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a b s t r a c t
The Middle Eocene Climatic Optimum (MECO) was one of the most severe, short-term global climate perturbations of the Cenozoic that occurred at ca. 40 Ma and was characterized by a gradual 4–6 °C temperature
increase of intermediate and deep-waters. We investigated the response to the MECO of the deep-sea ecosystem in the central-western Tethys, through a quantitative study of bathyal benthic foraminiferal assemblages
in the expanded and continuous Alano section (northeastern Italy), for which data on stratigraphy, lithology,
isotope and trace element geochemistry, and calcareous microplankton were available. During the gradual
warming of MECO (lasting between 350 and 650 kyr) marine export productivity increased, causing a significant but transient restructuring of benthic foraminiferal faunas, which changed gradually from assemblages
typical for oligo-mesotrophic sea ﬂoor conditions to assemblages indicative of more eutrophic conditions.
Just after the peak MECO conditions, which lasted less than 100 kyr, a prolonged phase of environmental instability (~500 kyr) occurred, marked by even more highly increased export productivity leading to
bottom-water oxygen depletion, as reﬂected in deposition of organic-rich sediments and multiple peaks of
bi-triserial opportunistic benthic foraminiferal taxa, including buliminids, bolivinids and uvigerinids. The
high productivity may have been caused by a strong inﬂux of nutrient-bearing fresh water into the basin,
due to the increased vigour of the hydrological cycle during the warm period, and this increased
fresh-water inﬂux might have been a factor in enhancing water column stratiﬁcation, thus exacerbating
the hypoxic conditions, which persisted about 400–500 kyr. After deposition of the organic-rich layers the
environmental perturbation ended, and benthic foraminiferal assemblages recovered while conditions became very similar to what they were before the MECO. The environmental disturbance during and directly
after the MECO thus strongly but transiently affected benthic foraminiferal assemblages in the central western Tethys.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
The Eocene was a crucial time in the Earth's Cenozoic climate evolution. The highest temperatures of the Cenozoic were reached in the
early Eocene (Early Eocene Climatic Optimum or EECO, ~52–50 Ma),
followed by long-term high-latitude and deep-water cooling, which
continued through the middle and late Eocene (Zachos et al., 2001;
Katz et al., 2008; Zachos et al., 2008; Bijl et al., 2010). During this
cooling, the Earth has been said to be in the so-called “doubthouse” climate state, between the “greenhouse” conditions of the early Paleogene
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(high temperatures and pCO2 levels, no polar ice sheets reaching sea
level; e.g., Pagani et al., 2005) and the “icehouse” regime, starting with
the development of the Antarctic continental ice sheet in the earliest Oligocene (Miller et al., 1987; Zachos et al., 1996; Coxall et al., 2005; Miller
et al., 2005; Lear et al., 2008). During the “doubthouse” conditions,
small, ephemeral ice sheets may have been present on the Antarctic
continent but did not reach sea level (Miller et al., 2005), while sea ice
may have been present in the Arctic Ocean (Stickley et al., 2009).
The long transition to globally cooler climates was interrupted by
transient warming events (e.g., Tripati et al., 2005; Sexton et al.,
2006; Edgar et al., 2007), the most prolonged and intense of which
was the Middle Eocene Climatic Optimum (MECO; Bohaty and
Zachos, 2003). The MECO interrupted the cooling trend of the
middle-late Eocene at ~ 40.6–40.0 Ma (Bohaty et al., 2009). It was
ﬁrst identiﬁed in Southern Ocean sediment cores as a transient oxygen

Author's personal copy
F. Boscolo Galazzo et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 378 (2013) 22–35

isotopic excursion (~− 1.0‰) (Bohaty and Zachos, 2003), then recognized and more precisely dated in isotopic records from different areas
(Jovane et al., 2007; Bohaty et al., 2009).
The ~500–750 kyr MECO warming (as expressed in an oxygen isotope excursion, OIE) started gradually, followed by a short interval of
maximum warming (b 100 kyr; Bohaty et al., 2009; Edgar et al., 2010),
then ended by rapid cooling to pre-event values, within 200 kyr
(Bohaty et al., 2009). The δ18O records indicate warming of ~4–6 °C of
both surface and deep waters (Bohaty et al., 2009; Edgar et al., 2010).
High-latitude sea-surface temperatures (SSTs) ranged as high as 28 °C
during the peak of the event, as estimated from organic-biomarker proxies (Bijl et al., 2010). The 500–750 kyr long duration and the pattern of
gradual warming followed by rapid cooling clearly differentiate the
MECO from late Paleocene through early Eocene hyperthermals with durations of 40–170 kyr, and either symmetrical beginning and ending, or a
rapid start with gradual recovery (Bohaty et al., 2009; Bowen and Zachos,
2010; Galeotti et al., 2010; Stap et al., 2010; Zachos et al., 2010).
The MECO also differs from these earlier hyperthermals because the
latter characteristically show global negative carbon isotope excursions
(CIE) coeval with the OIE indicating warming, the CIEs reﬂecting the
emission of isotopically negative carbon compounds in the ocean–
atmosphere (e.g., review in Lunt et al., 2011; McInerney and Wing,
2011). These hyperthermals thus are considered equivalent to global
warming caused by anthropogenic carbon emissions, and are associated with deep-sea ocean acidiﬁcation and carbonate dissolution
(e.g., Zachos et al., 2005; Hoenisch et al., 2012). In contrast, MECO
carbon isotope records vary geographically and bathymetrically
(e.g., Spofforth et al., 2010). Oceanic δ13C records show considerable
geographic variability, but have generally rising δ13C values across
MECO, with a brief, ~0.5‰ negative CIE during peak warming of
MECO only, clearly postdating the early, gradual warming (Bohaty et
al., 2009, ﬁg. 4; Edgar et al., 2010).
Despite the lack of CIE coeval with the warming, i.e., evidence for
large-scale emission of isotopically negative carbon compounds into
the atmosphere, there is evidence for 2–3 times increased atmospheric CO2 levels during MECO from organic biochemical proxies (Bijl et
al., 2010). Evidence for ocean acidiﬁcation is less clear, because no records of direct dissolution proxies have been published (e.g., clay
layers, fractionation of foraminifera). The occurrence of low carbon
accumulation rates during MECO at sites located at depths of more
than about 3400 m in the South Atlantic and Indian Oceans, however,
has been interpreted as reﬂecting acidiﬁcation (Bohaty et al., 2009).
In conclusion, the MECO warming thus has been considered due to increased atmospheric CO2 levels as the result of emission of carbon
compounds with not markedly negative isotopic composition, so
that their emission would not be seen in a signiﬁcant, negative CIE,
e.g., CO2 from decarbonation during metamorphosis and/or volcanic
activity (Bohaty et al., 2009).
Despite the fact that extreme warming events of the Paleogene
deeply affected the biota, as e.g., the Paleocene–Eocene Thermal Maximum (PETM; e.g., Sluijs et al., 2007; McInerney and Wing, 2011), surprisingly few studies have been devoted to the biotic response to the
MECO in ocean drilling sections, an exception being the study on siliceous plankton in the southern Indian Ocean (Witkowski et al., 2012).
At these locations there was a signiﬁcant increase in biosiliceous sedimentation associated with the MECO, as well as rapid assemblage
changes in autotrophic and heterotrophic siliceous microfossil groups.
MECO has been recognized in Italian sections, representing deposition in the western Tethys Ocean, having been ﬁrst recognized in the
Contessa section (paleodepth 800–1000 m), for which litho- and
biomagnetostratigraphic data were presented (Jovane et al., 2007).
Bulk δ13C values show a positive excursion of ~0.6 per mille during
MECO, but δ 18O records are diagenetically strongly overprinted so
there is no direct evidence for warming. More detailed records have become available on the expanded and continuous Alano di Piave section
(north-eastern Italy), for which Spofforth et al. (2010) presented
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lithological, trace metal geochemistry and stable isotope records. A detailed magnetobiostratigraphy of the full Alano di Piave section was
published by Agnini et al. (2011), showing the longer-term time
frame, and placing the MECO in higher Chron C18r and Chron C18n2n,
within nannofossil zones CP14a and NP16. The paleodepth during
MECO was middle bathyal (600–1000 m; Agnini et al., 2011). A detailed
record of MECO planktonic foraminiferal biotic events in this section
was presented by Luciani et al. (2010), and of calcareous nannofossil
events by Toffanin et al. (2011), making this section the only one for
which detailed biotic records of carbonate microfossil assemblages
across the MECO have been described.
At Alano, features of the MECO as described from deep-sea sections
(Bohaty et al., 2009) have been recognized, including the gradual onset
of the MECO at ~40.5 Ma, with progressively lower oxygen isotopic
values (upper part of magnetochron C18r), minimum δ18O values
representing peak warming at the base of C18n.2n (~40.13 Ma), and recovery of the δ18O values to background values over less than 100 kyr
(Spofforth et al., 2010). The Alano section shows a negative δ 13C excursion in bulk carbonate associated with the MECO gradual warming as
shown in bulk δ18O values. Directly above the sediment interval
reﬂecting MECO peak warming, however, the Alano section differs
from the deep sea sections, because there are two intervals with a
high organic carbon content and a trace element signature indicative
of low oxygen conditions (Spofforth et al., 2010). This interval has a positive δ13C excursion in bulk carbonate, now correlated with the excursion in the Contessa section (Jovane et al., 2007). This positive CIE has
been interpreted as an indication of enhanced marine productivity,
which may have led to sequestration of CO2 from the ocean–atmosphere system in carbon-rich sediments, at least on a regional scale
(Spofforth et al., 2010).
Both planktonic foraminifera and calcareous nannofossils reﬂect
major environmental disturbance during MECO (Luciani et al., 2010;
Toffanin et al., 2011), but no detailed records are available on the benthic foraminifera, thus the sea ﬂoor environment. We therefore
performed a quantitative study of the MECO benthic foraminiferal assemblages in order to characterize changes in the benthic ecosystem
of a bathyal environment during a yet poorly understood climatic
perturbation. Through the integration of benthic foraminiferal data
with published planktonic biotic and geochemical data we aim to better constrain the environmental and ecological changes across the
Middle Eocene Climatic Optimum from a central-western Tethys
perspective.

2. Setting, lithology and biochronostratigraphy
A continuous and expanded middle to upper Eocene section of
grey marls crops out along the Calcino torrent riverbed, close to the
village of Alano di Piave (Venetian Prealps, northeastern Italy). The
section consists of 120–130 m monotonous grey marls, with intercalated silty–sandy tuff layers and biocalcarenitic–calciruditic beds
(Agnini et al., 2011), and spans the upper part of Chron C18r
(~ 41.5 Ma) to the base of Chron C16r (~ 36.5 Ma). The marls were deposited at middle-bathyal paleodepth (Agnini et al., 2011) in the
Belluno Basin, a paleogeographic unit which originated in the Jurassic
as the result of regional rifting and subsequent collapse of Triassic
shallow-water carbonate platforms (e.g., Winterer and Bosellini,
1981). Hemipelagic sedimentation persisted until the late Eocene in
the south-western sector of the Belluno Basin (Cita, 1975; Trevisani,
1997), which was surrounded by the structural high of the Lessini
Shelf to the west (Bosellini, 1989) and of the Friuli Platform to the
east (Fig. 1), with the section about 100–150 km away from the nearest
land during sediment deposition. Because of its excellent exposure,
abundant calcareous plankton and stratigraphical completeness, the
Alano section has been proposed as candidate for the Global Stratotype
Section and Point (GSSP) of the Priabonian (Agnini et al., 2011).
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3. Materials and methods
3.1. Benthic foraminifera

Fig. 1. Main paleogeographic elements of the Southern Alps during the Paleogene (modiﬁed
from Bosellini, 1989) and location of Alano section (star). Legend: 1) deep-water mudstones of the Jurassic basins; 2) Paleogene lagoon and shelf edge reefs; 3) Palaeogene pelagic claystones and marlstones.

This study focuses on the interval from 10 to 32 m above the base
of the section, which falls in planktonic foraminiferal Zones E10–11,
E12 and lower E13 (Berggren and Pearson, 2005) or P12 to lower
P14 (Berggren et al., 1995), and calcareous nannofossil Zone NP16
(Martini, 1971) or CP 14a (Okada and Bukry, 1980), as described by
Agnini et al. (2011). Between 17 and 25 m, the dominant marly facies
is interrupted by a ~ 8 m thick sapropel-like interval, which consists
of laminated, dark grey to-black, marlstones (Fig. 2). This interval is
characterized by an increase of the total organic carbon content
(TOC) as well as sulphur, and pyrite is common (Spofforth et al.,
2010). Redox-sensitive trace element patterns indicate low-oxygen
conditions. The sapropel-like level can be subdivided into two subunits (ORG1 and ORG2; Spofforth et al., 2010), separated by a
2 m-thick, lighter coloured and organic poor, marly interval (~ 19 to
~ 21 m, Fig. 2).
In this section, the base of the gradual δ18O negative excursion is at
13 m (~40.5 Ma), and the OIE reaches its peak (ca. −3.4‰) between
16.90 and 17 m, just below the base of the lower sapropel-like subunit
(ORG1). The δ13C and CaCO3 records mirror this pattern and, after a
gradual decrease, reach minimum values of ~0.2‰ (from 1‰) and
20% (from 60%) respectively at ~16.90–17 m (Fig. 2). This brief interval,
with minimum isotopic and carbonate values, has been interpreted as
the peak of MECO.
The interval overlying the MECO isotopic excursion (between ca.
17 and 25 m; Fig. 2) includes the ORG1 and ORG2 horizons, and is deﬁned as “post-MECO interval” (Luciani et al., 2010). Agnini et al.
(2011) estimate that the duration of the MECO and the post-MECO
interval together was about 800–900 kyr (see also Spofforth et al.,
2010). In the post-MECO interval, δ 18O values rapidly increase, and
by 25 m recover to pre-event values. Within the 17–25 m interval,
the δ 13C record is complex and strongly correlated with lithological
changes. Two positive excursions between 19 and 21 m are similar
in magnitude (1.25‰), and coincide with the elevated TOC levels in
intervals ORG1 and ORG2 (up to 3%; Fig. 2), interrupted by a negative
excursion to near pre-event values.

Benthic foraminifera were extracted from the marlstones using
our standard method, disaggregation with 10–30% concentration
hydrogen peroxide, for 1–2 h, followed by washing over ≥63 and
≥450 μm sieves. When necessary, samples were additionally soaked
in a surface-tension-active solution. Finally, some samples were gently
sonicated in order to break up clumps of residue. Quantitative analysis
of benthic foraminiferal assemblages was performed on 39 samples
from the 22 m interval described above. Sample spacing is 40 cm over
the interval corresponding to the δ18O isotopic shift, and on average
80 and 100 cm below and above this interval. Quantitative study was
based on representative splits of residues (using a micro-splitter
Jones, Geneq Inc.), counting at least 280 specimens larger than 63 μm
and b 450 μm (Appendix A). The use of the small-size fraction is
time-consuming and presents difﬁculties in taxonomic determination,
but we preferred to avoid the loss of small taxa, which are important
for paleoecological investigations (e.g., Thomas 1985; Schroeder et al.,
1987; Boltovskoy et al., 1991; Thomas et al., 1995; Giusberti et al.,
2009). More than 250 taxa were identiﬁed at speciﬁc or higher taxonomic level, mainly following Hagn (1956), Braga et al. (1975),
Grünig and Herb (1980), Grünig (1984, 1985), Parisi and Coccioni
(1988), Barbieri (1990), and Ortiz and Thomas (2006). Additional analyses were carried out on the ≥450 μm size fraction: specimens were
identiﬁed and counted (Appendix B), and absolute and relative abundance was calculated. The most representative taxa were photographed
using SEM (scanning electron microscope).
Relative abundance of the common taxa (> 5%) was calculated (Figs. 3, 4), together with faunal indices commonly used in
paleoenvironmental reconstruction: the Fisher α diversity index and
the dominance (using the PAST package; Hammer et al., 2001), the
absolute abundance (N/g: number of benthic foraminifera per gram of
sediment), the infaunal–epifaunal ratio (mainly following Corliss,
1985; Jones and Charnock, 1985; Corliss and Chen, 1988; Kaminski
and Gradstein, 2005), the relative abundance of bi-triserial taxa and
the agglutinated-calcareous ratio. Bi-triserial taxa percentage was calculated as the sum of all the buliminids minus the relative abundance
of Bolivinoides crenulata, since this species shows a very different
trend in abundance than the other bi-triserial taxa (Figs. 2, 3). The comparison of changes in relative and absolute abundance allows evaluating of the importance of the “ﬁxed sum” problem (Thomas et al., 1995).
Relative abundance and faunal indices were calculated excluding
fragments of astrorhizids, an informal group in which we lumped all
fragments of tubular, branching forms such as Rhabdammina and
Rhizammina. In the residues it is difﬁcult to estimate the number of
individuals of these taxa, because only small fragments of these fragile forms (which are usually rare) were found. In order to avoid the
loss of their signal completely, the absolute abundance of astrorhizid
fragments was calculated. Infaunal/epifaunal ratio and bi-triserial
taxa percentages were calculated excluding “small trochospiral hyaline” and indeterminable trochospiral hyaline (ITH) specimens (see
Appendix C). STH and ITH were excluded in calculating relative
abundance.
Deep-water benthic foraminiferal communities are dominantly
inﬂuenced by two environmental parameters: the food supply (quantity, quality and periodicity of the ﬂux of food particles to the sea
ﬂoor) and the oxygenation of bottom and/or pore waters (e.g., Lutze
and Coulbourn, 1984; Corliss and Chen, 1988; Herguera and Berger,
1991; Loubere, 1991; Sen Gupta and Machain-Castillo, 1993; Alve,
1995; Jorissen et al., 1995; Loubere, 1996; Bernhard et al., 1997;
Bernhard and Sen Gupta, 1999; Loubere and Fariduddin, 1999a,b;
Morigi et al., 2001; Gooday, 2003; Jorissen et al., 2007). Benthic foraminifera are able to adapt to a wide spectrum of trophic conditions
(e.g., Murray, 2006, 2013), but many taxa have an optimum range
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Fig. 2. Faunal and geochemical variations across the MECO at Alano plotted against bio-magnetostratigraphy, lithology and recognized benthic foraminiferal assemblages (A to F).
Agglutinants = agglutinated to agglutinated and calcareous-hyaline ratio; Bi-triserial = cumulative relative abundance of the buliminids minus Bolivinoides crenulata; Infaunal = infaunal
to infaunal and epifaunal ratio; Fisher-α and Dominance diversity indices; N/g Bi-triserial = number of bi-triserial benthic foraminifera per gram minus Bolivinoides crenulata in the
≥63 b 450 μm size fraction; N/g Bolivinoides crenulata = number of Bolivinoides crenulata per gram in the ≥63 b 450 μm size fraction and N/g total = number of benthic foraminifera per
gram (faunal density) in the ≥63 b 450 μm size fraction. Stable isotopes (δ18O and δ13C), total organic carbon (TOC%) and CaCO3% are from Spofforth et al. (2010). Fragmentation index and
coarse fraction (F-index and CF) are from Luciani et al. (2010). Biostratigraphy after Agnini et al. (2011) following: (1) planktonic foraminiferal zones of Berggren and Pearson (2005) and
(2) calcareous nannofossil zones of Martini (1971). Polarity/Chron (3) after Agnini et al. (2011). The hatched bands indicate intervals of marked carbonate dissolution.

with respect to organic input, under which they may become dominant faunal elements (e.g., Loubere, 1991; Gooday, 1996; Loubere,
1996; Loubere and Fariduddin, 1999a,b; Fontanier et al., 2002;
Jorissen et al., 2007).
The Corg ﬂux to the sea-ﬂoor directly inﬂuences the oxygenation at
the sediment–water interface through oxidative degradation of organic
matter: an excess of organic matter leads to lower oxygen availability to
benthic communities (e.g., Valiela, 1984; Jorissen et al., 1995; Murray,
2006). Benthic foraminifera, as unicellular organisms, are in general
able to tolerate oxygen depletion better than metazoans, and the
more resistant taxa take advantage of a food-enriched environment
where there is less competition (e.g., Phleger and Soutar, 1973;
Koutsoukos et al., 1990; Sen Gupta and Machain-Castillo, 1993; Alve,
1995; Jorissen et al., 1995; Van der Zwaan et al., 1999). In most environments there thus is a strong, negative correlation between food supply
and oxygen levels (TROX model, Jorissen et al., 1995). Interspeciﬁc competition inﬂuences the structure of benthic foraminiferal assemblages in

terms of abundance and species composition: the most diverse assemblages, combining epifaunal to fairly deep infaunal components, occur
in environments which are neither extreme in food supply nor in oxygenation. At lower food levels there is not sufﬁcient food to sustain infaunal populations although pore water oxygenation is good and
would allow them to thrive, and at very high food supply the oxygen
levels in pore waters (and ﬁnally in bottom waters) become too low
to allow foraminifera to survive.
Knowledge of these relationships in the modern oceans helps to interpret fossil benthic foraminiferal assemblages, in order to gain information about past environmental changes. We are, however, limited in
our understanding of past benthic foraminiferal assemblages by our limited knowledge of recent faunas. Even for many living species the relation between test morphology and microhabitat has not been observed
directly, but is extrapolated from data on other taxa (e.g., Jorissen,
1999). This is necessarily so for extinct taxa. In addition, many foraminifera move vertically through the sediment (e.g., Gooday and Rathburn,
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Fig. 3. Relative abundance of selected benthic foraminifera across the MECO in the Alano section plotted against bio-magnetostratigraphy, lithology and the recognized assemblages
(A to F). The letter α indicates the ORG2 peak of Bolivina nobilis–gracilis transitional forms. Biostratigraphy after Agnini et al. (2011) following: (1) planktonic foraminiferal zones of
Berggren and Pearson (2005) and (2) calcareous nannofossil zones of Martini (1971). Polarity/Chron (3) after Agnini et al. (2011). The hatched bands indicate intervals of marked
carbonate dissolution.

1999; Fontanier et al., 2002). In one of the few statistical studies evaluating the correlation between test morphology and microhabitat, it is argued that the assignment of modern foraminifera to microhabitats may
be accurate only about 75% (Buzas et al., 1993). Comparisons between
past and recent environments thus need careful evaluation.

4. Results
Benthic foraminiferal assemblages at the Alano section are strongly dominated by calcareous forms throughout the studied interval
(~ 85–98% of the assemblage; Fig. 2). There is a marked increase in
the relative abundance of the agglutinated taxa in 2 samples just
below the base of ORG1, and within samples from ORG2. The preservation of benthic foraminifera varies from good, in the lower and
upper part of the section, to moderate, especially within the two
ORG beds in which tests are ﬁlled by pyrite. In these intervals foraminifera are very rare in some samples.

4.1. Paleobathymetry
According to Agnini et al. (2011), the lower-middle portion of the
Alano section, including the studied interval, was deposited at middle
bathyal depth (600–1000 m, using depth distributions as in van
Morkhoven et al., 1986). This estimate was based on the evaluation
of P/B values (>90) and on the occurrence of paleobathymetric
index taxa, including the presence of Nuttallides truempyi, Cibicidoides
barnetti (indicative of depths > ~ 500–600 m), combined with taxa as
Hanzawaia ammophila and Oridorsalis umbonatus (e.g., Ortiz and
Thomas, 2006). The occurrence of common bi- and triserial taxa
agrees with a middle bathyal depth assignment (Agnini et al., 2011).
4.2. Faunal changes across the Middle Eocene Climatic Optimum
Benthic foraminiferal assemblages show marked changes across
the studied section, especially directly after the MECO, within the
two ORG intervals and the directly overlying interval. Based on
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Fig. 4. N/g = number of benthic foraminifera per gram (faunal density), relative abundance of Uvigerina spp. heavy costate forms in the ≥450 μm size fraction and relative abundance of common benthic foraminiferal taxa in the ≥63 ≤ 450 μm size fraction plotted against bio-magnetostratigraphy, lithology, stable isotopes (δ18O and δ13C), CaCO3% and
total organic carbon (TOC%; from Spofforth et al., 2010). The asterisk * indicates the sample COL480A (15.20 m), in which anomalous high abundance of Cibicides spp. is associated
with the presence of numerous resedimented specimens of shallow-water taxa belonging to the genera Amphistegina, Asterigerina and Asterigerinata. Biostratigraphy after Agnini et
al. (2011) following: (1) planktonic foraminiferal zones of Berggren and Pearson (2005) and (2) calcareous nannofossil zones of Martini (1971). Polarity/Chron (3) after Agnini et
al. (2011). The hatched bands indicate intervals of marked carbonate dissolution.

quantitative analysis, six main benthic foraminiferal assemblages (A to F;
Fig. 2) were identiﬁed as described below.
4.2.1. Assemblage A: pre-MECO interval (5 samples, 10.00–12.80 m)
Samples below the onset of the MECO are characterized by ﬂuctuating, moderately high faunal diversity (Fisher α ~ 24) and absolute
abundance around 350 specimens/g (Fig. 2). Infaunal taxa are more
abundant (75%) than epifaunal, and consist of bi-triserial taxa (on average 33%, Table 1) and very small, weakly ornamented Bolivinoides
crenulata (on average 15%; Figs. 2, 3). Epifaunal taxa are represented
mainly by Nuttallides spp. and Cibicidoides spp. (Figs. 3, 4). Preservation is moderately good, CaCO3% is high (~ 45%) and the planktonic foraminiferal F-index is low, b5 (Fig. 2; Table 1). At ~ 11 m, B. crenulata
begins an upward decrease (both relative and absolute abundance),
paralleled by a gradual increase in relative abundance of the other
bi-triserial taxa (Fig. 3).

4.2.2. Assemblage B: MECO interval (11 samples, 13.20–16.80 m)
With the onset of MECO, the relative abundance of bi-triserial taxa
increases upwards, reaching 40% (Fig. 2, Table 1). The genera Bulimina
and Uvigerina increase in abundance to 13% and 8%, respectively.
Among buliminids, Bulimina stalacta, Bulimina cf. midwayensis, the
Bulimina trinitatensis–impendens group, Bulimina cf. alazanensis, and
the Bulimina cf. elongata group become more common, as does the
small, hispid, Uvigerina farinosa (Figs. 3, 4; Plate I). The foraminiferal assemblage becomes more diverse and structured, so that the Fisher-α
index gradually increases to ~30 at the top of the interval (~15.60 m),
with a richer agglutinated fauna (8%), mainly represented by large
Plectina dalmatina and Tritaxia szaboi (Plate I). Among epifaunals,
large, heavily calciﬁed Cibicidoides spp., Nuttallides truempyi and the
Osangularia pteromphalia–mexicana group are common (Figs. 3, 4;
Plate II). Plectina dalmatina, T. szaboi and Cibicidoides eocaenus dominate
the fraction ≥450 μm. The total N/g and bi-triserial absolute abundance
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Table 1
Typical values of parameters for the recognized benthic foraminiferal assemblages.
Assemblage

Fisher α

Dominance

N/g

Infaunal%

Bi-triserial%

F-index

CaCO3%

F
E
D
C
B
A
St.dev.

19
~20
22
20
27
24
2.77

0.184
0.063
0.075
0.084
0.048
0.067
0.04

550
190
455
515
375
350
119.56

~75
73
77
83
70
74
4.03

~30
34
38
51
35
33
6.77

9
86
35
79
48
4
31.35

45
41
49
36
41
44
4.03

ﬂuctuate throughout (Fig. 2). Close to the maximum δ18O negative
values (peak MECO) at the top of the interval, N/g peaks to the highest
values (~900 specimens/g; ca. 15.40 m). The MECO acme at Alano
(16.40–16.90 m) coincides with a drop in CaCO3 (~30%), coarse fraction
and peak F index values (80; Fig. 2), thus increased dissolution. Preservation of tests deteriorates, N/g drops to minimum values, and bi-triserial
relative abundance and infaunal/epifaunal ratio markedly decrease (to
~24% and 57% respectively; Fig. 2). Agglutinated taxa peak at 25%, together with Cibicidoides spp. (~15%; Figs. 2, 3).
4.2.3. Assemblage C: post-MECO-ORG1 interval (5 samples, 16.95–18.65 m)
Within ORG1 (TOC ~2–3%; CaCO3 ~35%), preservation of both benthic and planktonic foraminifera deteriorates, the F-index of planktonic
foraminifera is around 80, and tests show signs of dissolution (Fig. 2).
Both benthic and planktonic foraminifera are frequently ﬁlled with pyrite. The benthic foraminiferal assemblage changes dramatically: infaunal morphotypes become dominant, with percentages close to 85%.
Bi-triserial taxa reach their highest values (around 50%), whereas the
relative and absolute abundance of Bolivinoides crenulata decreases at
the top of the interval, after a series of ﬂuctuations (Figs. 2, 3). Benthic
foraminiferal absolute abundance is high (~500 specimens/g), while
Fisher α decreases (~20; Fig. 2, Table 1). The ORG1 interval is characterized, from the bottom to the top, by a series of peaks of different
buliminids (Fig. 3): Uvigerina spp. and Uvigerina chirana (together
~20%), Bolivina antegressa (15%), small Bolivina spp. (~30%), B. crenulata
(~13%) and Bulimina cf. semicostata (~35%) (Plate I, Appendix C). The
ORG1 interval is lithologically heterogeneous: it is interrupted at
17.98 m (sample COL113B) by a thin, greenish layer with a lower
TOC% content (Fig. 2). In this layer, the benthic foraminiferal assemblage differs from that in underlying and overlying samples, because
the percentage of bi-triserial taxa and the infaunal/epifaunal ratio
drop to values similar to that of the pre-MECO interval (40% and 70% respectively; Fig. 2), although the absolute abundance of these taxa is still
high. Bolivinoides crenulata shows a slight increase, to up to 8% (Fig. 3).
4.2.4. Assemblage D: marly interval between ORGs (4 samples,
19.30–20.50 m).
The faunal composition of Assemblage D resembles that in the
pre-MECO interval, and in sample COL113B (ORG1 at 17.98 m). General
preservation of both benthic and planktonic foraminifera improves
(F-index ~ 35, CaCO3 ~ 50%; Fig. 2, Table 1), the infaunal/epifaunal
value drops to ~75%, and bi-triserial taxa, despite the high absolute abundance, are ~40% and mainly represented by small bolivinids (Fig. 3).

Bolivinoides crenulata attains a percentage around 15%, total N/g is on average 450 specimens/g and Fisher α is ~22 (Figs. 2, 3).
4.2.5. Assemblage E: post-MECO ORG2 interval (7 samples, 20.90–
25.10 m)
Within the ORG2 interval CaCO3 drops again (41%), the preservation
of foraminifera is markedly worse than in interval ORG1, dissolution is
more marked, and the F-index is slightly higher (Fig. 2, Table 1). ORG2
is similar to ORG1 in its high percentages of bi-triserial taxa and infaunal
morphotypes (Fig. 2, Table 1). As in ORG1, buliminids peak (Figs. 3, 4)
such as Bulimina alazanensis (17%), as do some biserial species, such
as Bolivina antegressa (double peak of 26 and 29%), Bolivina nobilis–
Bolivina gracilis transitional forms (21%), and to a lesser extent Uvigerina
spp. (7%) (Plate I; Appendix C). Typical for this interval are increases in
small osangulariids (peak to 13%; Fig. 3 and Plate II), Oridorsalis
umbonatus (Fig. 3; Plate II) and calcareous uniserial taxa. ORG2 mainly
differs from ORG1 by its markedly lower absolute abundance of benthic
foraminifera (from 500 to ca. 200 specimens/g on average; Fig. 2,
Table 1). Bi-triserial and infaunal taxa are less abundant in ORG2 than
in ORG1, ﬂuctuating between 20–35 and 70–80% respectively, and faunal diversity ﬂuctuates strongly in the lower-middle portion, whereas
in the upper part it remains more or less stable, around 15 (Fig. 2).
Higher Fisher α values are recorded in 2 samples at 21.55 and
22.95 m (samples COL470B and 610B). In the lower one the high faunal
diversity (Fig. 2) is associated with increased agglutinated foraminiferal
abundance (mainly plectinids, Fig. 4), the upper one corresponds to a
grey-greenish, organic poor marly layer. Both these samples have a
lower percentage of bi-triserial taxa and infaunal/epifaunal ratio
(Fig. 2), and COL610B shows a slight increase in abundance of
Bolivinoides crenulata (both relative and absolute abundance, Figs. 2, 3).
4.2.6. Assemblage F: recovery phase after the post-MECO interval (7 samples;
25.50–31.70 m)
Assemblage F coincides with the full recovery to pre-event values in
δ18O and δ13C records, as well as in CaCO3 (45%) and TOC percentages.
The preservation of foraminifera is good, and the F-index has very low
values (Fig. 2, Table 1). Assemblage F is characterized by an increase in
N/g (>500 specimens/g) reﬂecting the highest faunal density of the
studied interval (Table 1), mainly specimens of Bolivinoides crenulata
(100–150 specimens/g). The relative abundances of B. crenulata and
other bi-triserial taxa are high (20–30% and 40%, respectively).
Bolivinoides crenulata continues to increase in abundance up to the top
of the assemblage, whereas the other buliminids decrease markedly.
Bi-triserial taxa are mainly represented by very small, smooth-walled

Plate I. Fig. 1 Plectina dalmatina (Schubert, 1911) COL140B-18.25 m; Fig. 2 Plectina sp. COL10B-16.95 m; Fig. 3 Tritaxia szaboi (Hantken, 1875) COL440A-14.80 m; Fig. 4 Vulvulina
eocaena–haeringensis group COL865B-25.50 m; Fig. 5 Eobigenerina variabilis (Vašiček, 1947) COL520A-15.60 m; Fig. 6 Rectouvigerina mexicana (Cushman, 1926)
COL470B-21.55 m; Fig. 7 Bolivina antegressa Subbotina, 1953 COL945B-26.30 m; Fig. 8 Bolivina nobilis–gracilis transitional forms COL690B-23.75 m; Fig. 9 Bolivina nobilis–gracilis
transitional forms COL690B-23.75 m; Fig. 10 Bolivina sp. smooth/slightly costate group; Fig. 11 Bolivinoides crenulata (Cushman, 1936) COL945B-26.30 m; Fig. 12 Bulimina
alazanensis Cushman, 1927 COL405-20.90 m; Fig. 13 Bulimina cf. alazanensis Cushman, 1927 COL520A-15.60 m; Fig. 14 Bulimina cf. semicostata Nuttall, 1930 COL140B-18.25 m;
Fig. 15 Bulimina cf. semicostata Nuttall, 1930 COL140B-18.25 m; Fig. 16 Bulimina stalacta Cushman and Parker, 1936 COL560A-16.00 m; Fig. 17 Bulimina trinitatensis–impendens
group COL470B-21.55 m; Fig. 18 Bulimina cf. elongata d'Orbigny, 1846 group COL440A-14.80 m; Fig. 19 Bulimina cf. elongata d'Orbigny, 1846 group COL945B-26.30 m; Fig. 20
Bulimina cf. elongata d'Orbigny, 1846 group COL945B-26.30 m; Fig. 21 Caucasina sp. COL1065B-27.50 m; Fig. 22 Globocassidulina subglobosa (Brady, 1881)
COL140B-18.25 m; Fig. 23 Globocassidulina punctata Berggren and Miller, 1986 COL80A-11.20 m; Fig. 24 Uvigerina chirana Cushman and Stone, 1947 COL10B-16.95 m; Fig. 25
Uvigerina farinosa Hantken, 1875 COL440A-14.80 m; Fig. 26 Uvigerina sp. A COL10B-16.95 m; Fig. 27 Uvigerina sp. C COL10B-16.95 m; Fig. 28 Uvigerina sp. heavy costate form
COL245B-19.30 m.
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Plate II. Fig. 1 Reticulophragmium cf. acutidorsatum (Hantken, 1868) COL825B-25.10 m; Fig. 2 Haplophragmoides walteri (Grzybowski, 1898) COL945B-26.30 m; Fig. 3 Anomalinoides capitatus
(Gümbel, 1868) COL520A-15.60 m; Fig. 4 Anomalinoides spissiformis Cushman and Stainforth, 1945 COL305B-19.90 m; Fig. 5 Cibicidoides ungerianus (d'Orbigny, 1846) COL440A-14.80 m;
Fig. 6a Cibicidoides eocaenus (Gümbel, 1868) spiral view COL1000-10.00 m; Fig. 6b Cibicidoides eocaenus (Gümbel, 1868) lateral view COL365B-20.50 m; Fig. 7a Cibicidoides grimsdalei (Nuttall,
1930) spiral view COL945B-26.30 m; Fig. 7b Cibicidoides grimsdalei (Nuttall, 1930) spiral view COL945B-26.30 m; Fig. 8 Cibicidoides micrus Bermúdez, 1949 COL500A-15.40 m; Fig. 9 Hanzawaia
ammophila Gümbel, 1868 COL40B-17.25 m; Fig. 10a Nuttallides truempyi (Nuttall, 1930) spiral view COL1000-10.00 m. Fig. 10b Nuttallides truempyi (Nuttall, 1930) lateral view
COL440A-14.80 m; Fig. 11 Oridorsalis umbonatus (Reuss, 1851) spiral view COL750B-24.35 m; Fig. 12 Osangularia pteromphalia-mexicana group umbilical view COL440A-14.80 m;
Fig. 13 Osangularia sp. spiral view COL690B-23.75 m; Fig. 14 Gyroidinoides dissimilis (Cushman and Renz, 1947) COL140B-18.25 m; Fig. 15 Gyroidinoides soldanii d'Orbigny,
1826 COL520-15.60 m.

or weakly costate bolivinids and by very small and smooth-walled
Bulimina, mainly the Bulimina cf. elongata group (average 13%; Fig. 3).
5. Discussion
5.1. Pre-MECO and MECO (assemblages A, B): toward increased food
availability at the sea ﬂoor
In the Alano section, pre-MECO background conditions (assemblage
A) are characterized by a fairly abundant and diversiﬁed infauna, with

abundant small bolivinids including Bolivinoides crenulata (Figs. 2, 3).
The abundance of bi-triserial taxa indicates a high and continuous food
supply to the sea-ﬂoor (e.g., Gooday and Rathburn, 1999; Loubere and
Fariduddin, 1999b; Morigi et al., 2001; Gooday, 2003). The common occurrence of buliminids in assemblage A, however, probably cannot be ascribed to very high productivity in the surface waters. The scarce
epifaunal community, and the low diversity and low abundance assemblage, coupled with absence of evidence for hypoxic conditions
(Spofforth et al., 2010), suggest that there was a low to moderate ﬂux
of organic matter to the seaﬂoor, as supported by calcareous plankton
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communities indicating generally oligotrophic surface waters (Luciani et
al., 2010; Toffanin et al., 2011). The apparent mismatch between benthic
foraminifera indicative of a higher organic supply than suggested by indicators of productivity in overlying waters can be explained by the presence of an additional, lateral supply of more refractory organic matter
(e.g., as in the present bay of Biscay, Fontanier et al., 2005), especially
in view of the paleogeographic setting of the Alano section, i.e., the vicinity of land and the shelf areas surrounding the Belluno basin. This setting
may have allowed a supply of terrigenous material containing refractory
organic matter (e.g., Ortiz and Thomas, 2006). Some infaunal taxa are
able to use such refractory organic matter (e.g. Fontanier et al., 2002,
2005). Bolivinids speciﬁcally are characterized by tolerance to a wide
spectrum of trophic and oxygen conditions (e.g. Kitazato and Ohga,
1995; Silva et al., 1996; Bernhard et al., 1997). We therefore argue that
benthic foraminiferal data from the pre-MECO interval may indicate relatively oligotrophic surface waters, under which the sea ﬂoor habitat
was inﬂuenced by continental-derived, refractory organic matter.
With the beginning of the MECO, the relative abundance of bi- and
triserial taxa started to increase (assemblage B), suggesting a gradual
increase in supply of less refractory organic material from increased
primary productivity in overlying surface waters. The relative abundance of bi-triserial taxa, indicative of a continuous food supply (e.g.
Lutze and Coulbourn, 1984), increased together with faunal diversity.
Within the samples just below the maximum negative OIE (i.e. peak
MECO), peak values in benthic foraminiferal absolute abundance
were reached (Fig. 2). Such an increase in benthic foraminiferal absolute abundance may indicate the supply of larger amounts or less refractory organic matter to the benthos (Herguera and Berger, 1991;
Jorissen et al., 1995; Thomas et al., 1995; Gooday, 2003; Jorissen et al.,
2007). Among bi-triserial taxa, small and hispid uvigerinids such as
Uvigerina farinosa increased in abundance (Fig. 3). These forms resemble
living Uvigerina species typical for deep-sea high productivity areas
(Loubere, 1991, 1996, 1997; Loubere and Fariduddin, 1999b). N/g can
be inﬂuenced by the abundant presence of small individuals and decreased sedimentation rates (Thomas, 2003; Giusberti et al., 2009), but
that is not the case here: in assemblage B, the abundance of the coarse
fraction and the mean size of benthic foraminiferal tests increase, and sedimentation rates increase (Spofforth et al., 2010).
The N/g values in assemblage B increase, coupled with a gradual increase in inﬂux of detrital material (Spofforth et al., 2010), and a shift
from oligotrophic to more eutrophic-dominated calcareous planktonic
communities (Luciani et al., 2010; Toffanin et al., 2011). This increased
inﬂux of terrestrial detrital sediments may have resulted from increased
weathering resulting from the increasingly vigorous hydrological cycle
during warm climates (Pierrehumbert, 2002). The increased delivery
of highly weathered, inorganic terrestrial material may have provided
more nutrients, resulting in higher surface productivity (Luciani et al.,
2010; Spofforth et al., 2010; Toffanin et al., 2011). The latter led to intensiﬁed export productivity to the sea ﬂoor and thus a higher supply of labile, more nutritious fresh phytal material to the benthos.
The high faunal diversity across the MECO (Fig. 2, Table 1) indicates that the higher ﬂux of labile organic matter, though able to sustain a richer infaunal and epifaunal community, did not result in
poorly oxygenated conditions (e.g, Jorissen et al., 1995; Levin et al.,
2001; Gooday, 2003). Overall, the benthic foraminiferal data provide
evidence for a transition from more oligotrophic conditions with lateral
supply of terrestrial organic matter to a fully mesotrophic environment
favouring exploitation of both infaunal and epifaunal ecological niches,
thus establishment of a more complex and vertically structured benthic
foraminiferal community (e.g., Jorissen et al., 1995; Van der Zwaan et
al., 1999).
An exception to the increase in biserial-triserial taxa was the decrease in abundance of the biserial species Bolivinoides crenulata during the onset of the MECO, although with, strong ﬂuctuations (Figs. 2,
3). This species thus shows a trend in abundance opposite to that of
the other bi-triserial taxa. Possibly, this taxon could outcompete
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other infaunal taxa at a higher abundance of refractory organic matter
and lesser abundance of freshly produced phytal material. Alternatively, it could not compete well under higher temperatures, as it also decreased in abundance during a hyperthermal event at the early/
middle Eocene boundary in middle bathyal section Agost, Spain (Ortiz
et al., 2008).
The MECO peak-warming at Alano coincided with a marked drop
in the preservation of foraminiferal tests, which show pitting, thus
signs of dissolution, a drop in N/g values, coarse fraction and in
CaCO3%, thus overall carbonate dissolution (Fig. 2). As a result of dissolution, bi-triserial taxa strongly declined in absolute abundance,
and peak values in Fisher α diversity declined, while the relative
abundance of the dissolution-resistant Cibicidoides spp. and agglutinated taxa increased (Figs. 2, 3). The presence of a dissolution interval
during MECO at the relatively shallow setting of the Alano section
(600–1000 m) probably does not reﬂect a global rise in the lysocline.
Bohaty et al. (2009) did not observe severe dissolution even at depths
greater than 3000 m, where the mass accumulation of CaCO3 declined, and at shallower depths even the mass accumulation rates
of CaCO3 remained unchanged. Our data thus indicate that the
lysocline shallowed considerably during MECO at a regional scale in
the western Tethys, while much less shallowing occurred in the
Atlantic and Paciﬁc oceans. Further paleoceanographic studies on
the Eocene Tethys are needed in order to test in which regions
there is evidence for a rising lysocline.

5.2. Post-MECO ORG1 (assemblage C): eutrophication and hypoxia at the
sea-ﬂoor
Striking paleoceanographic changes occurred at Alano immediately after the peak temperatures of MECO were reached. Within this interval, relatively high benthic foraminiferal absolute abundance, high
percentage and N/g of mostly small bi-triserial taxa (Figs. 2, 3), suggest that the dissolution affecting the assemblage was minor and
did not compromise the overall ecological signal (Table 1).
Benthic foraminiferal assemblage C has high N/g values, a lower diversity (Fisher alpha) than its predecessor faunas, due to the strong dominance of infaunal morphotypes (Bulimina, Bolivina and Uvigerina), with
high percentages of bi-triserial taxa (Figs. 2, 3, 4), suggesting a eutrophic
sea-ﬂoor environment with a high, continuous ﬂux of organic matter
(e.g., Lutze and Coulbourn, 1984; Jorissen et al., 1995; Morigi et al.,
2001; Gooday, 2003). In the modern oceans, these genera dominate assemblages under high food and low oxygen conditions (e.g., Sen Gupta
and Machain-Castillo, 1993; Alve and Bernhard, 1995; Bernhard and
Sen Gupta, 1999), such as those during deposition of the Neogene and
Quaternary Mediterranean sapropels (e.g., Katz and Thunell, 1984;
Jorissen, 1999; Schmiedl et al., 2003; Morigi, 2009). Buliminids are tolerant to hypoxic conditions and able to take advantage from the large
amounts of organic matter and low interspeciﬁc competition that generally characterize oxygen-poor environments (e.g., Sen Gupta and
Machain-Castillo, 1993; Alve, 1995; Bernhard et al., 1997; Van der
Zwaan et al., 1999; Gooday, 2003). Assemblage C thus may indicate oxygen depletion at the sea ﬂoor, or at least within pore waters close to the
seaﬂoor to which infaunal taxa are exposed. Oxygen levels probably fell
below the tolerance of the more oxiphilic species (e.g., Van der Zwaan et
al., 1999; Gooday, 2003; Jorissen et al., 2007), but remained above the
threshold for infaunal taxa (≤1 ml/l; Murray, 2001). The entire interval
is bioturbated and benthic foraminifera occur throughout, thus the interval is not characterized by anoxia, but the geological record is always
time-averaged, so that we cannot exclude that brief (e.g., millennial or
submillennial) episodes of anoxia occurred, but directly followed by
recolonization of the benthos. The hypoxic conditions may have been exacerbated by increased fresh water inﬂux into the basin due to the increased vigour of the hydrological cycle during the warm peak of
MECO (e.g., Pierrehumbert, 2002).
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The striking change in the benthic foraminiferal composition during
the transition from assemblage B to assemblage C can be explained as
caused by a food-enriched, somewhat oxygen depleted sea-ﬂoor environment, which favoured a fairly diversiﬁed “high productivity”, stresstolerant fauna. Sedimentological and geochemical proxies support this
hypothesis, because the high TOC% values, common occurrence of pyrite,
low Mn/Al and high S% indicate oxygen-poor conditions at or just below
the sea-ﬂoor (Spofforth et al., 2010). The benthic foraminiferal evidence
indicates, however, that the hypoxic conditions were not stable: within
assemblage C, peaks of different species of buliminids occur (Fig. 3).
For example, the sample dominated by Bolivinoides crenulata (COL40B17.25 m) and other bolivinids abundant in the underlying assemblages,
indicates a lower ﬂux of organic matter and a better oxygenation at the
sediment/water interface, than the surrounding samples (Fig. 3). Similar
instability is shown in the occurrence of the light-coloured, marly layer
within ORG1 (sample COL113B-17.98 m), also dominated by B. crenulata
(Figs. 2, 3), and with a lower infaunal/epifaunal ratio and bi-triserial taxa
percentage, suggestive of a signiﬁcant lowering of the ﬂux of organic
matter and temporary re-oxygenation at the sediment/water interface.
Geochemical and sedimentological proxies agree with this interpretation
(Spofforth et al., 2010).
We thus speculate that a strong competition for resources at and just
below the sediment/water interface inﬂuenced the composition of the
benthic assemblages, favouring peaks of diverse taxa depending on
the degree of organic ﬂux and oxygen depletion, thus motion of redox
boundaries through the sediment column (e.g., Van der Zwaan et al.,
1999; Fontanier et al., 2005; Jorissen et al., 2007). In conclusion, we
infer that variable and ﬂuctuating Corg ﬂux regimes characterized
ORG1 deposition, indicating an unstable paleoenvironment with variable surface waters productivity.
5.3. Marly interval between ORGs (assemblage D): improved bottom
water oxygenation and decreasing surface productivity
The benthic assemblages in this organic poor interval indicate
re-oxygenation linked to a signiﬁcant decrease in surface water productivity, and potentially some cooling, as indicated by the abundance of Bolivinoides crenulata and the decrease of the eutrophic,
low-oxygen tolerant taxa, particularly in the middle-upper part of
the interval (Figs. 2, 3). High infaunal/epifaunal values persist and a
high abundance of bi-triserial taxa (relative and absolute) coupled
with high total N/g values (Fig. 2) occur at the base of this interval.
These data, along with maximum values of absolute and relative
abundance of heavily costate Uvigerina spp. in the ≥ 450 μm fraction
(Fig. 4; Plate I), indicate that the ﬂux of organic matter was still
high, and relatively continuous. The high diversity, however, suggests
that higher oxygen levels returned at the sediment/water interface, as
corroborated by sedimentological evidence. The persistent high total
N/g (Fig. 2) may be caused by an increase in abundance of small specimens, and/or by the decreased sedimentation rate of detrital input
(Spofforth et al., 2010). Benthic assemblages agree with the interpretation of changes in calcareous plankton indicating an overall decrease of eutrophication (Luciani et al., 2010; Toffanin et al., 2011).
5.4. Post-MECO ORG2 (assemblage E): increased hypoxia at the sea-ﬂoor
During the deposition of ORG2 surface water productivity increased
again, leading to a higher Corg ﬂux to the sea ﬂoor as indicated by increase of bi-triserial taxa (Figs. 2, 3), and the dark colour of the marls
due to high TOC. Benthic foraminiferal preservation declined in assemblage E, while F-index values increased (Fig. 2), indicating increased
carbonate dissolution, even somewhat higher than in ORG1. The dissolution does not seem to have signiﬁcantly altered the benthic foraminiferal signal in most samples, as shown by the constant presence of
small specimens (e.g., bolivinids, osangulariids, Globocassidulina spp.;
Figs. 3, 4). Sample COL470B (+21.55 m) is an exception, and has poor

preservation associated with high faunal diversity, low faunal density
and bi-triserial abundance, and a high agglutinated/hyaline value
(Figs. 2, 3). The high faunal diversity is caused by removal of the small
and dominant buliminids by dissolution, thus emphasizing the abundance of other taxa, mostly agglutinants (Figs. 2, 4).
The benthic foraminiferal signal might have been affected by carbonate dissolution, but overall assemblage E indicates more severely
oxygen-depleted conditions during ORG2 deposition than during
ORG1. The lowermost portion of this interval (COL405B-20.90 m) is
characterized by a high abundance of Bulimina alazanensis (Fig. 3), a
typical taxon of modern oceans “high productivity” assemblages
(Loubere, 1991, 1996, 1997; Loubere and Fariduddin, 1999b). High primary productivity leading to lowered oxygen conditions is indicated by
the taxonomic composition of the foraminiferal assemblage, which is
dominated by very small bolivinids such as Bolivina antegressa and
Bolivina nobilis–Bolivina gracilis group, associated with abundant small
Osangularia spp. (Fig. 3). Osangularia is common in many Cretaceous
black shales, and considered an opportunistic taxon able to rapidly
recolonize when oxygenation improves slightly (e.g., Friedrich et al.,
2005).
The small bolivinids are morphologically similar to those dominating assemblages in the oxygen minimum zones (OMZs) in the present
Paciﬁc and Indian Oceans (e.g., Bolivina argentea and Bolivina seminuda;
Sen Gupta and Machain-Castillo, 1993; Bernhard et al., 1997). Small
calcareous benthic foraminifera typically dominate assemblages in
oxygen-depleted environments (e.g., Koutsoukos et al., 1990). Bolivina
in hypoxic sediments may be small as the result of physiological
adaptation for facilitating gas exchange (e.g., Bernhard et al., 2010),
and the small size minimizes oxygen consumption with respect to the
surface-to-volume ratio (Bradshaw, 1961; Kuhnt and Wiedmann,
1995; Friedrich, 2009). In addition, opportunistic benthic foraminifera
tend to reproduce fast (thus at an early age and small size) under low
oxygen conditions, due to the low competition at high food availability
(Phleger and Soutar, 1973; Koutsoukos et al., 1990; Friedrich, 2009).
The low oxygen conditions due to high surface primary productivity
may have been exacerbated by increased fresh water ﬂux into the
basin due the increased vigour of the hydrological cycle during warm
climates (e.g., Pierrehumbert, 2002).
We thus argue that only the most opportunistic taxa could thrive to
form the low-diversity high-dominance Assemblage E (e.g., Koutsoukos
et al., 1990; Jorissen et al., 1995; Van der Zwaan et al., 1999). Geochemical proxies also indicate more markedly hypoxic conditions during
ORG2 than during ORG1 at Alano (Spofforth et al., 2010), as also suggested by the highest abundance of the deep infaunal Praeglobobulimina,
Globobulimina species in the studied section. Lower N/g in the assemblage might have been caused by hypoxia, but could also have been
inﬂuenced by enhanced dissolution caused by pore water acidiﬁcation
due to excessive organic decay and pyrite oxidation (e.g., Green et al.,
1993; Aller and Blair, 2006; Sprong et al., 2012). Different degrees of
preservation in ORG2 suggest the occurrence of brief re-oxygenation episodes of varying duration and intensity (e.g., Green et al., 1993;
Diester-Haass et al., 1998). Such episodes of reventilation could have
been associated with less productive surface waters, such as reﬂected
in sample COL610B (22.95 m), an organic poor, light-coloured layer
with common Bolivinoides crenulata, high Fisher α, low dominance and
bi-triserial percentage (Figs. 2, 3).
In conclusion, the structure and composition of assemblage E reﬂect high productivity and low oxygen conditions, under unstable
water column stratiﬁcation, leading to variability in the degree of oxygenation and ﬂux of organic matter at the sea ﬂoor.
5.5. Recovery phase above post-MECO (assemblage F): rapid sea-ﬂoor
re-oxygenation and return to background conditions
Directly above ORG2, benthic foraminifera abruptly return to a
higher faunal density (Table 1) and became dominated by Bolivinoides
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crenulata, together with small and little ornamented bi-triserial taxa
such as Bulimina cf. elongata and Bulimina cf. alazanensis (Appendix
C), which are more abundant in assemblage F than in the pre-MECO interval (Figs. 2, 3, 4). When oxygenation recovered, and possibly waters
cooled assisting in recovery of oxygenation, B. crenulata and other
bi-triserial taxa took advantage of the increased oxygen availability and
the organic matter stored in the sediments, reaching higher abundances
than in assemblage A. If sedimentation was continuous, the abrupt disappearance of taxa typical for hypoxic conditions just above the uppermost
dark marls testiﬁes to a very rapid return to well-oxygenated bottom waters, as well as normally productive surface waters for the region. Such
rapid reoxygenation may have been assisted by decreasing density gradients in the water column due to the decrease in fresh-water supply
at the end of the MECO warm period, as well as by the decreasing
temperatures.

(8)

(9)

(10)
6. Summary and conclusions
(1) Benthic foraminiferal assemblages indicate that in the Alano section in western Tethys environments gradually changed toward
more eutrophic conditions at the onset of the MECO, culminating
with the deposition of the two sapropelic intervals after the end of
peak-MECO warming, in agreement with the observed marked
increase in abundance of eutrophic–opportunistic taxa of calcareous plankton in these intervals (Luciani et al., 2010; Spofforth et
al., 2010; Toffanin et al., 2011).
(2) The marine productivity may have gradually increased as a response to increase in fresh-water run-off during increased vigour
of the hydrological cycle during MECO warming, which augmented inﬂux of nutrients from increased weathering, thus higher
nutrient availability, leading to increased surface and export productivity, and increased the quality and quantity of organic matter reaching the sea-ﬂoor.
(3) Micropaleontological, geochemical, isotopic and sedimentological data all indicate that the environment at the Alano section
was unstable and perturbed throughout the post-MECO interval
when two layers of organic-rich sediment were deposited, probably under hypoxic conditions (Luciani et al., 2010; Spofforth et
al., 2010; Toffanin et al., 2011).
(4) Benthic foraminiferal data present evidence that this instability
was expressed in an increase in surface productivity during deposition of the organic rich layers, thus increasing the Corg ﬂux which
led to lower bottom water oxygenation and increased organic
matter preservation. Such changes in surface-water productivity
could be explained by an intermittently strengthened hydrological
cycle leading to overall increased but variable delivery of nutrients.
(5) A transient interval of lowered surface productivity interrupted
the deposition of organic rich sediment, as shown by a decrease
in abundance of planktonic and benthic foraminiferal taxa. Benthic foraminifera indicate that the reduced primary productivity
was coupled to improved bottom water oxygenation, possibly
during cooler, less humid conditions.
(6) Biotic, sedimentological and geochemical data suggest that after
this transient interval, hypoxic conditions returned during deposition of the second organic rich layer, due to increasing surface
water productivity caused by renewed fresh water inﬂux carrying nutrients. Benthic foraminiferal assemblages indicate a more
stressed, more-oxygen depleted sea-bottom environment than
during the deposition of the ﬁrst organic-rich layer.
(7) The deposition of the organic rich layers was local or regional,
but its occurrence just after the MECO peak warming may suggest a connection, possibly through passing of an environmental threshold. The rapid increase in temperature during
the MECO-peak warming could have caused increased discharge of nutrient-rich fresh waters into the basin, thus highly
increased productivity, especially because the Alano section

(11)
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was located relatively close to the end of the basin, limiting
bottom-surface water exchange.
Benthic foraminiferal data combined with the record of calcareous plankton (Luciani et al., 2010; Toffanin et al., 2011),
provide clear evidence that the increased productivity caused
the positive carbon isotope excursion during deposition of
the organic rich layers at Alano, because of the burial of isotopically light organic matter (Luciani et al., 2010; Spofforth et
al., 2010).
The Alano record thus may support the hypothesis by Bohaty et
al. (2009) that increased organic carbon burial could have acted
to sequester an excess of CO2 from the ocean–atmosphere system in a relatively short time interval (Spofforth et al., 2010),
possibly in combination with organic carbon burial in other marginal basins (Beniamovski et al., 2003).
The MECO and post-MECO intervals were not associated with
extinctions or permanent changes in the structure and composition of the benthic foraminiferal communities in the middle
bathyal setting in western Tethys.
Studies of the biotic effects of MECO are needed at more locations in order to provide a more global perspective of the
event, allowing a better understanding of the benthic foraminiferal response to this transient warm period of Earth history.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2013.03.018.
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