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Abrupt climatic, oceanographic and ecologic changes near the
Paleocene-Eocene transition in the deep Tethys basin:
‘'The Alademilla section, southern Spain

GANGYI LU!, THIERRY ADATTEZ, GERTA KELLER! & NIEVES ORTIZ!
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ABSTRACT

The Tethys is a critical region for investigating the mechanism(s) of the Paleo-
cene-Eocene global change, because of its potential in producing warm saline
water masses, a possible driving force for the deep ocean warming at this time.
To examine climatic. oceanographic and ecologic changes in the deep Tethys
basin, we conducted high resolution faunal, isotopic and mineralogic analyses
across the P-E transition at the Alamedilla section (paleodepth between
1000 m and 2000 m) in southern Spain. At this location, foraminiferal §'%0 va-
lues show little temperature change in surface waters, but a 4 °C warming in
bottom waters. Comparison with deep-sea sites indicates that Antarctic inter-
mediate water was consistently colder than Tethys bottom water. During the
course of the P-E global change, however, the temperature difference between
these two water masses was reduced from a previous 5 °C to 3 °C. Clay min-
cralogic analyses at the Alamedilla section indicate increased aridity in the Te-
thys region that contrasts with a humid episode on Antarctica during high-lati-
tude warming. Foraminiferal 8'°C values at Alamedilla show a negative excur-
sion of 1.7%. in both surface and bottom waters with little change in the verti-
cal 8'3C gradient. Accumulation of organic and inorganic carbon in sediments
decreased significantly, suggesting changes in the size and structure of the
oceanic carbon reservoir. Associated with these climatic and oceanographic
changes is a reorganization of the Tethys ecosystem, a benthic foraminiferal
mass extinction, and planktonic foraminiferal assemblages marked by in-
creased species turnover rates and high relative abundance of short-lived, op-
portunistic species that suggest increased instability.

RESUME

La Tethys est considérée comme une des régions critiques pour étudier les
causes et les mécanismes du changement global ayant caractérisé la transition
Paleocene-Eocéne (P-E): car elle pourrait avoir constitué une source poten-
tielle de masses d'cau profonde, chaude et saline, un des éléments moteurs du
réchauffement des caux océaniques profondes observé a cette période. Des
analyses micropaléontologiques. isotopiques et minéralogiques de haute réso-
lution, ont été menées sur la coupe d'Alamedilla (paléo-profondeur allant de
1000 a 2000 m), située dans le Sud de I'Espagne. dans le but de caractériser les
changements climatiques, océanographiques et faunistiques ayant affecté la
transition P-E. Dans cette section, si les valeurs de §'%O, mesurées sur les fora-
miniféres, ne varient presque pas dans les eaux de surface, elles indiquent, par
contre, un réchauffement de 4 °C des eaux profondes. Par comparaison avec
d'autres sites océaniques, les eaux intermédiaires antarctiques étaient, par
exemple, sensiblement plus froides que les eaux profondes tethysiennes. Ce-
pendant la différence de température caractérisant ces deux masses d'eaux,
s'est réduite de 5 a 3 °C durant la transition P-E. Pendant ce réchauffement, la
succession des minéraux argileux indique une augmentation de I'aridité dans
les régions tethysiennes, alors qu'un climat humide régnait dans les hautes la-
titudes antarctiques. Les valeurs de 8'3C, mesurées sur les foraminiféres ré-
coltés dans la section d'Alamedilla, montrent une excursion négative de 1.7%o,
aussi bien dans les eaux de surface que dans les eaux profondes, sans change-
ment significatif du gradient vertical. Les taux de carbone organique et inorga-
nique diminuent drastiquement, suggérant des changements importants dans
la taille et la structure du réservoir océanique. Une réorganisation de I'éco-sys-
teme téthysien est associée a ces changements climatiques et océanogra-
phiques, caractérisée par une extinction massive des foraminiferes benthiques,
une augmentation de la diversité dans les assemblages de foraminiferes planc-
toniques et une grande abondance d'especes opportunistes et éphemeres, indi-
quant une instabilité croissante des milieux.

Introduction

A remarkable short-term global change occurred approxi-
mately 55 million years ago near the Paleocene-Eocene (P-E)
transition (Cande & Kent 1992; Berggren et al. 1995). Some
studies suggest that this global change took place within a few
thousand years (kyr) and lasted less than 200 kyr (Kennett &
Stott 1991). It is characterized by a transient climate (referred

as Late Paleocene Thermal Maximum, or LPTM), drastic
changes in the global carbon budget, reorganization of ecosys-
tems, and a possible change in the thermohaline circulation in
the ocean. The P-E transient climate is marked by a 6-8 °C
warming in the deep ocean and high-latitude surface ocean,
but little water-temperature change in the low-latitude surface
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ocean, as indicated by planktonic and benthic foraminiferal
3'%0 values (Kennett & Stott 1991: Pak & Miller 1992; Stott
1992; Corfield & Cartlidge 1992; Lu & Keller 1993; Bralower
et al. 1995; Thomas & Shackleton 1996).

Clay mineral compositions suggest a time of exceptionally
high precipitation on Antarctica (Robert & Kennett 1992,
1994), but an arid climate in the Tethys region (Lu et al. 1995¢;
Bolle et al. 1998). Global carbon budget changes are indicated
by a negative excursion of 2.5-3%o (global average) in carbon-
ate 8'°C values in the ocean (Kennett & Stott 1991; Pak & Mil-
ler 1992; Stott 1992; Lu & Keller 1993; Canudo et al. 1995;
Bralower et al. 1995; Lu et al. 1995a; Thomas & Shackleton
1996) and the corresponding excursions in carbonate and or-
ganic matters on land (Koch et al. 1992, 1995; Sinha & Stott
1994; Stott et al. 1996). Coincident with the 8'°C excursion,
carbonate sedimentation decreased drastically across all major
ocean basins as well as on continental margins (O'Connell
1990; Canudo et al. 1995; Thomas & Shackleton 1996), sug-
gesting changes in the size of the oceanic carbon reservoir,
which might have affected atmospheric CO2 concentrations.
The reorganization of ecosystems associated with the P-E
global change is marked by a mass extinction in benthic fora-
minifera (Miller et al. 1987b; Thomas 1990, 1992, in press; Katz
& Miller 1991; Pak & Miller 1992; Speijer 1994a, b; Canudo et
al. 1995; Kaiho et al. 1996; Thomas and Shackleton 1996), but
radiation and proliferation of thermophilic species in marine
plankton and terrestrial vertebrates and plants (Gingerich
1980, 1986; Wing et al. 1991; Axelrod 1992; Wing & Green-
wood 1993; Lu & Keller 1993).

The LPTM represents one of the most dramatic warming
events in the geological records. Surface water temperatures
near Antarctica may have reached 20 °C (Kennett & Stott
1991), the highest values observed over the last 100 million
years. Moreover, the rate and magnitude of the associated §'°C
excursion are far beyond that achieved through biotic, sedi-
mentation, and erosion processes (Eldholm & Thomas 1993;
Thomas & Shackleton 1996). Several hypotheses, ranging from
enhanced hydrothermal activity on the sea floor to the sudden
emission of green-house gases, have been proposed as potenti-
al causal agents of this unusual warming (Owen & Rea 1985:;
Rea et al. 1990; Kennett & Stott 1990, 1991; Sloan et al. 1992;
Eldholm & Thomas 1993; Zachos et al. 1993; Thomas &
Shackleton 1996; O’Connell et al. 1996). Among them, the
warm saline deep water (WSDW) hypothesis has generated
wide attention and is particularly relevant in paleoceano-
graphic studies of the Tethys. During the P-E transition, the
Tethys was a semi-restricted basin surrounded by vast areas of
shallow epicontinental seas (Oberhénsli & Hsii 1986; Ober-
hénsli 1992; O’Connell et al. 1996). This unique geographic
feature suggests that the Tethys region was potentially a major
source of warm saline deep water, a possible driving force for
the P-E deep ocean warming (Kennett & Stott 1990, 1991).

Recent investigations of P-E sections from continental
margins of the Tethys (Spain, Tunisia, Israel and Egypt) reveal
various marker events for the P-E global change, including the
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transition in the western Tethys region using the PGIS program. The map
shows the location of the Alamedilla section and a possible path of tectonic
back-tracking.

813C excursion (Lu et al. 1995a; Canudo et al. 1995; Schmitz et
al. 1996), benthic foraminiferal mass extinction (Speijer 1994,
Ortiz 1994, 1995: Kaminski et al. 1996), and planktonic forami-
niferal turnover (Canudo et al. 1995). These studies provide
crucial information on the neritic to middle bathyal environ-
ment along the southern and western margins of the Tethys.
However, the deep environment of the Tethys basin during the
P-E interval remains largely unknown. In this study, we have
sampled and analyzed the Alamedilla section from southern
Spain, which formed in a lower bathyal environment. By con-
ducting high-resolution faunal, isotopic and mineralogic analy-
ses, we document the characteristics of the P-E events in the
deep Tethys basin, correlate these events with the deep-sea re-
cords, and detail the onset of the isotopic excursion. Specifical-
ly, we intend to use clay mineralogic data to evaluate arid or
humid climates, and benthic foraminiferal §'*O values to
evaluate deep water warming in the Tethys. We then use the
carbon and oxygen isotopes to reconstruct changes in tempera-
ture and nutrient patterns between low and high latitudes in-
termediate water masses.

Materials and methods

Section and sampling: The Alamedilla section is located near
the village of Alamedilla, in the Province of Granada, Spain,
and is geologically in the Subbetic Zone (Betic Cordillera).
Faunal assemblages suggest the section was within the ex-
tended tropical-subtropical zone during the P-E thermal maxi-
mum. A possible back-tracking path of the Alamedilla section
is shown in Figure 1. The estimated paleodepth for the section,
based on benthic foraminiferal assemblages, is between 1000 m
and 2000 m (Lu et al. 1996; Ortiz unpubl. data).
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Fig. 2. Foraminiferal §'*0 and 8'°C values at the Alamedilla section. Solid dots mark planktonic values, whereas open circles and squares mark benthic values.

The base of the Alamedilla section rests on a disconformity
that spans from the upper part of Zone P2 to the lower part of
Zone P5 (Zonal scheme of Berggren et al. 1995). The top of
the section is marked by a marly limestone layer which is stra-
tigraphically in the lower part of Zone P7. The lower 10 m of
the section consist of grey marls. Between 10 m to 15 m, grey
marls grade into reddish clay. At 15 m, the red clay is replaced
again by grey marls which continues through the top 13 m of
the section. The section was sampled at an average of 35 cm
between Zones P5 and P7 which span a total of 28 m and re-
present approximately 2.5 myr. In the red clay layer between
13 m and 15 m, samples were collected at 5 to 10 cm intervals.

Methods

Foraminifera: Sediments were soaked in water and washed
through a 63 um sieve. An ultrasonic bath was used to further
clean the recovered foraminiferal tests. Stratigraphic ranges
and relative abundance of planktonic foraminiferal species for
each sample were determined from counts of a random split of
about 300 foraminiferal specimens in the >106 um size frac-
tion. The planktonic foraminiferal zonation in this study is
based on the zonation of Berggren et al. (1995). Benthic fora-
minifera were examined in the >63 pum size fraction to deter-
mine the position of the mass extinction.

Global changes near the Paleocene-Eocene transition in the Tethys 295



Stable isotope: Oxygen and carbon isotope analyses were
based on monospecific samples. The species Morozovella sub-
botinae was used for planktonic isotope analyses because of its
surface dwelling habitat (Shackleton et al. 1985; Lu & Keller
1996). and presence in most of the studied interval. For the
basal 2.5 m of sediments (7 samples) below the first stratigra-
phic appearance of M. subbotinae, the species M. aequa, which
is similar to M. subbotinae in morphology and isotope signals
(Lu & Keller 1996), was used for analyses. To minimize intras-
pecific variations, all planktonic isotope analyses used 30 spe-
cimens from the 300-355 pum size fraction.

Isotope analyses were performed on the benthic foramini-
fer Nuttallides truempyi for the interval between 4.6 m and
17.25 m. Within the interval between 13.45 m and 14.0 m,
where N. truempyi temporarily disappears, Oridorsalis umbo-
natus was analyzed. Offsets in §'%0 and 8'3C values between
the two species, based on 5 paired measurements, average
0.07%o and 0.28%o respectively. Each benthic isotope analysis
used 40-70 specimens from the >125 um size fraction.

Analyses were conducted at the stable isotope geochem-
istry laboratory at Princeton University using a VG Optima
gas source mass spectrometer equipped with a common acid
bath. The results were calibrated to the PDB scale with the
standard errors of 0.05%o for 8'*C and 0.1%. for 8'%0.

Mineralogical analyses: XRD analyses of whole rock and
clay mineralogic analyses were conducted at the Geological In-
stitute of the University of Neuchatel using a SCINTAG XRD
2000 Diffractometer. Whole rock samples were prepared fol-
lowing the procedure of Kiibler (1987). For each rock sample,
approximately 20 grams were ground to obtain small rock
chips (1 to 5 mm). Of these, 5 grams were dried at a tempera-
ture of 60 °C and then ground again to a homogenous powder
with particle sizes <40um. 800 mg of this powder were com-
pressed (20 bars) in a powder holder and analyzed by XRD.
Whole rock composition was determined using external stand-
ards based on the methods described by Ferrero (1965, 1966),
Klug & Alexander (1974), Kiibler (1983), and Moore & Rey-
nolds (1989).

Clay mineral analyses were based on the methods by
Kiibler (1987). Ground chips were mixed with de-ionized
water (pH 7-8) and agitated. The carbonate fraction was re-
moved with 10% HCI (1.25 N) at room temperature for 20 mi-
nutes or more until all the carbonate was dissolved. Ultrasonic
disaggregation was performed for 3 minutes. The insoluble re-
sidue was washed and centrifuged (5-6 times) until a neutral
suspension was obtained (pH 7-8). Separation of different
grain size fractions (<2 pm and 2-16 pm) was obtained by the
timed settling method based on Stokes law. The selected frac-
tion was then pipetted onto a glass plate and air-dried at room
temperature for XRD analysis. The intensities of selected
XRD peaks characterizing each clay mineral (e.g. chlorite,
mica, kaolinite, palygorskite, sepiolite, smectite and illite-
smectite mixed-layers) were measured for a semi-quantitative
estimate of the proportion of clay minerals present in the size-
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fractions <2 ym and 2-16 pym. Therefore, clay minerals are
given in relative percent abundance without correction factors.
All data are electronically archived at NOAA.

Stratigraphy and timescale: Stratigraphic control of the
Alamedilla section is based on a combination of (1) planktonic
foraminiferal biostratigraphy (Berggren & Miller 1988; Lu &
Keller 1995a), (2) an event horizon as defined by the benthic
foraminiferal extinction and/or the onset of the 8'*C excursion
(Kennett & Stott 1991; Thomas & Shackleton 1996), and (3)
813C stratigraphy (Kennett & Stott 1991; Stott 1992; Lu & Kel-
ler 1993; Bralower et al. 1995; Thomas & Shackleton 1996).
The last appearance of Morozovella velascoensis is used to ap-
proximate the Paleocene/Eocene boundary which has not yet
been formally designated (Berggren et al. 1985, 1995; Aubry et
al. 1988, 1996). Because of the uncertainty in locating the P/E
boundary in marine sediments using different stratigraphic
markers, we use “P-E transition” to characterize the stratigra-
phic interval where the benthic foraminiferal extinction and
the isotopic excursion are located. Numerical ages are based
on the geomagnetic polarity time scale (GPTS) by Cande &
Kent (1992), rather than the newly revised time scale by Berg-
gren et al. (1995), in order to permit the convenience of corre-
lating with previously published data.

Results
Isotopes

Planktonic 8'3C values show a long-term decrease superim-
posed by a short-term negative excursion (Fig. 2). This §'°C
trend can be divided into four major intervals which mark the
progressive 8'3C changes across the P-E transition. Between
0 m and 6.40 m, planktonic 8'°C values are relatively stable at
3.6%0. However, at the 3 m level near the P5/P6a biozone
boundary, 8'3C values decrease to 3.0%0 coincident with fluc-
tuating planktonic 8'%0 values (Fig. 2), a decrease in calcite
content (Fig. 3), and a moderate faunal change in planktonic
foraminifera (Fig. 4). The nature of this 3 m level change is not
known. From 6.4 to 13.25 m, planktonic 8"3C values gradually
decrease by 1%o. Following this gradual decrease is the interval
of the P-E 8'3C excursion between 13.25 m and 16.05 m (Fig.
2). The onset of this excursion is recorded in a 70 cm interval
between 13.25 m and 13.95 m as marked by a rapid decrease of
1.7%o. Between 13.95 m and 14.90 m, planktonic 8'3C values re-
main at the lowest level (<1%o) of the entire observed interval.
A gradual recovery begins at 15.05 m and ends at 16.05 m.
Above 16.05 m, planktonic §'°C values decrease gradually to
the top of the section.

The pattern of the benthic 8'°C curve is similar to the
planktonic curve, including a 1.7%o0 excursion between 13.45 m
and 16.05 m, and a 1%o gradual decrease prior to the excursion
between 6.4 m and 13.45 m (Fig. 2). There is a 1.6%0 average
gradient between planktonic and benthic 8'3C values, which
remains nearly constant during the excursion.
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Planktonic 8'%0 values show no excursion near the P-E
transition (Fig. 2). Between 0 m and 13 m, planktonic §'%0
values average —1.8%o. A gradual increase of 0.2%. is observed
between 13 m and 18 m, approximately over the interval of the
8'3C excursion. Above 18 m, planktonic 8'%0 values average
~1.6%o.

In contrast to planktonic values, benthic 'O values reveal
the P-E excursion (Fig. 2). Between 4.6 m and 13.45 m, benthic
8'30 values average —0.63%.. An abrupt negative excursion of
0.85%o is observed in a 35 cm interval between 13.45 m and
13.8 m. Between 13.8 m and 14.3 m, benthic 8'®0 remain at
the lowest level (<-1.3%0). These values fluctuate between
14.3 m and 15.05 m. Above 15.05 m, benthic 8'%0 values re-
cover to pre-excursion values with an average of —0.73%o.

Mineralogy

Whole rock analyses show that the dominant component of
the sediments is calcite, which accounts for 74% in the lower
part of the section (from the base to 11 m), and 78% in the
upper part of the section (from 15 m to the top, Fig. 3). Be-
tween 11 m and 13.45 m, calcite fluctuates between 40% to
80%. The onset of the P-E event is marked by a dramatic
decrease in calcite content to 2%. During the P-E event inter-
val (1345 m to 15 m), calcite content varies between 20% and
70%, and averages 44%. Changes in the percentage of calcite
are primarily compensated by changes in phyllosilicates

Smectite

Fig. 3. Whole rock and clay mineralogic composi-
tions at the Alamedilla section. Detritus measures
the content of detrital quartz, K-feldspar and
plagioclase.

(Fig. 3). Phyllosilicates account for an average 23% in the
lower part, and 19% in the upper part of the section. During
the P-E event, phyllosilicate content is as high as 86%, and
averages 47%. Detritus is used here to summarize three minor
components, including quartz, K-feldspar and plagioclase. De-
tritus averages 3% from the base of the section to 13.45 m and
from 15 m to the top. During the P-E event interval (13.45 m
to 15 m), detritus content increases to 12% and averages 9%
(Fig. 3).

Based on relative abundance changes below and above
the P-E event interval, six measurable phyllosilicate species
(<2 pm) can be grouped into two assemblages: 1) the pre-PE
marker assemblage, which includes smectite and kaolinite, and
2) the post-PE marker assemblage, which includes mica, paly-
gorskite, chlorite and sepiolite (Fig. 3). From the base to
13.45 m, the pre-PE marker assemblage dominates phyllosili-
cates (<2 pum fraction), with 70% smectite and 14% kaolinite.
The post-PE marker assemblage in this interval is composed of
only mica and palygorskite, and accounts for 16%. At the P-E
event between 13.45 m and 15 m, the relative abundance of
the pre-PE assemblage decreased to an average of 42% (37%
for smectite and 5% for kaolinite) and reached a low of 15%.
In contrast, the relative abundance of the post-PE marker as-
semblage increased to an average of 58% and reached a high
of 85% (Fig. 3). Chlorite, a minor species, first appears asso-
ciated with the onset of the P-E event (13.45 m). Above the
P-E event (from 15 m to the top), the pre-PE assemblage
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accounts for an average of 58%, with smectite, the major spe-
cies, fluctuating between 20% and 80%. The post-PE assem-
blage accounts for 42%. Sepiolite, another minor species, also
appears in this interval.

Foraminifera

Faunal changes in planktonic foraminifera can be detected at
both species and population levels (Fig. 4). Species changes are
demonstrated by the species richness, cumulative first ap-
pearance datums (FAD) and last appearance datums (LAD),
and the relative species turnover rate. The relative species tur-
nover rate is the percentage of the combined FADs and LADs
that is normalized to the sample resolutions, and can be calcu-
lated by:

First & Last Appearances

*100
(Species Richness) * (Sample Spacing) / (Mean Sample Spacing)

The P-E faunal change in planktonic foraminifera is located
approximately between 13.5 m and 15 m (Fig. 4). Within this
interval, species richness increased temporarily. Large num-
bers of first and last appearances of species (18 species) push
the relative species turnover rate to its highest level (34%).
The twin peaks in relative species turnover rates coincide with
the onset and end of the P-E faunal change and is largely caus-
ed by the appearence and extinction of a small group of com-
pressed acarininid species. This group of acarininid species
first appears in this interval and reaches a maximum combined
relative abundance of 33% (Fig. 4). The group includes three
acarininid species (e.g., A. africana, A. sabaiyaensis and A.
berggreni) that were first described by El-Naggar (1966) from
the Esna-Idfu region of Egypt near the P-E transition. Similar
species now have also been identified from ODP Site 865 in
the tropical Pacific (Kelly et al. 1996). In addition, P-E faunal
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turnover is also marked by a major change in the composition
of the population with several other species appearing and/or
disappearing across the P-E transition (e.g. Morozovella velas-
coensis, M. subbotinae, Igorina pusilla, 1. laevigata). But this
does not appear to be related specifically to the P-E event as
earlier envisaged in Arenillas & Molina (1996).

Discussion

Results of isotopic, mineralogic and faunal analyses of the Ala-
medilla section reveal the P-E event recorded in the deep Te-
thys basin (Figs. 2-4). The onset of the P-E event is synchro-
nous for most of the indices, and is marked by an abrupt
change at 13.45 m. The main phase of the event is observed in
a 1.55 m interval between 13.45 m and 15 m, although the §'3C
excursion lasts about 2.8 m. The termination of the event is ab-
rupt for some indices, such as benthic §'%0 values, relative spe-
cies turnover rate, and calcite percentage, but gradual for
others, such as planktonic and benthic 8'3C values. Some indi-
ces also show a gradual, prelude change just below the onset of
the P-E event, as evident in planktonic and benthic §'3C, calci-
te, phyllosilicates, and smectite (Figs. 2 & 4). These results pro-
vide crucial information for our understanding of the climatic,
oceanographic, and ecologic changes in the Tethys basin
during the P-E transition. Moreover, this prelude decrease is
observed in several other Spanish and Tunisian sections (Bolle
et al. 1998 and submitted).

Water temperature

For an open ocean site, water temperatures can be computed
using the calcite/water 880 temperature equation of Erez &
Luz (1983):

T = 16.998 - 4.52 (8'%Occ - 8% Osw) + 0.028 (3'50CC - §'*Osw)? (1)



Fig. 5. Correlation of foraminiferal 8'*O values
and estimated paleotemperatures between the
Alamedilla section and deep-sea sites. Different
foraminiferal species are used to measure 8'%0
values. Possible interspecific variations in §'*O
values are adjusted for paleotemperature esti-
mates. The temperature calculation is based on
the equation by Erez and Luz (1983), and the sys-
tematic change in sea water 8'%0O values across la-
titudes is adjusted using the equation by Zachos
et al. (1994). Abbreviations: TSW - Tethys Surfa-
ce Water; TBW - Tethys Bottom Water: EPSW -
Equatorial Pacific Surface Water: EPIW - Equa-
torial Pacific Intermediate Water: AASW - Ant-
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where 8'%Occ is the isotopic composition of foraminiferal
CaCOs (PDB) and 8'®Osw is the isotopic composition of sea-
water (SMOW). During P-E time, a 8'80sw value of =1%o (an
ice-free earth) is commonly used for computing bottom water
temperatures using benthic foraminiferal 8'%0 values (Miller
et al. 1987a; Zachos et al. 1994). To compute surface water
temperature using planktonic foraminiferal 8'%0 values, sys-
tematic changes in surface ocean 8'®*Osw values as a function
of latitude have to be adjusted. This can be done by using a po-
lynomial fit to the present surface ocean 8'®Osw profile (Za-
chos et al. 1994):

A8BOsw = 0.576 + 0.041x — 0.0017 x2 + 1.35%105x3 ?2)

where A 8'%Osw is the deviation of '8 Osw values at a certain
latitude from the mean 8'®Osw, and x is the latitude between
0° and 70°. However, applying this approach to semi-enclosed
seas, such as the Tethys, may cause problems because their
surface 8'*0Osw might deviate significantly from the global pat-
tern (Zachos et al. 1994). It has been suggested that, during
the P-E transition, enhanced evaporation might have produced
a saline surface water mass, and thus higher surface §'®Osw
values, in the Tethys (Kennett & Stott 1990, 1991; see also
O’Connell et al. 1996). An oceanic general circulation model
with prescribed atmospheric forcing also predict higher salinity
in the Tethys basin than in open oceans for this time (Barron
& Peterson 1991). Despite these considerations, we apply
equations (1) and (2) to compute water temperatures in the
Tethys because at present there are no other reliable ways to
estimate surface 8'%Osw values for this basin back to P-E time.
We will temporarily ignore the possible anomalies in the Te-
thys surface 8'8Osw values, and discuss these anomalies and
their effects on water temperature estimates in the following
section.

Figure 5 shows planktonic and benthic foraminiferal 880
values at the Alamedilla section for a 0.8 myr interval across

arctic Surface Water; AAIW - Antarctic Interme-
diate Water.

the P-E isotopic excursion and calculated temperatures for sur-
face and bottom water masses based on these 8'%0 values
using the equations (1) and (2). To compare 8'%0 and water
temperature signals between the Alamedilla section and deep-
sea sites, we also plot data from the equatorial Pacific ODP
Site 865 (Bralower et al. 1995) and Antarctic Site 690 (Kennett
& Stott 1991) in Figure 5. Correlation between the three sec-
tions is based on 8'3C stratigraphy. Since the isotopic analyses
of these sections used different foraminiferal species, interspe-
cific variations in isotopic signals must be considered. Table 1
lists the related species pairs and their isotopic offsets. These
data indicate that 8'80 differences for the species pairs used in
these studies are close to the measurement errors and have
little effect on water temperatures.

Comparison of raw 8'80 values between the Alamedilla
section and Site 865 shows a similar pattern in that there is
only a minor (~0.5 permil) excursion in planktonic 8'%0
values, but a major negative excursion in benthic 8'%0 values
(Fig. 5). During the P-E transition, Site 865 was located near
the equator, whereas the Alamedilla section was at approxi-
mately 30°N (Fig. 1). The similarity in planktonic 8'%0 values
between these two sections indicates an expanded tropical
zone relative to the Recent. Between 55.2 Ma and 55 Ma, ap-
parent water temperatures are similar (24 °C) for the Tethys
Surface Water (TSW) and the Equatorial Pacific Surface
Water (EPSW). After 55 Ma, the two temperature curves de-
part from each other as the results of gradual cooling in the
TSW and a gradual warming in the EPSW (Fig. 5). After the
LPTM, temperatures of these two water masses differ by 3 °C.
An alternative explanation for the departure between the two
curves is a change in salinity/8'®Osw. For instance, an increase
in salinity/8'%Osw in the Tethys can produce the appearance of
a cooling. On a broader scale, a salinity increase in low latitude
surface waters might have dampened any warming signals re-
corded in 8'%0sw during LPTM (Zachos et al. 1994).
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For the intervals before and after LPTM, the temperature
of the Tethys Bottom Water (TBW) is 15 °C. During LPTM,
the temperature of this water mass increases to 19 °C, and thus
reduces the temperature difference between the TSW and the
TBW to 5 °C (Fig. 5). The onset and termination of the P-E
warm event appears to be abrupt relative to the sample resolu-
tion (~5 kyr). Limited data from Site 865 indicate that the
Equatorial Pacific Intermediate Water (EPIW) is 2-3 °C
colder than the TBW at the beginning and after the LPTM.
During the LPTM, however, the thermal characteristics of
these two water masses are similar, suggesting a similar source.

Comparison of raw 8'80 values between the Alamedilla
section and the high-latitude Site 690 shows different patterns
in that 1) the negative excursion in planktonic 8'%0 values at
Site 690 is much larger than observed at the Alamedilla sec-
tion, 2) both planktonic and benthic 8'%0 values between the
two sections differ by >1%. before and after the LPTM (Fig. 5),
3) the 8'%0 differences between the two sections is reduced
significantly during the LPTM, and 4) vertical thermal gradi-
ents were reduced at both sections as the result of deep water
warming. For the intervals before, during, and after the LPTM,
the Antarctic Intermediate Water (AAIW) remains the
coldest water mass (Fig. 5). The temperature difference bet-
ween the AAIW and TBW is about 5 °C prior to the warm
event and reduces to about 3 °C during the warm event. This
reduction might have favored TBW over AAIW as a tempor-
ary deep water source during the LPTM.

Aridity changes

The Tethys and adjacent peri-continental basins have been re-
garded as a region where evaporation exceeded precipitation
during the Paleogene (Brass et al. 1982; Oberhiénsli & Hsii
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1986; Kennett & Stott 1990; Oberhinsli 1992). Evidence for in-
tense evaporation include evaporite deposits in northern Afri-
ca and western Europe (Millot 1970; Chamley 1989; Oberhiins-
li 1992) and simulation results of the atmospheric general cir-
culation models (Barron 1985). Such climatic features might
also be significant in searching for the cause(s) and mecha-
nism(s) for the P-E short-term oceanographic changes. It has
been suggested that the production of a warm saline deep
water, possibly from the Tethys basin, might have increased
temporarily during the P-E warming event, and thereby led to
a fundamental change in thermohaline circulation (Kennett &
Stott 1991; Pak & Miller 1992; Bralower et al. 1995). Signals of
regional aridity changes may, therefore, help in evaluating the
warm saline deep water hypothesis.

Detrital clay mineral compositions in marine sediments re-
flect changes in sediment source and environment of sedimen-
ation and provide qualitative signals of regional climatic
changes (Millot 1970; Windom 1976; Chamley 1989). Clay dis-
tribution patterns have been used to infer regional precipita-
tion-evaporation changes during the Paleogene warm climate
(Robert & Chamley 1991; Robert & Kennett 1992). For exam-
ple, at Antarctic Site 690, the LPTM is composed essentially of
smectite (90-95%) and kaolinite (5-10%) (Robert & Kennett
1994). Illite and other species occur in trace amounts. Such a
clay assemblage records a subtropical humid episode on Ant-
arctica during the LPTM (Robert & Kennett 1994). In con-
trast, at the subtropical Alamedilla section, the clay composi-
tion of the LPTM interval is marked by decreased relative
abundance of smectite and kaolinite (Fig. 3). The percentage
of palygorskite, a marker species for the subtropical arid cli-
mate, increased from 5% to 26%.

The nature of this clay composition change at Alamedilla
can be illustrated by the ratio between arid clay species (paly-
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gorskite) and humid clay species (smectite and kaolinite, Fig.
6). Prior to the 880 excursion in benthic foraminifera, the
P/(S+K) ratio averages less than 0.1, but during the 8'30 ex-
cursion, this ratio increases to an average of 0.8 and reaches a
maximum of 2.9. This dramatic change in the P/(S+K) ratio
suggests a marked increase in aridity on the adjacent conti-
nents of the Tethys during LPTM. After the excursion, the
P/(S+K) ratio fluctuates with episodic high values, suggesting
increased instability in the precipitation-evaporation balance
in the Tethys region (Figs. 3 and 6).

Most of the modeling investigations for the so-called
“equable climate” during the P-E transition have focused on
temperature changes and heat transport (Barron 1987; Sloan
& Barron 1990, 1992; O’Connell et al. 1996; Sloan & Thomas
in press). Investigation of hydrologic activities during warming
episodes is hampered by the lack of geological proxy, despite
the central role of water in climate changes (Barron et al.
1989). Comparison of the clay composition between the Ala-
medilla section and Site 690 provides information on precipita-
tion-evaporation changes during LPTM. This interval is
characterized by increased aridity on the subtropical conti-
nents adjacent to the Tethys (Fig. 6), but increased humidity
on Antarctica (Robert & Kennett 1994). Such a pattern sug-
gests an increase in the pole-ward moisture transport by the at-
mosphere. This is interesting because climatic models have
predicted a weak atmospheric circulation and reduced heat
transport through the atmosphere during a time of reduced
equator-to-pole temperature gradients (Barron 1987; Barron
et al. 1989; Sloan & Barron 1990, 1992). How the additional
moisture has been transported remains a mystery.

Moreover, the evidence of increased aridity in the Tethys
region during LPTM also raises concerns about our paleotem-
perature estimates using foraminiferal 8'30 values. Paleotem-

perature estimates for the Tethys are limited by the uncertain-
ty in 8"®Osw values which might have departed significantly
from the global “steady state” pattern. Since the absolute
values of 8'®Osw and its quantitative relationship with salinity
can not be determined precisely, the absolute values of the pa-
leotemperature for the Alamedilla section shown in Figure 5
should be treated with caution; they may underestimate true
temperatures. Moreover, climatic interpretations of clay data
may not be conclusive because of diverse authigenic conditions
and transport. Other indices should therefore be examined to
verify these interpretations.

Oceanic carbon reservoir

During the LPTM, the oceanic carbon reservoir changed dra-
matically as indicated by the 8'3C excursion and decreased car-
bonate preservation in various ocean basins (Kennett & Stott
1991; Pak & Miller 1992; Stott 1992; Lu & Keller 1993; Lu et
al. 1995a; Canudo et al. 1995; Bralower et al. 1995; Stott et al.
1996; Thomas & Shackleton 1996). Associated with this oce-
anic change was a change in terrestrial carbon reservoir and,
possibly, a change in the atmospheric CO; concentration
(Koch et al. 1995, 1995; Stott 1992; Sinha & Stott 1994). The
nature and tempo of these reservoir changes has been dis-
cussed extensively (Kennett & Stott 1991; Sloan et al. 1992;
Eldholm & Thomas 1993; Zachos et al. 1993; Thomas &
Shackleton 1996). Foraminiferal 8'3C values and bulk sedi-
ment TOC and calcite contents from the Alamedilla section
provide additional evidence for further discussion (Fig. 7).
The 8'3C excursion includes a rapid onset, an interval of
minimum §'3C values, and a gradual recovery in various ocean
basins (Fig. 7). The onset of the 8'3C excursion can be exam-
ined in detail at Alamedilla. Figure 8 shows that the 8'*C ex-
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cursion in planktonic foraminifera occurs gradually within 70
cm of sediments and slightly leads the decrease in oxygen iso-
tope values in benthic foraminifera. This may suggest that
changes in the carbon cycle may have preceded large-scale
deep water warming.

There are fewer benthic 8'3C data points because insuffi-
cient benthic foraminiferal specimens are available for isotopic
analyses between 13.45 m to 13.7 m. Nevertheless, available
data show no apparent change in the planktonic-to-benthic
813C difference during the course of the excursion at Alame-
dilla (Fig. 7 and 8). Such a pattern indicates: 1) well-stratified
surface bottom water masses in the Tethys despite the reduc-
tion in the vertical thermal gradient as shown by §'%0 values
(Fig. 8), 2) a parallel change between the surface and deep
ocean carbon reservoirs, and 3) little change in the biological
pump in the Tethys. This pattern is similar to the pattern re-
vealed at the equatorial Pacific Site 865, but differs from the
pattern at Antarctic Site 690 where a major reduction in the
vertical 813C gradient has been recorded (Fig. 7).

Comparison of §"3C values between different sites must
consider interspecific variations in foraminiferal 8'3C signals.
Figure 9 shows a correlation of foraminiferal 8'3C values be-
tween the Alamedilla section and deep-sea Sites 690 and 865
where values have been adjusted for the interspecific differen-
ces based on data in Table 1. The 8'3C differences of most spe-
cies pairs in Table 1 are relatively small except for the Moro-
zovella subbotinae and Acarinina praepentacamerata pair. At
low latitudes, the large 8'3C offset in this species pair has been
well documented. Another reference value for this offset is an
average 0.5%o difference in 8'C values between discoidal
morozovellids and rounded acarininids (Lu & Keller 1996).
(Data are not available to test the 8'3C difference between
low-latitude and high-latitude A. praepentacamerata in paired
samples.) However, such an offset value (0.63%o, Tab. 1)
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should be qualitatively correct because morozovellid species
consistently record heavier 8'3C values than acarininid species
at all latitudes (Shackleton et al. 1985; Pearson et al. 1993;
D’Hondt et al. 1994; Lu & Keller 1996). The 8'C offset at
Alamedilla between Nuttallides truempyi and Oridorsalis um-
bonatus is 0.28%o0 based on five paired measurements. In Fig-
ure 9, all benthic 8'3C values are adjusted to values of Nuttalli-
des truempyi, and all planktonic 8'3C values are adjusted to va-
lues of Morozovella velascoensis.

Benthic 8'3C values have been used to trace the source of
deep water and the distance from the source (Kroopnick
1985). Similar benthic 8'3C values between the Alamedilla sec-
tion and Site 865 during the isotopic excursion suggest uniform
deep water between the Tethys and the tropical Pacific (Fig.
9), an observation also supported by the similar benthic §'*0
values (Fig. 5). Small 8'3C differences exist between Site 690
and the two low-latitude sites as shown by the heavier (< 0.3%o)
values at Site 690 prior the excursion and the lighter (< 0.3%o)
values at Site 690 during the excursion. This reversal in the
benthic 8'3C gradient between high and low latitudes has been
viewed as evidence of a possible change in the main deep
water source(s) to low latitudes during LPTM (Katz & Miller
1991; Pak & Miller 1992; Bralower et al. 1995). Alternatively,
the light benthic 8'3C values at Site 690 could be a result of
changing local upwelling and/or productivity (Thomas &
Shackleton 1996).

Comparison of planktonic 8'3C values reveals significant
differences between the Alamedilla section and deep-sea sites
(Fig. 9). Before and after the 8'3C excursion, planktonic §'3C
values at Alamedilla are 1-2%o lighter than in the deep-sea,
suggesting a nutrient-rich surface water-mass in the Tethys.
Possible causes for the light 8'3C values include: 1) upwelling
along the southern margin of the Tethys driven by the nor-
thern hemisphere tradewinds, 2) input of organic carbon from



Table 1. Offsets in isotopic signals between species pairs (Morozovella subbotinae - Morozovella velascoensis, Morozovella subbotinae — Acarinina praepentace-

merata, and Nuttallides truempyi - Cibicidoides spp.).

Environ. Species Size (um) Offset* Reference
Alamedilla Site 865 380 §13C
Planktic M. subb. M. velas. 300-355 0.03 -0.04 Shackleton et al., 1985
. M. subb. A. praep. >300 -0.02 0.63 Lu & Keller, 1996
Benthic N. truem. Cibicid. unknown -0.12 -0.23 Pak & Miller, 1992

* Offsets are expressed as (m.sub — OM.ve1), (BM.sub — 8a pracp), and (dx. - dciv) for both 80 and §'°C values.

the adjacent continents and epicontinental seas, and 3) a less
effective biological pump in transporting light carbon to the
deep water. During the 8'3C excursion, the planktonic 8'3C dif-
ference remains between the Tethys and equatorial Pacific. In
contrast, planktonic 8'3C values at Site 690 show a much
greater excursion and record the lightest planktonic §'°C va-
lues during the excursion interval. Thomas & Shackleton
(1996) attributed this large excursion in planktonic 8'3C values
and the reduction in the planktonic-to-benthic 8'3C gradient
at Site 690 partly to intense upwelling and changes in local pro-
ductivity.

The P-E 8'3C excursion coincides with an apparent global
reduction in carbonate accumulation as evidenced by: 1)
decreased calcite content from an average 80% to as low as
2% at the Alamedilla section (Fig. 7), 2), decreased calcite
content from an average 90% to less than 70% at Site 690
(O’Connell 1990), 3) carbonate dissolution at Site 738 (Lu &
Keller 1993), 4) a condensed 8'3C excursion interval or a hiatus
at many other deep-sea sites (Pak & Miller 1992; Bralower et
al. 1995; Stott et al. 1996; Aubry et al. 1996; Thomas & Shack-
leton 1996), and 5) carbonate dissolution or hiatuses at many
continental margin sections (Gibson et al. 1993; Canudo et al.
1995). This reduction in carbonate accumulation is abrupt and
severe at the horizon of the benthic foraminiferal extinction
and the onset of the 8'3C excursion that is usually marked by
nearly complete dissolution of carbonate or a short hiatus, and
followed by a gradual recovery (Fig. 7). The reduction occurs
over a wide depth range from continental margins to abyssal
basins. The cause(s) and mechanism(s) of this reduction are
not well understood.

Ecologic changes

The P-E global change is associated with a major ecological
reorganization that is highlighted by the mass extinction in
benthic foraminifera (Miller et al. 1987b; Thomas 1990, 1992
in press; Katz & Miller 1991; Pak & Miller 1992; Speijer 1994a,
b; Canudo et al. 1995; Ortiz 1995; Thomas & Shackleton 1996).
Surface organisms react differently from benthos. Marine
plankton, land mammals and plants are characterized by ra-
diation and proliferation of thermophilic species (Gingerich,
1980, 1986; Wing et al. 1991; Axelrod 1992; Wing & Green-
wood 1993; Lu & Keller 1993). In planktonic foraminifera, spe-

cies richness in the tropical-subtropical Pacific increased by
nearly 50% during the Paleocene-Eocene transition (Lu &
Keller 1995a, b; Arenillas & Molina 1996). Evidence also sug-
gests regional productivity changes associated with the P-E cli-
matic and oceanographic events (Kennett & Stott 1991; Tho-
mas & Shackleton 1996). At the Alamedilla section, foramini-
feral 8'3C values, TOC contents in bulk sediments, and faunal
analyses of planktonic foraminifera provide new constraints on
the ecological changes in the Tethys basin during the P-E
global change.

The mass extinction in benthic foraminifera has been a
marker event for the P-E global change (Kennett & Stott 1991;
Thomas 1992; Pak & Miller 1992; Zachos et al. 1993; Thomas
& Shackleton 1996). However, the cause of this mass extinc-
tion is less certain. Kennett & Stott (1991) summarized three
hypotheses, including: 1) the warming hypothesis — a rapid
warming of the deep ocean; 2) the anoxia hypothesis — an oxy-
gen deficiency in the deep water due to the sudden warming
and a possible change in thermohaline circulation; and 3) the
productivity hypothesis — a sharp drop in surface ocean pro-
ductivity that reduced trophic resources available for deep-sea
benthic organisms. The warming hypothesis is supported by
the close association between the mass extinction and the
onset of deep water warming (Kennett & Stott 1991; Pak &
Miller 1992; Thomas 1992; Lu & Keller 1993; Lu et al. 1995a;
Canudo et al. 1995; Bralower et al. 1995; Thomas & Shackle-
ton 1996). The anoxia hypothesis is supported by the observa-
tion that the mass extinction is characterized by the preferen-
tial removal of epifaunal species at many sections (Thomas
1990, 1992; Kaiho 1991). One support for the productivity hy-
pothesis is a major reduction in the planktonic-to-benthic §'3C
gradient at Site 690 (Kennett & Stott 1991; Thomas & Shack-
leton 1996). Thomas & Shackleton (1996) noticed the wide dif-
ferences in composition of post-extinction faunas and sug-
gested that regional factors might have been important in
shaping the extinction patterns.

At the Alamedilla section, the mass extinction coincides
with a 4 °C increase in bottom water temperatures as indicated
by the excursion in benthic 8'%0 values (Fig. 5). Such a
warming would almost certainly have reduced the oxygen
level. Delivery of organic particles to the bottom might have
decreased significantly at this site as suggested by a reduction
of TOC content in bulk sediments (Fig. 7). Prior to the mass

Global changes near the Paleocene-Eocene transition in the Tethys 303



54.4
(Ma) §'3c

Benthi
54.6

54.8

55.0

Site 690
Site 865 -----
Alamedilla—

-
-2 -1 0 1 2 3 4 5

Fig. 9. Correlation of the §'*C excursion between the Alamedilla section and
deep-sea Sites 690 and 865 with adjusted 8'*C values for interspecific varia-
tions. Planktic §'°C values are adjusted to the values of Morozovella velas-
coensis, whereas benthic §'3C values are adjusted to the values of Nuttallides
truempyi.

extinction and the isotopic excursion, the TOC content in inso-
luble residues averages nearly 0.2%. This value drops to 0.05%
during the isotopic excursion and is associated with a major re-
duction in calcite content. Reduction in organic particle deli-
very to the bottom may be the result of decreased surface pro-
ductivity or reduced downward particle transport. In any case,
a stable planktonic-to-benthic 8'*C gradient during the entire
course of the isotopic excursion precludes major accumulation
of nutrients in the surface water mass (Fig. 8).

The plankton community in the Tethys might have under-
gone a significant restructuring as indicated by the faunal
change in planktonic foraminifera (Fig. 4; see also Arenillas &
Molina 1996). Relative species turnover rates increased dra-
matically, suggesting increased instability of the community.
During the interval of this faunal change, short-lived oppor-
tunistic species (e.g., compressed acarininids) increased in their
relative abundance (Fig. 4). Similar opportunistic species have
also been observed at the equatorial Pacific Site 865 within the
isotopic excursion interval (Kelly et al., 1996). These oppor-
tunistic species are marked by their dwarfed size and unique
morphology. More than 50% of the low-latitude species are
replaced after the P-E faunal change (Fig. 4; Lu & Keller
1995b).

Since there is little evidence of changing surface water tem-
peratures at low latitudes, other factors, such as nutrient level,
salinity, and/or water stratification, might have played impor-
tant roles in the ecological changes in the Tethys plankton
community. These changes might have affected the bottom
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water environment, as suggested by the reduction in TOC and
calcite contents in sediments. It is not clear, however, whether
changes in the plankton community directly affected the mass
extinction in benthic foraminifera.

Conclusions

Faunal, isotopic and mineralogic analyses from the Alamedilla
section reveal the following climatic, oceanographic and eco-
logic changes in the deep Tethys basin during the P-E global
change.

1) Foraminiferal 8'®0 values indicate that Tethys surface
water temperatures ranged between 22-24 °C, and changed
little during the LPTM. Tethys bottom water temperatures
were close to 15 °C before and after the LPTM, but in-
creased by 4 °C during this event. This bottom water warm-
ing resulted in a significant reduction in the vertical ther-
mal gradient in the Tethys basin.

2) Clay mineralogic analysis at the Alamedilla section indi-
cates a major increase in the ratio of palygorskite to smec-
tite and kaolinite during the LPTM. This suggests in-
creased aridity on the continents adjacent to the Tethys
during the P-E transition warming event.

3) Foraminiferal 8'3C analysis at the Alamedilla section indi-
cates an excursion of 1.7%. in both planktonic and benthic
values with little change in the vertical 8'>C gradient. The
onset of this excursion is gradual and recorded in a 70 cm
thick sediment layer.

4) Associated with the 8'3C excursion, carbonate accumula-
tion at Alamedilla was reduced from an average of 80% tc
as low as 2%.

5) During the LPTM, planktonic foraminifera indicate a rapid
turnover whereas benthic foraminifera suffered a mass ex-
tinction.
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