere
replaced by post-extinction faunas of paleogeographically varying
taxonomical composition (e.g., Thomas, 1998). In addition, in many
sites and sections (including the Tethys area) the BEE coincides with
carbonate-depleted intervals that are almost barren of calcareous
foraminifera (Ortiz, 1995; Thomas, 1998; Alegret et al., 2005, 2009).
Whereas several studies on deep-sea benthic foraminifera from the
central Tethys have been recently carried out (e.g., Galeotti et al., 2004;
Giusberti et al., 2007, 2009), published data from the western Tethys
have only been reported from the Caravaca section in Southern Spain
(Ortiz, 1995), where the benthic foraminiferal record of the basal CIE is
strongly affected by dissolution. In contrast, a continuous succession of
upper Paleocene and lower Eocene sediments is very well exposed at
Alamedilla (33°N, Southern Spain; e.g., Arenillas and Molina, 1996; Lu
et al., 1996; Monechi et al., 2000). We document in detail the benthic
foraminiferal turnover and extinction event associated with the carbon
isotope excursion (CIE) at Alamedilla. In order to infer paleoenviron-
mental consequences of the PETM, the benthic foraminiferal results
have been integratedwith geochemical andmineralogical data (Lu et al.,
1996, 1998); the recognition of several benthic foraminiferal assem-
blages within distinct portions of the δ13C curvemay be a useful tool for
correlation and paleoenvironmental reconstruction across the Paleo-
cene–Eocene warming event.

2. Materials and methods

A continuous succession of upper Paleocene and lower Eocene
pelagic sediments is very well exposed at Alamedilla (Southern Spain;
Fig. 1), in the central Subbetic Cordillera (e.g., Arenillas and Molina,
1996; Monechi et al., 2000).

Upper Paleocene sediments consist of gray marls, with a 15-cm-
thick turbiditic layer intercalated in the lower part of the studied
section. The onset of the carbon isotope excursion (CIE) was identified
by Lu et al. (1996, 1998) in sample 13.25, in a level of pink marls that
grade into a 30-cm-thick red clay interval (meters 13.50 to 13.80;
Fig. 2). These authors used X-ray diffraction to determine the min-
eral composition of bulk sediment, and distinguished calcite, detritus
(defined as quartz, K-feldspar and plagioclase) and phyllosilicates
(wt.%). In coincidence with the onset of the CIE, these authors
documented a decrease in the percentage of calcite and an increase in
the percentage of silicate minerals, which make up to 12% of the
whole rock composition during the core of the CIE. However, due to
the low sampling resolution in the lowermost Eocene in the study by
Lu et al. (1996), we carried out analyses of the %CaCO3 in some
samples across the critical BEE interval (Figs. 2, 5). The red clay



Fig. 2. δ13C curve (in bulk sediment) and percentages of CaCO3 and detritus (silicate minerals) at Alamedilla (modified from Lu et al., 1996). Agemodel (A–F) according to Röhl et al. (2007). Number of benthic foraminifera per gram of washed
residue 63 µm–1 mm, percentages of agglutinated and infaunal taxa, and diversity and heterogeneity indices across the upper Paleocene and lower Eocene. White triangles represent the %CaCO3 analyses carried out across the critical BEE
interval in this study. (1) Arenillas andMolina (1996) andMolina et al. (1999); (2) Monechi et al. (2000).M.=Morozovella; A. = Acarinina; P. wilcox. = Pseudohastigerina wilcoxensis; (3) Highest occurrence of Stensioeina beccariiformis. CIE =
Carbon Isotope Excursion. PEB = Paleocene/Eocene boundary.
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Fig. 3. Stratigraphic distribution and relative abundance of benthic foraminiferal taxa across the upper Paleocene and lower Eocene at Alamedilla. Note that species that disappear in the Paleocene–Eocene transition have been represented in
Fig. 4. δ13C curve (in bulk sediment) and percentages of calcite modified from Lu et al. (1996). White triangles represent the %CaCO3 analyses carried out across the critical BEE interval in this study. (1) Arenillas and Molina (1996) andMolina
et al. (1999); (2) Monechi et al. (2000). M. = Morozovella; A. = Acarinina; P. wilcox. = Pseudohastigerina wilcoxensis.
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interval is overlain by red marls and, higher up in the section, by gray
marls (Fig. 2).

In addition to geochemical and mineralogical studies (Lu et al.,
1996, 1998), the planktic foraminiferal and nannofossil faunal turn-
over across the PETM at Alamedilla have been documented (Arenillas
and Molina, 1996; Lu et al., 1996; Monechi et al., 2000), but benthic
foraminifera have not been studied in detail, so far. A total of 24
samples have been studied across the studied interval, encompassing
the uppermost 2.25 m of the Paleocene and the lowermost 4 m of the
Eocene. Samples were picked at 10 to 20 cm intervals across the onset
and in the “core” of the CIE, and at ~40 cm intervals belowand above it
(Fig. 2). The position of the studied samples was correlated to the
results by Lu et al. (1996, 1998). Preservation of benthic foraminiferal
tests is moderate across the studied section, although the preservation
of calcareous tests is poor in the lowermost Eocene, improving up-
section.

Quantitative studies of benthic foraminifera were based on repre-
sentative splits (using a modified Otto micro-splitter) of approximately
300 specimens larger than 63 μm (Plate I). The number of benthic
foraminifera per gram of residue (63 µm–1 mm), the percentages of
benthic foraminiferal taxa (Fig. 3), the calcareous/agglutinated ratio,
and several proxies for benthic foraminiferal diversity (Fig. 2) such as
the Fisher-a index and the H(S) Shannon–Weaver information function
(Murray, 1991) were calculated. Probable microhabitat preferences and
environmental parameterswere inferred from the benthic foraminiferal
morphotype analysis (e.g., Corliss, 1985, 1991; Jones and Charnock,
1985; Corliss and Chen, 1988; Jorissen et al., 1995). Paleobathymetrical
inferences were based on benthic foraminiferal data, especially on the
occurrence and abundance of depth-related species, their upper depth
limits, and through the comparison between fossil and recent
assemblages (e.g., Van Morkhoven et al., 1986; Alegret et al., 2001,
2003).We followed the bathymetric division defined inVanMorkhoven
Fig. 4. New agemodel and sedimentation rates for the sections below and above the CIE
at Alamedilla, mainly based on depths of datum levels of planktic foraminifera (Arenillas
andMolina,1996), and calcareous nannofossils (Monechi et al., 2000), and on numerical
ages according to the timescales applied to ODP Leg 208 (Shipboard Scientific Party,
2004) and in Berggren and Pearson (2005). LAD: Last Appearance Datum; FAD: First
Appearance Datum; X: Abundance crossover. Age of the P/E boundary according to
Westerhold et al. (2008). A. = Acarinina; I. = Igorina; M. = Morozovella; Ps. =
Pseudohastigerina; S. = Subbotina; T. = Tribrachiatus; T. cont. = T. contortus. A 1.8 cm/ky
and 0.4 cm/ky sedimentation rate has been inferred for the uppermost Paleocene and
lower Eocene, respectively, compared to the 2.4 cm/ky and 0.7 cm/ky inferred by Lu
et al. (1996). These results are somewhat different, but in the same order of magnitude.
Note the increase in sedimentation rates (4.7 cm/ky) at the P/E boundary (13.25 m),
through the interval with a high percentage of silicate minerals (15 m). From that level
upwards, sedimentation rates remain low(0.4 cm/ky) for the rest of the studied interval.
et al. (1986): upper bathyal=200–600 m, middle bathyal=600–
1000 m, lower bathyal=1000–2000 m and abyssal N2000 m.

For biostratigraphical control, we follow the planktic foraminiferal
and calcareous nannofossil zones identified by Arenillas and Molina
(1996), Molina et al. (1999) and Monechi et al. (2000) at Alamedilla
(Figs. 2, 3). In order to infer the timing across the CIE interval at
Alamedilla, we studied the shape of the bulk carbonate δ13C curve at
Alamedilla and compared it to the bulk carbonate δ13C curve fromOcean
Drilling Program Site (ODP) 690, for which a high-resolution age model
has been recently developed by Röhl et al. (2007). The main peaks and
plateaus of this curve may be related to the rapid changes in the input
and removal of isotopically light carbon across the PETM(e.g., Röhl et al.,
2000). Based on this idea, we followed the orbitally calibrated timescale
by Röhl et al. (2007) and chose six tie points (A–F; Fig. 2): Paleocene/
Eocene boundary (PEB)=0 ky, A=0.75 kr, B=21.90 ky, C=42.38 ky,
D=71.25 ky, E=81.17 ky, F=94.23 ky. The correlation between the CIE
at Alamedilla and ODP Site 690 is problematic because the onset of the
excursion appears to be less abrupt at Alamedilla. Thismight result from
a lower time resolution of the bulk carbonate record in Lu et al. (1996)
than in the Bains et al. (1999) record for Site 690. Provided the small
initial shift in bulk δ13C at Alamedilla is indeed coeval with the larger
initial shift at Site 690, one could argue that the record is much more
complete at Alamedilla, at least over the beginning of the CIE, making it
one of the most complete marine records over that interval.

In addition, we show a new age model and sedimentation rates for
the sections below and above the CIE at Alamedilla (Fig. 4), based on
depths of datum levels and numerical ages according to the timescales
applied to ODP Leg 208 (Shipboard Scientific Party, 2004). This new
age model updates that proposed by Lu et al. (1996) for Alamedilla.

3. Faunal turnover

Quantitative results of the benthic foraminiferal analyses are shown
in Figs. 2 and 3, and in Table 1. Benthic foraminiferal assemblages are
strongly dominated by calcareous taxa (~90% of the assemblages) in all
samples but two (13.50 and 13.60), where agglutinated taxa make up
47% and 96% of the assemblages, respectively. Infaunal morphogroups
are dominant through thewhole studied interval, making up 52–79% of
the assemblages. The following benthic foraminiferal assemblages have
been recognised across the Paleocene–Eocene transition at Alamedilla.

3.1. Pre-extinction fauna

Assemblages just below the extinction event (samples 11 to 13.20)
are diverse (Fisher-α index ~31) and heterogeneous (Shannon–Weaver
index ~3.7; Fig. 2), and dominated by buliminids (Bolivinoides
delicatulus, Bulimina kugleri, Bulimina trinitatensis), polymorphinids,
Anomalinoides spp. (A. ammonoides, A. cf. zitteli), Cibicidoides hyphalus,
C. pseudoperlucidus, Nuttallides truempyi, Osangularia, Stensioeina
beccariiformis, Siphogenerinoides brevispinosa, Stilostomella spp., etc.
(Fig. 3). The composition of the assemblages is slightly different (higher
percentages of agglutinated taxa such as Clavulinoides amorpha and
Gaudryina pyramidata) in sample 11.45,which is associated to a ~15-cm-
thick turbidite deposited 2 m below the P/E boundary.

The relative abundance of infaunal morphogroups increases from
the bottom of the section (52%) towards the horizon of the main BEE
(sample 13.50), where they show maximum values (79% of the
assemblages). Diversity decreases, and the percentage of Abyssamina
quadrata starts to increase (making up to 10% of the assemblages)
~20–25 cm below the onset of the CIE, coeval with a decrease in the
relative abundance of Anomalinoides spp.

3.2. The benthic foraminiferal extinction event

The highest occurrences of 32 benthic foraminiferal species are re-
corded in the uppermost Paleocene at Alamedilla, 6 of which correspond



Table 1
Benthic foraminiferal counts for the upper Paleocene and lower Eocene samples from Alamedilla.

Benthic foraminiferal
taxa

Samples

(m)

Al-
11

Al-
11,30

Al-
11,45

Al-
12

Al-
12,40

Al-
12,80

Al-
13

Al-
13,20

Al-
13,30

Al-
13,40

Al-
13,50

Al-
13,60

Al-
13,70

Al-
13,80

Al-
13,90

Al-
14

Al-
14,20

Al-
14,40

Al-
14,60

Al-
14,90

Al-
15

Al-
15,40

Al-
16

Al-
17,30

Abyssamina quadrata 3 5 5 9 23 33 23 16 8 4 9 11 33 6 6
Abyssamina sp. 1 1 6 5 1 20 1
Alabamina sp. 5 4 1 3 3 1 2 2 1 1 3 3
Allomorphina sp. 1
Allomorphina trochoides 2 3 4 3 5 4 1
Angulogavelinella avnimelechi 2 1 1 1
Angulogerina sp. 1 1
Anomalinoides affinis 1
Anomalinoides ammonoides 10 12 7 13 22 14 11 8 5 6 1 1 8 8
Anomalinoides cf. praeacutus 1
Anomalinoides cf. zitteli 25 32 6 19 17 12 6 5 3 7 5 8 4 6 3 9 3 7 1
Anomalinoides rubiginosus 1 1 7
Anomalinoides spp. 6 11 6 15 1 5 10 3 26 26 7 6 23 20 44 23 13 40 25 16 11 2
Aragonia aragonensis 27 4 1 2 1
Aragonia velascoensis 3 1 4
Arenobulimina truncata 3 1 3 2
Astacolus spp. 1 1 2 2 1
Bathysiphon spp. 2 2 1 3 2 6
Bolivinoides delicatulus 2 1 2 7 1 2 5 12 1 1
Bolivinoides spp. 1 7 7 1 9
Brizalina spp. 4 3 1 1
Bulimina alazanensis 1
Bulimina kugleri 4 8 3 8 6 6 6 5 24 22 6 1 1 7 4
Bulimina midwayensis 1 1 1
Bulimina sp. 1 2 6 1 4 2 6 2 2 2 4 3 4 8 4
Bulimina spp. 5 6 3 8 6 4 3 8 4 4 3 1 2 2 1 13 7 8 1
Bulimina trinitatensis 3 1 5 3 1 6 3 5 1 5 4 2
Bulimina tuxpamensis 2 1 8 3 3 20 5 9 4 10 13 16 3 4
Bulimina velascoensis 3 1 3
Buliminella beaumonti 1 1 4 3 1 4 1 1 1 3 5 1 2 5 3 2
Buliminella grata 1 3 3 2 1
Buliminella sp. 1 3 4 1
Cibicidoides cf. howelli 2 3 4 2 2 1 1 1
Cibicidoides dayi 1 1
Cibicidoides eocaenus 1 1 1
Cibicidoides hyphalus 11 2 8 5 2 5 4 1
Cibicidoides proprius 1
Cibicidoides pseudoperlucidus 4 3 12 1 5 1 1 1 6 3 3 1 1
Cibicidoides spp. 1 2 1 1 1 4 5 10 2 3 2 3 3 1
Cibicidoides velascoensis 2 1 1 2
Cibicidoides westi 2 1 2 1 2 1
Clavulinoides amorpha 2 3 17 1
Clavulinoides spp. 1 1 5
Clavulinoides trilatera 1 1
Coryphostoma midwayensis 6 4 7 2 2 9 5 3 5
Coryphostoma spp. 1 1 3 1 4 1 1
Dorothia crassa 1 2 2
Dorothia cylindracea 1 2 5
Dorothia pupa 1 1 1
Dorothia sp. 1 3 1
Ellipsoglandulina spp. 1 2 1 3 3 1 5 1 1
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Table 1 (continued)

Benthic foraminiferal
taxa

Samples

(m)

Al-
11

Al-
11,30

Al-
11,45

Al-
12

Al-
12,40

Al-
12,80

Al-
13

Al-
13,20

Al-
13,30

Al-
13,40

Al-
13,50

Al-
13,60

Al-
13,70

Al-
13,80

Al-
13,90

Al-
14

Al-
14,20

Al-
14,40

Al-
14,60

Al-
14,90

Al-
15

Al-
15,40

Al-
16

Al-
17,30

Ellipsopolymorphina sp. 3 1 1 1
Eouvigerina sp. 1 1 1 9 2
Fissurina sp. 2 6 1 5 1 3 1
Fursenkoina spp. 4 8 1 2
Gaudryina pyramidata 3 2 8 3 3
Gaudryina sp. 1 2 3 2 1
Gaudryina sp. Juvenile 7 4 19 1 4 5 1
Gaudryina spp. 1 5
Gaudryina spp. indet 15
Glandulina spp. 3 1 1 3 5 1
Globocassidulina subglobosa 1 1 2 11 5 3 1 140 167 81 87 78 33 31 38 19 8 1 4
Globorotalites sp. 3 1
Globulina spp. 2 1 4 3 5 7 5 3 1 1
Guttulina spp. 1 1 1 1
Gyroidinoides beisseli 2 3 2 2 4 2 1 1 1
Gyroidinoides depressus 2 1 1 1 1 1
Gyroidinoides girardanus 1 1 2 1 3 2 3
Gyroidinoides globosus 1 2 3 4 1 7 1
Gyroidinoides spp. 6 4 3 1 2 4 1 2 1
Gyroidinoides subangulatus 1 2 1 1 1 1
Hemirobulina spp. 3 9 2 3
Hyperammina sp. 1
Karrerulina sp. 2 3 1 1 1 3
Laevidentalina spp. 5 7 4 8 8 5 23 18 2 2 4 2 2 3 6 7 10 4 3
Lagena spp. 6 4 10 4 8 4 5 11 1 1 3 2 1 3 4
Lenticulina spp. 3 5 7 2 4 5 8 11 6 8 1 1 1 2 3 3
Marssonella oxycona 1 1 1
Marssonella sp. Juvenile 1 2 1 1 1
Miliolids 1
Neoflabellina jarvisi 1 2 1
Nonion havanense 2 8 1 1 1 1 1 4 8 12 1 1 4 3 5 2 4 10 7 22 6
Nonion spp. 3 2 5 4 1 3 8 4 4 1
Nonionella cf. cretacea 1
Nonionella sp. 11 16 1 12 8 12 5 5 7 5 5 2
Nuttallides truempyi 16 20 16 13 18 12 14 24 14 24 5 43 18 8 11 36 47 22 30 57 33 14 18
Nuttallinella florealis 1 2 2 1 1 5 5 3 2 3 1
Nuttallinella sp. 5 4 3
Oridorsalis sp. 2
Oridorsalis umbonatus 6 3 12 5 10 8 10 7 17 8 8 6 86 48 26 27 20 16 7 25 3 4 4
Osangularia spp. 18 5 10 9 5 12 12 13 16 9 5 33 29 41 45 18 13 12 16 7 4 21
Osangularia velascoensis 1 5 2 1 3
Paralabamina hillebrandti 10 6 10 6 2 14 3 6 4 1 1 1 1 2 2
Pleurostomella sp. 3 3 6 2 4 5 5 9 10 1 1 19 11 13 14 15 15 12 11 14 9 2
Polymorphinids 13 10 4 8 14 27 26 35 15 21 3 1 12 3 3 2 5 6 8 13
Praebulimina sp. 2
Pseudoclavulina trinitatensis 1 2
Pseudouvigerina sp. 1
Pullenia coryeli 3 2 1 1 1 2 1 5 3 1
Pullenia cretacea 3 12 1 3
Pullenia quinqueloba 1 2
Pullenia sp. 1 1 4 1 1
Pyramidina rudita 3 4 2 1 3 1 2
Pyrulinoides spp. 5 4 1 8 2 6 3 2 2 5 1 1 2
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Quadratobuliminella
pyramidalis

1 1 6 1 2 2 4 1 2

Quadrimorphina
allomorphinoides

1 1

Quadrimorphina profunda 3 9 1 2 13 3 1 3 15 7 2 4 33 15 23 30 22 13 3 3
Ramulina sp. 1
Recurvoides spp. 1
Remesella varians 1 1 1 4
Repmanina charoides 1 1 1 3 2 2 1 1 1 66 40 40 8 8 6 5 5 3 14 9 1
Reussella terquemi 1 32 6 1 1
Rzehakina sp. 1
Rhabdammina sp. 1
Rhizammina spp. 1 1 1 1 2 1
Saracenaria spp. 2 1 1
Siphogenerinoides
brevispinosa

4 9 2 4 1 4 5 3 11 2

Spiroplectammina
navarroana

6

Spiroplectammina sp. 1 1 1
Spiroplectammina
spectabilis

3 6 8 4 2 2 2 3

Stensioeina
beccariiformis

9 3 16 8 5 6 7 12 7 8 1

Stilostomella spp. 19 15 13 16 8 21 13 20 2 10 2 1 3 1 17 13
Tappanina selmensis 2 5 3 2 1 5 1 4 6 57 26 42 11 8 13 10 4 6
Trochamminids 9 13 7 9 7 9 2 3 2 5 12 20 22 9 4 4 6 3 7 3 2 5
Uvigerina sp. 1 1
Vulvulina sp. 3
Total 293 296 302 298 236 291 292 328 331 347 153 54 314 483 302 308 300 266 246 298 323 167 121 106
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to local disappearances and 26 to real extinctions (e.g.,Angulogavelinella
avnimelechi, Anomalinoides rubiginosus, Arenobulimina truncata,
Bolivinoides delicatulus, Cibicidoides hyphalus, C. howelli, C. velascoensis,
Coryphostoma midwayensis, Dorothia pupa, Gyroidinoides subangulatus,
Marssonella oxycona, Neoflabellina jarvisi, Nuttallinella florealis, Osangu-
laria velascoensis, Pullenia coryelli, Stensioeina beccariiformis; Fig. 5).
These and other species have been documented to become extinct
globally (e.g., Tjalsma and Lohmann, 1983; Van Morkhoven et al., 1986;
Thomas, 1990, 1998; Bolli et al., 1994; Kaminski and Gradstein, 2005).

The onset of the extinctions coincides with the onset of the CIE
(sample 13.25, Lu et al., 1996), and only one species (Clavulinoides
amorpha) last occurs below it. The extinction event has been
identified over a 30-cm-thick interval and it affected ~37% of the
species, with the last appearances recorded in samples 13.20, 13.30,
13.40 and 13.50 (lowermost Eocene; Fig. 5). The whole residue of the
samples studied within this interval was searched for the extinction
taxa in order to minimize the Signor–Lipps effect.

Since the analyses of the calcite content carried out by Lu et al.
(1996) were at a lower resolution than our samples, we analysed the
percentage of calcite in critical samples across the BEE (Fig. 5). Our
results show percentages of calcite higher than 55% in the first three
samples of the BEE interval (13.20, 13.30 and 13.40), whereas these
values drop to almost 0 in samples 13.50 and 13.60. These results
indicate that the beginning of the extinctions is recorded over an
interval with high levels of calcite (samples 13.20 to 13.40).

3.3. Survival interval

3.3.1. The disaster fauna
Disaster species are taxa specifically adapted to stressed environ-

mental conditions associated with mass extinction intervals, who
develop short-lived, relatively large populations (“blooms”) immedi-
ately following crises, early in the survival phase, within a thin
stratigraphical interval containing rare fossils (Kauffman and Harries,
1996; Kauffman et al., 1996).

At Alamedilla, after the BEE, diversity and heterogeneity of the
assemblages reached the lowest values in the section (Fisher-α
index=4 and Shannon–Weaver index=0.7 in sample 13.60; Fig. 2).
The high dominance of the assemblages is related to the occurrence of
a disaster fauna (samples 13.50 to 13.60), which dramatically increased
in relative abundance after the extinction event atAlamedilla. This fauna
is strongly dominated by Repmanina (Glomospira) charoides and
Glomospira spp., and it corresponds to the commonly called early
Eocene “Glomospira Acme”, which may be useful for stratigraphic
correlation across the P–E transition in deep-water settings of
western Tethys and North Atlantic (e.g., Kaminski and Gradstein,
2005).

The disaster fauna has been identified in two consecutive samples
(13.50 and 13.60) that contain the lowest calcite content and a
decrease in bulk carbonate δ13C values (Figs. 2, 5). The percentage of
silicate minerals increases in these samples (up to 12%), and remains
high (~9%) for the rest of the CIE, until sample 14.90 (Fig. 2).

3.3.2. Opportunistic fauna
The population increase in disaster taxa is extremely short-lived, as

they are quickly replaced by opportunists and other survivors early in
the repopulation phase; opportunistic taxa are capable of prolific
population expansion and rapid biogeographical dispersal into stressed
environments (Kauffman and Harries, 1996; Kauffman et al., 1996).

An opportunistic faunadominatedbycalcareous taxa (samples 13.70
to 15) has been identified just 10 cm above the interval characterised by
the disaster fauna. Several peaks in the abundance of opportunistic taxa
have been recorded coinciding with a gradual increase in diversity and
heterogeneity of the assemblages (Fig. 2). A bloom in Globocassidulina
subglobosa (which makes up to 45% of the assemblages), increased
percentages ofNuttallides truempyi andOsangularia spp., and a dramatic
increase in the absolute abundance of benthic foraminifera (nr/gr
63 µm–1 mm) are recorded at the beginning of this interval (Fig. 3).
These are followed by a short-lived increase in the relative abundance of
Tappanina selmensis, Oridorsalis umbonatus and Reussella terquemi
(samples 13.80 to 14; Fig. 3). Note that these peaks, combined with
the increase in absolute abundance of benthic foraminifera, mean that
these species strongly increased in numbers.

A rapid decrease in the absolute abundance of benthic foraminifera
in sample 14.20 is followed by a peak in relative abundance of Ara-
gonia aragonensis, increased percentages of Abyssamina quadrata and
Quadrimorphina profunda, minimum values in the bulk carbonate
δ13C record, and strong fluctuations in the calcite content (Figs. 2, 3).

The percentage of buliminids gradually increases through this
interval (up to 15% of the assemblages), but they do not reach the pre-
extinction values.

3.4. Recovery fauna

During the recovery and stabilization of the bulk carbonate δ13C
values, increase in CaCO3 content and decrease in the percentage of
silicate minerals to pre-extinction values (Fig. 2), a recovery fauna
dominatedby trochospiralmorphotypes (abundantNuttallides truempyi
and Osangularia spp., and common Anomalinoides spp.) and cylindrical
taperedmorphotypes (e.g., buliminids, Pleurostomella spp., Stilostomella
spp.) has been observed at Alamedilla (samples 15.40 to 17.30; Fig. 3).
The percentage of cylindrical tapered taxa increases up to pre-extinction
values. The relative abundance of abyssaminid species and Nonion
havanense decreases across this interval, whereas the percentage of
Osangularia increases (Fig. 3). Diversity and heterogeneity of the
assemblages do not reach the pre-extinction values.

4. Discussion

The stratigraphic distribution of calcareous and agglutinated
benthic foraminiferal species, and the composition of their assem-
blages at Alamedilla are similar to those of other deep-water (lower
bathyal to abyssal) sections in the western Tethys, such as Zumaia and
Trabakua Pass sections in northern Spain (Orúe-Etxebarria et al., 1996;
Alegret et al., 2009), Untersberg section in Austria (Egger et al., 2005)
or Contessa section in Italy (Galeotti et al., 2004; Giusberti et al.,
2009). Within the CIE interval the agglutinated assemblage is
dominated by Glomospira spp. in all these sections but Zumaia, and
the post-extinction calcareous benthic foraminiferal assemblages are
dominated by Nuttallides truempyi, abyssaminids, buliminids, Ano-
malinoides spp., Oridorsalis (including O. umbonatus) and various
pleurostomellids.

4.1. The uppermost Paleocene

Benthic foraminiferal assemblages are diverse and contain abun-
dant Paleocene cosmopolitan species (e.g., Tjalsma and Lohmann,
1983; Van Morkhoven et al., 1986). Representatives of the bathyal and
abyssal Velasco-type fauna (Berggren and Aubert, 1975), such as Ar-
agonia velascoensis, Cibicidoides velascoensis, Gyroidinoides globosus,
Nuttallides truempyi, Nuttallinella florealis, Osangularia velascoensis
and Stensioeina beccariiformis, are common at Alamedilla. Assem-
blages are dominated by species that have an upper depth limit at
lower bathyal depths, namely Bulimina trinitatensis, B. tuxpamensis,
Buliminella grata, Nuttallides truempyi and Stensioeina beccariiformis
(e.g., Van Morkhoven et al., 1986; Alegret et al., 2003). High
percentages of Abyssamina quadrata and Quadrimorphina profunda,
which are most common at abyssal depths (Tjalsma and Lohmann,
1983), have been recorded. These data indicate a lower bathyal–upper
abyssal depth of deposition during the late Paleocene at Alamedilla.

The calcareous-dominated assemblages from the upper Paleocene
indicate deposition above the CCD. The diversity of the assemblages,
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and the occurrence of abundant taxa with large and heavily calcified
tests, indicate well-oxygenated bottom waters during the late
Paleocene. The gradual increase in infaunal morphogroups towards
the uppermost Paleocene may point to a slight increase in the food
supply to the seafloor.

4.2. The core of the CIE

4.2.1. The onset of the CIE and the benthic foraminiferal extinction event
The BEE includes the extinction of ~37% of the species over a

30-cm-thick interval (inwhich4 sampleswhere analysed) atAlamedilla,
and its onset has been recorded in coincidencewith the onset of the CIE,
as in Zumaia section (Alegret et al., 2009). Considering the relative ages
of tie points A andBof thebulk carbonate δ13C curve (Röhl et al., 2007), it
may be inferred that the BEE was gradual but rapid, with a duration c.a.
10 kyr (from sample 13.20 to sample 13.50).

The BEE affected both calcareous and agglutinated foraminifera,
and it is recorded across an interval (13.20 to 13.50) without strong
evidence for bioturbation, and with a high calcite content in all
samples but the uppermost one (13.50). This suggests that calcite
dissolution was not the main cause of the extinctions, which started
earlier (Fig. 5). Similarly, dysoxia was not the main cause of the BEE,
since the faunal composition and the reddish colour of the marls and
clays across the BEE interval indicate oxic conditions at the seafloor.
Dysoxic or even anoxic conditions at the seafloor may have caused
some extinctions locally, but not globally (e.g., Thomas, 2007).

Food is a limiting factor in the deep-sea, and small variations in the
type or amount of nutrients may have dramatic consequences on the
benthic assemblages. However, there is no agreement as to whether
primary productivity in surfacewaters increased or decreased globally
at the onset of the CIE (Bains et al., 2000; Bralower, 2002; Dickens
et al., 2003; Tremolada and Bralower, 2004; Gibbs et al., 2006),
whereas the extinction of deep-sea benthic foraminifera was global.
Moreover, variations in surface primary productivity at Alamedilla are
not clear (Monechi et al., 2000).

Food supply, oxygen conditions or dissolution seem not to be the
cause of the extinctions at Alamedilla. Warming is likely to have been
the only global feature of the PETM for which there was no refugia,
triggering paleoecological and paleoenvironmental instability, and
eventually leading to the gradual but rapid BEE. According to Thomas
(2007), increased temperatures must have affected metabolic rates
and, therefore, food cycling within ecosystems, although detailed
isotope analyses are needed to determine whether warming occurred
before or just at the beginning of the BEE. At Alamedilla, oxygen
isotope analyses show a 4 °C warming in bottom waters at the
Paleocene–Eocene transition (Lu et al., 1998).

4.2.2. The Glomospira Acme and the minimum calcite content
The Glomospira Acme has been identified at Alamedilla just above

the BEE, in two samples (13.50 and 13.60) with a low calcite content
and increased percentages of silicate minerals (Figs. 2, 3). The sharp
increase in sedimentation rates (from 1.8 to 4.7 cm/ky; Fig. 4) in this
interval points to dilution of the carbonate content by a high input of
silicate minerals, although the lack of calcareous benthic foraminifera,
and the poor preservation of the calcareous tests just above this level,
suggests that carbonate dissolution may have affected the faunal
composition. Widespread CaCO3 dissolution has been documented
from deep-sea settings, and related to the release of methane and
increase in concentration of CO2 during the PETM, which led to a drop
in ocean pH and shoaling of the CCD (e.g., Dickens et al., 1997; Zachos
et al., 2004; Zeebe and Zachos, 2007).

Recent species of Glomospira and Repmanina are mobile epifaunal
forms that feed on organic detritus (e.g., Ly and Kuhnt, 1994), and
tolerate large environmental fluctuations (e.g., Kaminski et al., 1996),
whereas the oxygenation of bottomwaters seems to be less important
for this assemblage (Egger et al., 2005). In the Pliocene to modern
Mediterranean, R. charoides displays the highest percentages in
oligotrophic areas, responding more to changes in productivity rather
than in oxygenation, and this acme has been related to unstable
trophic conditions during the earliest Eocene (Kaminski and Grad-
stein, 2005). Given the fact that the Glomospira Acme is very
widespread in western Tethys and northern Atlantic during the
lowermost Eocene (e.g., Kaminski and Gradstein, 2005), we suggest
that it may have bloomed opportunistically in areas with methane
dissociation (which triggered increased chemosynthetic activity), as it
does today in areas of active petroleum seepage in the Gulf of Mexico
(Kaminski, 1988). Consequently, we suggest that the distribution of
the Glomospira peaks might be related to areas with methane
dissociation from gas hydrates (Katz et al., 1999, 2001) or from
organic matter heated up by igneous intrusions (Svensen et al., 2004);
both models locate the methane in the North Atlantic. Alternatively,
Glomospira peaks might be common in regions associated with the
volcanic ash deposits from the North Atlantic Volcanic Province (e.g.,
Egger et al., 2005).

4.2.3. The opportunistics
The disaster fauna was rapidly replaced by opportunistic taxa,

which occur during intervals characterized by perturbed environ-
mental conditions (Kauffman and Harries, 1996). These opportunistic
speciesmayhave taken advantage of a high-stress, stronglyfluctuating
environment as a result of dramatic changes in oceanic ecosystems.
Similar peaks in the relative abundance of opportunistic species have
been observed across the PETM in other ODP and DSDP sites as well as
in land sections (e.g., Thomas, 1998, 2003, 2007; Galeotti et al., 2004;
Alegret et al., 2005, 2009), and their studymay help to understand the
long-term effects of the PETM. The benthic foraminiferal turnover
across the PETM at Alamedillla is particularly similar to that recently
reported from the Italian Contessa section (Giusberti et al., 2009),
where the Glomospira Acme is followed by peaks in opportunistic taxa
in the same stratigraphic order: T. selmensis–O. umbonatus–A.
aragonensis-abyssaminids. However, the record at Contessa lacks the
quantitative peak in Globocassidulina subglobosa that immediately
overlies the Glomospira Acme at Alamedilla.

G. subglobosa is an oxic indicator in the modern oceans and its
abundance has been related to a number of variables (e.g., Smart et al.,
2007), although it is commonwith pulsed food inputs (e.g., Gupta and
Thomas, 2003; Suhr et al., 2003; Suhr and Pond, 2006). Themaximum
abundance of Tappanina selmensis (tie point B, +21.90 ky; Röhl et al.,
2007) in the interval with a low calcite content may indicate stressed
sea floor conditions and bottom waters undersaturated in calcium
carbonate (Boltovskoy et al., 1991; Takeda and Kaiho, 2007). A peak in
relative abundance of Aragonia aragonensis is recorded in coincidence
with minimum bulk carbonate δ13C values (tie point C, +42.38 ky;
Röhl et al., 2007). This species is common in post-extinction intervals
at several ODP Sites (e.g., Thomas, 1998, 2003), and has been
suggested to be an opportunistic species, as T. selmensis (Steineck
and Thomas,1996). Abyssaminid taxa (including Abyssamina quadrata
and Quadrimorphina profunda) are small, thin-walled species that
might indicate oligotrophy or might be opportunistic species (Takeda
and Kaiho, 2007; Thomas, 2007). In addition to these peaks, the
percentage of Nuttallides truempyi progressively increases towards the
top of this interval. N. truempyi has been suggested to be a low-food
indicator, although it might also be able to survive in carbonate
corrosive waters, like its descendant N. umbonifera (Thomas, 1998),
thus explaining its abundance next to samples with strong dissolution
in the lowermost Eocene (e.g., Alegret et al., 2009).

We suggest that the benthic foraminiferal composition during the
core of the CIE at Alamedilla points to oxic and, possibly, oligotrophic
conditions at the seafloor. Even if the supply of organic particles
remained constant, the high sedimentation rates (4.7 cm/ky; Fig. 4)
during this interval would result in dilution of the organic compounds,
and therefore, in more oligotrophic conditions at the seafloor. It
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Fig. 5. Stratigraphic distribution of benthic foraminiferal taxa that disappear in the lowermost Eocene in Alamedilla, and correlation to the δ13C curve (in bulk sediment) and calcite
content (Lu et al., 1996). The 30-cm-thick interval of the BEE is shown in grey colour. White triangles represent the %CaCO3 analyses carried out across the critical BEE interval in this
study. (1) Arenillas and Molina (1996) and Molina et al. (1999); (2) Monechi et al. (2000). M. = Morozovella; A. = Acarinina.
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should also be pointed out that, since increased temperatures affect
metabolic rates (Thomas, 2007), the same amount of food at higher
temperatures would result in a more oligotrophic looking benthic
foraminiferal assemblage. One might argue that the increased
numbers of benthic foraminifera per gram of washed residue
(Fig. 2) indicates increased food supply to the seafloor (e.g., Herguera
and Berger, 1991; Jorissen et al., 1995). Nevertheless, we cannot say
whether the total benthic biomass increased or decreased because the
abundance of benthic foraminifera may be balanced by the small size
of the tests, as documented from other lowermost Eocene assem-
Plate I. Scanning electron-micrographs of the most significant upper Paleocene and lower E

1. Bulimina tuxpamensis (meter 13.80).
2. Bulimina trinitatensis (meter 11.45).
3. Siphogenerinoides brevispinosa (meter 13.40).
4a–c. Abyssamina quadrata (meter 13.30).
5. Anomalinoides rubiginosus (meter 11.45).
6. Bolivinoides delicatulus (meter 13.20).
7. Cibicidoides hyphalus (meter 12).
8a–c. Abyssamina sp. (meter 15).
9. Gyroidinoides globosus (meter 13.20).
10. Neoflabellina jarvisi (meter 11.45).
11. Pyramidina rudita (meter 13.20).
12. Osangularia velascoensis (meter 11.45).
13. Pullenia coryelli (meter 11.45).
14. Stensioeina beccariiformis (meter 11.45).
15. Arenobulimina truncata (meter 13.20).
16. Gaudyrina pyramidata (meter 11.45).
17. trochamminid (meter 13.80).
18. Repmanina charoides (meter 13.60).
19. Globocassidulina subglobosa (meter 13.90).
20. Oridorsalis umbonatus (meter 14.90).
21. Tappanina selmensis (meter 13.80).
22. Reusella terquemi (meter 13.90).
23. Aragonia aragonensis (meter 14.40).
24. Nuttallides truempyi (meter 16).
25. Pleurostomella sp. (meter 14.40).
26a–c. Quadrimorphina profunda (meter 14.40).
blages (Thomas, 2007). High numbers of the calcareous nannofossil
Coccolithus pelagicus have been documented within this interval
(samples 13.80 to 14) at Alamedilla (Monechi et al., 2000), coeval
with a unique opportunistic planktic foraminiferal assemblage
(compressed acarininids; Lu et al., 1996, 1998; Arenillas and Molina,
1996). However, these studies do not provide strong interpretations as
to increased or decreased productivity in surface waters.

The carbonate dissolution interval and the CaCO3-undersaturated
bottomwaters inferred after the BEE might be related to the release of
methane and shoaling of the CCD (e.g., Dickens et al., 1997; Zachos
ocene benthic foraminiferal species at Alamedilla. All scale-bars represent 100 µm.
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et al., 2004; Zeebe and Zachos, 2007). A second interval of dissolution
just below the CIE recovery interval has been observed in several
bathyal and abyssal sections of central and western Tethys (e.g.,
Giusberti et al., 2009). At Alamedilla, we analysed in detail the
preservation of benthic foraminifera across the main CIE interval,
where a second marked drop in calcite and an increase in the
percentage of silicate minerals were detected ~160 cm above the
onset of the CIE by Lu et al. (1996). However, no evidence for strong
dissolution of benthic foraminiferal tests has been observed at that
level.

At Alamedilla, as in many other deep-water settings (e.g., Schmitz
et al., 1997; Giusberti et al., 2007), the percentage of carbonate
increases gradually up-section (Lu et al., 1996), which is consistent
with the slow deepening of the CCD after an abrupt and rapid
acidification of the oceans.

4.3. The recovery of the CIE

The uppermost part of the studied section includes the partial
recovery (D–F; c.a. +71.25 to +94.23 ky) and stabilization
(N+94.23 ky) of the bulk carbonate δ13C (Figs. 2, 3), although the
studied interval does not include thewhole recovery phase of the bulk
carbon δ13C values (e.g., Röhl et al., 2007). A sharp decrease in
sedimentation rates is recorded at metre ~15 (Fig. 4), coinciding with
the decreased percentage of silicate minerals and stabilization of the
carbonate content (Fig. 2). Benthic foraminiferal assemblages in this
part of the section are stable and consist of mixed infaunal and
epifaunal morphogroups, reflecting mesotrophic conditions and well-
oxygenated sea-bottom waters.

5. Conclusions

The analysis of benthic foraminifera across the Paleocene–Eocene
transition at the lower bathyal–upper abyssal Alamedilla section (SE
Spain) allowed us to distinguish assemblages (pre-extinction fauna,
extinction fauna, post-extinction disaster and post-extinction oppor-
tunistic fauna, and recovery fauna) with paleoenvironmental sig-
nificance, and to associate them to different portions of the δ13C curve.
Provided the small initial shift in bulk δ13C at Alamedilla is indeed
coeval with the larger initial shift at Site 690, one could argue that the
record is much more complete at Alamedilla, at least over the
beginning of the CIE, making it one of the most complete marine
records over that interval.

Upper Paleocene assemblages indicate deposition above the calcite
compensation depth, and well-oxygenated bottom waters. The
extinctions of benthic foraminifera started in coincidence with the
onset of the CIE (+0 ky), over an interval with a high calcite content,
and had a duration c.a. 10 ky. The exact causes of the extinctions are
not clear, yet, but they are likely to be related to paleoecological and
paleoenvironmental instability triggered by global warming.

Assemblages just above the BEE are strongly dominated by the
disaster fauna (Glomospira Acme). The carbonate dissolution interval
and the CaCO3-undersaturated bottom waters inferred after the BEE
might be related to the release of methane, which led to a drop in
ocean pH and shoaling of the CCD.

During the core of the CIE, the disaster fauna was rapidly replaced
by opportunistic taxa that point to oxic bottomwaters undersaturated
in calcium carbonate, and possibly, oligotrophic conditions at the
seafloor, whereas there is no strong evidence for increased or
decreased productivity in surface waters. The CCD gradually dropped
during this interval, leading to improved preservation of calcareous
benthic foraminiferal tests towards the recovery interval.

A recovery fauna is identified in coincidencewith the recovery (D–F;
c.a. +70 to+94.23 ky) and stabilization (N+94.23 ky) of the δ13C. Our
results support a gradual but rapid onset of the PETM, followed by long-
term effects on benthic foraminiferal assemblages.
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