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1. Introduction

The Middle Eocene Climatic Optimum (MECO) 
is a global transient warming phase that occurred 
~  40  million years ago (Ma) (Bohaty and Zachos, 
2003 and Bohaty et al., 2009) and temporarily reversed 
the long-term early–middle Eocene cooling trend 
(Zachos et al., 2001, Zachos et al., 2008  and  Cramer et 
al., 2009) for ~  500–750  thousand years (kyr) (Bohaty 
et al., 2009  and  Edgar et al., 2010). MECO warming is 
interpreted to have begun gradually in response to ris-
ing levels of atmospheric CO2 (Bijl et al., 2010). This 
phase of greenhouse warming terminated abruptly at 
~  40  Ma, perhaps facilitated by enhanced organic car-
bon burial (Spofforth et al., 2010). High-latitude surface- 
and deep-water warming of ~ 4–6° has been interpreted 

from foraminiferal stable isotope and organic geochemi-
cal proxies (Bohaty et al., 2009  and  Bijl et al., 2010), 
and profound biotic changes have been documented 
in conjunction with MECO warming (e.g., Edgar et al., 
2010, Edgar et al., 2013, Luciani et al., 2010, Toffanin et 
al., 2011, Witkowski et al., 2012  and  Boscolo Galazzo 
et al., 2013). Recent modeling efforts (Sluijs et al., 2013) 
indicate that the MECO poses a major challenge to the 
established understanding of the carbon cycle variations 
operating on intermediate (100–500  kyr) timescales. 
Further insight into the nature of this prominent warm-
ing event will therefore improve our understanding of 
Paleogene ocean–atmosphere–biosphere interactions, 
as well as associated feedbacks that influenced climate 
change in the geological past. Of particular interest for 
the MECO event are links between surface-ocean pri-
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Abstract

The Middle Eocene Climatic Optimum (MECO; ~ 40 million years ago [Ma]) is one of the most prominent transient global 
warming events in the Paleogene. Although the event is well documented in geochemical and isotopic proxy records at many 
locations, the marine biotic response to the MECO remains poorly constrained. We present new high-resolution, quantitative 
records of siliceous microplankton assemblages from the MECO interval of Ocean Drilling Program (ODP) Site 1051 in the 
subtropical western North Atlantic Ocean, which are interpreted in the context of published foraminiferal and bulk carbonate stable 
isotope (δ18O and δ13C) records. High diatom, radiolarian and silicoflagellate accumulation rates between 40.5 and 40.0 Ma are 
interpreted to reflect an ~ 500 thousand year (kyr) interval of increased nutrient supply and resultant surface-water eutrophication 
that was associated with elevated sea-surface temperatures during the prolonged onset of the MECO. Relatively low pelagic 
siliceous phytoplankton sedimentation accompanied the peak MECO warming interval and the termination of the MECO during 
an ~ 70 kyr interval centered at ~ 40.0 Ma. Following the termination of the MECO, an ~ 200-kyr episode of increased siliceous 
plankton abundance indicates enhanced nutrient levels between ~ 39.9 and 39.7 Ma. Throughout the Site 1051 record, abundance 
and accumulation rate fluctuations in neritic diatom taxa are similar to the trends observed in pelagic taxa, implying either similar 
controls on diatom production in the neritic and pelagic zones of the western North Atlantic or fluctuations in sea level and/or 
shelf accommodation on the North American continental margin to the west of Site 1051. These results, combined with published 
records based on multiple proxies, indicate a geographically diverse pattern of surface ocean primary production changes across 
the MECO. Notably, however, increased biosiliceous accumulation is recorded at both ODP Sites 1051 and 748 (Southern Ocean) 
in response to MECO warming. This may suggest that increased biosiliceous sediment accumulation, if indeed a widespread 
phenomenon, resulted from higher continental silicate weathering rates and an increase in silicic acid supply to the oceans over 
several 100 kyr during the MECO.

Keywords: Eocene, North Atlantic, Blake Nose, Middle Eocene Climatic Optimum, Diatoms, Siliceous Microfossils, Ocean Drilling 
Program
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mary production and carbon sequestration, which may 
provide clues, for example, to the mechanisms driving 
global temperature change during the event.

Siliceous microplankton are ubiquitous in marine 
environments and play a key role in marine primary 
production and carbon export. Several of the major 
siliceous groups, including diatoms and radiolarians, 
are characterized by an extensive fossil record and are 
widely used in paleoceanographic and paleoenviron-
mental reconstructions (e.g., Hollis et al., 1995, Stickley 
et al., 2008, Davies et al., 2009 and Jordan and Stickley, 
2010). However, there are relatively few paleoceano-
graphic studies of diatoms in Paleogene successions 
compared to other microfossil groups (e.g., foramin-
ifera, dinoflagellates, calcareous nannofossils), mainly 
due to the sensitivity of the opaline frustules of diatoms 
to post-depositional diagenetic alteration. Yet, quantita-
tive studies of diatoms from well-dated deep-sea suc-
cessions are crucial for developing new productivity, 
temperature and salinity proxies for the Paleogene, and 
further development of high-resolution diatom assem-
blage records will aid in the refinement of biostrati-
graphic zonations. Given the importance of diatoms 
in primary production, elemental cycling, and carbon 
export and burial in the modern oceans (Ragueneau et 

al., 2000 and Tréguer and De La Rocha, 2013), an under-
standing of diatom response to past climate perturba-
tions may also help to predict and model future changes 
in the climate–ocean system.

Drillcores recovered during Ocean Drilling Program 
(ODP) Leg 171B contain an expanded record of Paleo-
gene climate variability (e.g., Bains et al., 1999 and Wade 
and Kroon, 2002), and a thick, middle Eocene section of 
siliceous nannofossil ooze spanning Chron C18, during 
which the MECO event occurred, was obtained at ODP 
Site 1051 (Shipboard Scientific Party, 1998a). The Site 
1051 cores therefore provide an opportunity to apply 
existing diatom paleoecological tools to further eluci-
date paleoceanographic variability during the MECO 
(Bohaty et al., 2009  and  Edgar et al., 2010), as well as 
refine siliceous microfossil paleoenvironmental proxies 
through comparison with foraminiferal datasets.

The specific goals of this study were to: (1) generate 
detailed siliceous microfossil assemblage records across 
an ~ 2.6 million year (myr) interval spanning the MECO 
event; (2) interpret assemblage changes in the context 
of published foraminiferal and bulk carbonate stable 
isotope (δ13C, δ18O) records and planktic foraminiferal 
assemblage records; (3) reconstruct the paleoenviron-

Figure 1. Paleogeographic map of the Atlantic Ocean at 40  Ma, showing the location of Site 1051 
(closed circle) and other Atlantic ODP sites (open circles) referred to in this paper. Base map generated 
using Ocean Drilling Stratigraphic Network Plate Tectonic Reconstruction Service (www.odsn.de).
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mental setting in which siliceous nannofossil ooze and 
chalk were deposited at Site 1051; and (4) use the sili-
ceous microfossil data from Site 1051 to assess changes 
in subtropical siliceous plankton production in a 
regional and global context.

2. Materials and methods

2.1. Geological setting and site location

ODP Site 1051 (30°03′N, 76°21′W) was drilled on 
Blake Nose, an eastward projection of the Blake Plateau, 
in the western subtropical North Atlantic Ocean (Fig. 1). 
Two holes (1051A and 1051B) were drilled at a water 

depth of ~ 1980 m (Shipboard Scientific Party, 1998a). A 
630-m thick Paleogene succession was recovered at Site 
1051, including an ~ 370-m thick middle Eocene interval 
characterized by high sedimentation rates (~ 4 cm/kyr) 
relative to many other pelagic deep-sea sections span-
ning this time interval (Edgar et al., 2010). A well-con-
strained magnetobiostratigraphic age model is available 
for the middle Eocene section of Site 1051 (Ogg and Bar-
dot, 2001 and Edgar et al., 2010). The paleodepth for Site 
1051 during the late Paleocene through middle Eocene 
time period is estimated at ~  1000–2000  m (Shipboard 
Scientific Party, 1998a).

Table 1. Taxonomic list of diatoms identified in this study.

Neritic diatoms Pelagic diatoms Resting spores
Abas wittii Paralia russica Asterolampra insignis Costopyxis trochlea
Actinoptychus hillabyanus Paralia sulcata Asterolampra marylandica Pseudopyxilla sp. 1
Actinoptychus intermedius Paralia sp. Asterolampra sp. cf. A. affinis Pterotheca aculeifera
Actinoptychus pericavatus Peponia barbadensis Asterolampra vulgaris Pterotheca sp. 1
Actinoptychus senarius Plagiogramma barbadense Azpeitia tuberculata Pterotheca sp. 2
Actinoptychus sp. 1 Porodiscus splendidus Brightwellia hyperborea Pterotheca sp. 3
Actinoptychus sp. 2 Pseudoauliscus radiatus Coscinodiscus decrescens Quadrocistella montana
Amphora sp. Pseudopodosira bella Coscinodiscus marginatus Quadrocistella paliesa
Anuloplicata ornata Pseudopodosira pileiformis Distephanosira architecturalis Quadrocistella rectagonuma
Arachnoidiscus clarus Pseudopodosira westii Distephanosira sp. 1 Quadrocistella spp.
Aulacodiscus sp. Pseudopodosira sp. cf. P. hyalina Distephanosira sp. 2 Syndendrium sp.
Auliscus johnsonianus Pseudopodosira sp. cf. P. pileiformis Distephanosira sp. 3 Vallodiscus lanceolatus
Auliscus sp. Pseupodosira sp. 1 Hemiaulus immanis Xanthiopyxis oblonga
Biddulphia punctata Radialiplicata sp. Hemiaulus polycystinorum var. 

mesolepta Xanthiopyxis structuralis
Biddulphia tuomeyi Rhaphoneis amphiceros Hemiaulus reflexispinosus Xanthiopyxis sp. 1
Biddulphia sp. 1 Rhaphoneis atlantica Hemiaulus crenatus Xanthioisthmus panduraeformis
Biddulphia sp. 2 Rhaphoneis sp. 1 Hemiaulus sp. cf. H inaequilaterus Unknown resting spore #1
Briggera sp. 1 Rhaphoneis sp. 2 Hemiaulus sp. Unknown resting spore #2
Clavicula polymorpha Rhaphoneis sp. 3 Liostephania spp.
Clavularia barbadensis Rhaphoneis sp. 4 Porpeia ornata
Craspedodiscus barronii Rhaphoneis sp. 5 Proboscia sp.
Cymatosiraceae Rutilaria areolata Pyrgupyxis johnsoniana
Dextradonator eximius Rutilaria grevilleana Pyrgupyxis prolongata
Dextradonator jeremianus Sheshukovia castellata Riedelia claviger
Diploneis sp. Sheshukovia sp. 1 Riedelia longicornis
Diplomenora cocconeiforma? Sheshukovia triorbica Riedelia lyriformis
Drepanotheca bivittata Stictodiscus inflatus Riedelia tenuicornis
Endictya sp. Stictodiscus parallelus Rocella praenitida
Euodia sp. Strangulonema barbadense Stephanopyxis superba
Eunotogramma variabile Thaumatonema barbadense Stephanopyxis turris
Eunotogramma productum Thaumatonema costatum Stephanopyxis sp.
Eunotogramma sp. cf. E. laevis Triceratium blanditum Triceratium inconspicuum
Grammatophora sp. Triceratium capitatum Triceratium inconspicuum var. 

trilobatum
Hyalodiscus sp. Triceratium denticulatum Triceratium kanayae var. kanayae
Lyrella sp. aff. L. praetexta Triceratium irregulare Triceratium kanayae var. 

quadriloba
Mastogloia archaia Triceratium mirificum Triceratium sp. aff. T. favus
Mastogloia barbadensis Triceratium polycistinorum Triceratium ventriculosum
Medlinia abyssora Triceratium venosum Trinacria cornuta
Medlinia simbirskiana Unknown genus and species 1 Trinacria subcaptitata
Naviculoid diatoms Trinacria sp. cf. T. subcapitata
Paralia crenulata Trochosira sp.

Figure 2. Siliceous microfossil abundance records for ODP Site 1051: (a) relative abundance of major siliceous microfossil 
groups, (b) total siliceous microfossil (TSM) absolute abundance, (c) relative abundances of major diatom groups, and 
(d) diatom group absolute abundances, plotted with bulk and benthic δ13C and δ18O records (e–f). Correlation and/
or stable isotope data are from Mita (2001), Bohaty et al. (2009) and Edgar et al. (2010). Abbreviations: mcd—meters 
composite depth; TSM Max—total siliceous microfossil abundance maximum; VPDB—Vienna Pee Dee Belemnite.
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The middle Eocene interval recovered at Site 1051 
between 161.9 and 61.7  m composite depth (mcd) was 
selected for this study. Within this interval, the domi-
nant lithology is siliceous nannofossil ooze, which 
grades downhole into siliceous nannofossil chalk at 
~ 148.5 mcd. With the exception of one poorly recovered 
core (Core 1051B-10H), drilling disturbance is generally 
minor within the advanced piston-cored (APC) ooze-
dominated interval. However, the chalk-dominated 
interval below ~ 148.5 mcd was cored using the rotary 
extended core barrel (XCB) system and is moderately 
disturbed from the drilling process (Shipboard Scientific 
Party, 1998a; Fig. 2).

2.2. Biostratigraphy and age model

Although diatoms generally occur in high abundance 
in the upper middle Eocene section of Site 1051, the 
number of diatom bioevents is insufficient to provide 
reliable high-resolution age control. Instead, magneto-
stratigraphy combined with calcareous nannofossil and 
planktic foraminiferal biostratigraphy (Fig. 2g) provide 
the primary means of age control for the Eocene sec-
tion of Site 1051 (Shipboard Scientific Party, 1998a, Mita, 
2001, Ogg and Bardot, 2001 and Edgar et al., 2010). We 
utilize the magnetobiostratigraphic age model recently 
developed by Edgar et al. (2010), and, using this age 
model, our study interval spans an ~  2.6  myr interval 
between 42.1 and 39.5  Ma. However, because of sig-
nificant biscuiting of the sediment below ~  148.5  mcd 
(~  41.7  Ma), we focus our high-resolution analyses on 
the interval above this level (Fig. 2). In order to enable 
direct correlation of our results to other published 
records, all ages in this paper are reported relative to the 
timescale of Cande and Kent (1995), but additional age 
axes calibrated to the GTS2012 timescale (Gradstein et 
al., 2012) are also provided for reference in the relevant 
figures.

2.3. Sample collection and processing

In total, 175 samples from the shipboard splice of 
Holes 1051A and 1051B were examined for siliceous 

microfossils in this study (Shipboard Scientific Party, 
1998a; Fig. S1c). An initial pilot study was performed 
at a stratigraphic resolution of 60–150 cm, but the sam-
pling interval was subsequently decreased to 10–30 cm 
spacing between 106.2 and 73.1  mcd where the largest 
variations in siliceous microfossil assemblages were 
observed in the pilot results (Fig. 2b). Sample treatment 
methods and preparation of permanent slides followed 
Witkowski et al. (2012). The only modification to this 
methodology was that samples were not heated during 
H2O2 treatment because their low organic matter con-
tent enabled total digestion at room temperature.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.4. Quantitative siliceous microfossil counts

Siliceous microfossil counts were performed on two 
slides from each sample. At least three random traverses 
across the coverslip were made at × 1000 magnification. 
For samples with low siliceous microfossil abundance, 
at least 100 siliceous microfossils were counted in mul-
tiple traverses. On average, ~ 200 siliceous microfossils 
were counted on each slide. Diatoms, silicoflagellates, 
ebridians, siliceous dinoflagellates and synurophyte 

Ebridians Silicoflagellates
Ammodochium rectangulare Corbisema angularis
Ammodochium speciosum Corbisema bimucronata
Ebriopsis cornuta Corbisema hexacantha
Ebriopsis crenulata Corbisema spinosa
Ebriopsis sp. Corbisema triacantha
‘Falsebria’ sp. Dictyocha byronalis
Pseudoammodochium dictyoides Naviculopsis sp.

Table 2. Taxonomic list of ebridians and silicoflagellates 
identified in this study.

Table 3. Taxonomic list of other siliceous microfossils 
indentified in this study.

Plate I. Photomicrographs of key diatom taxa from the MECO interval of ODP Site 1051. All pairs represent high and low focus of 
the same specimen. Scale bar equals 20 μm, except for Figs. 8–10 and 17–18 (10 μm), and Fig. 4 (15 μm). Fig. 1a–b. Rhaphoneis atlantica, 
sample 171B-1050A-2H-5, 33–34  . Fig.  2. Diplomenora cocconeiforma?, sample 171B-1050A-2H-2, 33–34  cm. Fig. 3a–b. Mastogloia 
barbadensis, sample 171B-1051A-10H-2, 36–37 cm. Fig. 4. Mastogloia sp. aff. M. archaia, sample 171B-1051A-8H-4, 96–97 cm. Fig. 5. 
Lyrella sp. aff. L. praetexta, sample 171B-1051A-9H-3, 36–37 cm. Fig. 6. Strangulonema barbadense, sample 171B-1050A-2H-2, 33–34 cm. 
Fig. 7. Actinoptychus hillabyanus, sample 171B-1051B-12H-4, 6–7 cm. Fig. 8. Pseudopodosira bella, sample 171B-1051A-10H5, 66–67 cm. 
Fig. 9. Paralia sp., oblong specimen, sample 171B-1051B-9H-1, 96–97 cm. Fig. 10. Paralia crenulata, sample 171B-1051A-10H-5, 126–
127 cm. Fig. 11a–b. Abas wittii, sample 171B-1051A-8H-4, 126–127 cm. Fig. 12a–b. Hemiaulus immanis, sample 171B-1051A-8H-2, 
6–7 cm. Fig. 13a–b. Hemiaulus polycystinorum var. mesolepta, sample 171B-1050A-2H-2, 33–34 cm. Fig. 14. Triceratium inconspicuum var. 
inconspicuum, sample 171B-1051A-10H-4, 36–37 cm. Fig. 15. Triceratium inconspicuum var. trilobata, sample 171B-1051B-15H-4, 4–5 cm. 
Fig. 16a–b. Coscinodiscus decrescens, sample 171B-1051A-8H-2, 96–97 cm. Figs. 17–18. Distephanosira architecturalis, samples 171B-1051B-
12H-5, 6–7 cm (Fig. 17), 171B-1051A-10H5, 66–67 cm (Fig. 18). Fig. 19. Liostephania sp., sample 171B-1050A-2H-2, 33–34 cm. Fig. 20a–b. 
Rocella praenitida, sample 171B-1050A-3H-6, 33–34 cm. Fig. 21a–b. Xanthiopyxis oblonga, sample 171B-1051A-10H-1, 6–7 cm. Fig. 22a–
b. Quadrocistella montana, sample 171B-1051A-13H-5, 6–7 cm. Fig. 23a–b. Pterotheca aculeifera, sample 171B-1051A-19X-4, 126–127 cm.

Dinoflagellates Incertae sedis Synurophyte scales

Actiniscus 
pentasterias

‘Naviculopsis hyalina 
nordica’ sensu 
Ciesielski (1991)

Macrora barbadensis

Carduifolia gracilis Macrora stella

Peridinites 
sphaericus
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scales were identified to species level and counted fol-
lowing the method outlined by Schrader and Gersonde 
(1978). Radiolarians and chrysophyte cysts were also 
counted, but not identified. The technique for absolute 
siliceous microfossil abundance estimation follows the 
random settling method modification used by Wit-
kowski et al. (2012). Range charts for all of the siliceous 

microfossil groups identified in this study are available 
in the online Supplementary materials section (Tables 
S1–S2). Taxonomic references are provided in Tables 
S3–S5.
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2.5. Paleoecological assignments

This study is based on both autotrophic and het-
erotrophic siliceous microplankton groups. Diatoms, 
silicoflagellates, synurophytes and chrysophytes are 
photosynthetic algal groups (Tappan, 1980, Andersen, 
1987  and  Round et al., 1990). The nutrition of the sili-
ceous motile, thecate dinoflagellate Peridinites ( Hard-
ing and Lewis, 1994) is unknown, but fossil actiniscid-
ians (e.g., Carduifolia) were likely naked, heterotrophic 
forms with internal spicular skeletons ( Preisig, 1994). 
Although radiolarians display several feeding strategies, 
they are generally considered heterotrophic ( Matsuoka, 
2007); both heterotrophic and mixotrophic behavior is 
reported for ebridians ( Witkowski et al., 2012).

Most of the diatom taxa recorded in this study are 
extinct, thus detailed paleoecological classification is 
challenging. To distinguish pelagic and neritic groups, 
we considered the global paleobiogeographic distribu-
tion of taxa, morphological features, and comparison to 
extant relatives, where applicable. Lists of diatom taxa 
and their inferred paleoecology are provided in Tables 
S3–S5 in the online Supplementary materials, and paleo-
biogeographic data from the published literature are 
compiled in Tables S6–S15.

2.6. Sediment density and accumulation rate calcula-
tions

Accumulation rate estimates account both for 
changes in bulk sedimentation rate and dilution by 
other sedimentary components (biogenic and non-
biogenic), and thus provide a more accurate measure 
of changes in sedimentation through time than varia-
tions in the absolute abundance of microfossils. Sedi-
ment density and linear sedimentation rates (LSRs) are 
required to calculate sediment accumulation rates. In 
pelagic settings such as Site 1051 where silt and clay 
input is limited, variation in sediment density primarily 
reflects variations in the relative concentration of CaCO3 
and SiO2, and thus can be used as an indirect proxy 
for biogenic opal concentration (Weber, 1998). In the 
Site 1051 study interval, high-resolution wet bulk den-
sity data, determined using the gamma ray attenuation 
porosity evaluator (GRAPE) method, correlate well with 
discrete dry bulk density (DBD) measurements made 
during routine shipboard analysis (Shipboard Scientific 
Party, 1998a). Therefore, it is possible to estimate DBD 
at high resolution by calibrating the GRAPE record with 
the discrete DBD data (Fig. S2). Total siliceous microfos-
sil, diatom, silicoflagellate and radiolarian accumulation 
rates were calculated using these high-resolution DBD 
estimates and the LSRs derived from the Edgar et al. 
(2010) age model.

2.7. Stable isotope records

In order to explore the possible links between sur-
face-ocean primary production and late middle Eocene 
greenhouse warming at Site 1051, siliceous microfossil 
assemblage changes are interpreted in the context of 
published stable isotope records (δ18O, δ13C) (Bohaty et 
al., 2009 and Edgar et al., 2010). The abundance of ben-
thic foraminifera is low within the MECO interval of Site 
1051, hindering development of a high-resolution stable 
isotope stratigraphy (Edgar et al., 2010). However, a 
high-resolution bulk-sediment stable isotope record is 
available across our study interval (Bohaty et al., 2009; 
Fig.  2e–f), which provides a surface-water signal from 
calcareous nannofossils—the dominant sedimentary 
component of Eocene sediments at Site 1051 (Shipboard 
Scientific Party, 1998a). In comparison to planktic fora-
miniferal and fine-fraction stable isotope records in 
Miocene pelagic sediments, Ennyu et al. (2002) inferred 
that the fine-fraction (calcareous nannofossil) stable iso-
tope records are strongly influenced by the season of 
calcification, and likely reflect blooms during periods 
of deep mixing in the late winter or early spring char-
acterized by cool, high-nutrient conditions. Therefore, 
the bulk stable isotope signals at Site 1051 may be simi-
larly biased towards cool conditions that are not repre-
sentative of summer sea-surface temperatures. This may 
explain why, for instance, the bulk and benthic δ18O 
values overlap in some intervals of the Site 1051 study 
section (Fig. S1a), although vital-effect offsets or diage-
netic alteration also cannot be ruled out. The trends and 
relative changes, however, are similar between the bulk 
δ18O record and the lower-resolution benthic foraminif-
eral δ18O record (Fig.  2e–f), providing parallel indica-
tions of relative temperature change.

3. Results

3.1. Siliceous microfossil abundance

Siliceous microfossils are present throughout the Site 
1051 study interval, and a diverse range of siliceous 
microfossil groups was identified, including diatoms 
(average ~ 73% of the total siliceous microfossil assem-
blage), radiolarians (~  24%), ebridians (~  0.8%), silico-
flagellates (~  0.1%), and chrysophyte cysts, siliceous 
dinoflagellates, and synurophyte scales (~  2.1% of the 
assemblage combined) (Fig.  2a). Taxonomic lists of all 
siliceous microfossil taxa identified in this study are pre-
sented in Table 1, Table 2 and Table 3. The absolute total 
siliceous microfossil (TSM) abundance is relatively low 
(~ 2.6 × 106 siliceous microfossils per gram of sediment 
[g− 1] on average) and shows little variability below the 
MECO between ~  148.5 and 106.2  mcd, and above the 
MECO interval between 73.2 and 61.7 mcd (Fig. 2b). A 
broad interval of elevated TSM abundance, with two 
maxima, is recorded between 106.2 and 73.2 mcd—here 
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defined as ‘TSM Maximum 1’ and ‘TSM Maximum 2.’ 
Within TSM Maximum 1, between 106.2 and 86.3 mcd, 
and TSM Maximum 2 between ~  83.0 and 73.2  mcd, 
TSM abundance exceeds ~  9  ×  106  g−  1 (Fig.  2b). TSM 
Maximum 1 is associated with decreases in bulk and 
benthic δ18O values and bulk δ13C values (Fig.  2e–f), 
whereas TSM maximum 2 is associated with an increase 
in bulk δ13C and a short-lived decrease in bulk δ18O val-
ues at 79.5 mcd (Fig. 2b, e–f). TSM abundance decreases 
to minimum values between the two TSM maxima 
(Fig. 2b), coincident with the interval of the lowest bulk 
and benthic δ18O and δ13C values and a sharp ~  1‰ 
positive shift in both bulk and benthic δ18O and δ13C 
values at 83.9 mcd (Fig. 2e–f).

3.2. Diatoms

A total of ~  150 diatom taxa were identified in Site 
1051 samples (Table 1). Neritic taxa comprise ~ 78% of 

the diatom assemblage while pelagic forms and rest-
ing spores account for ~  13% and ~  5%, respectively 
(Fig. 2c–d). The paleoecological associations of ~ 4% of 
the diatom assemblage are uncertain due to provisional 
identifications (tabulated as ‘Unidentified diatoms, veg-
etative valves’ in Table S1) and thus are not discussed 
further (Fig. 2c). Trends in diatom absolute abundance 
parallel variations in TSM abundance, as expected given 
the dominance of diatoms in the siliceous microfossil 
assemblages (Fig. 2a–b, d).

The most abundant neritic diatom taxa present at Site 
1051 are Paralia spp. ( Plate I, Figs.  9–10), Pseudopodo-
sira spp. ( Plate I, Fig. 8), Rutilaria spp., and Rhaphoneis 
spp. ( Plate I, Fig. 1). Pseudopodosira spp. are more abun-
dant than Paralia spp. between 148.5 and 102.1 mcd and 
between 83.92 mcd and the top of the study interval at 
61.7 mcd ( Fig. 3a). However, there is a transient interval 
of increased relative abundance of Paralia between 102.1 

Figure 3. ODP Site 1051 diatom assemblage records spanning the MECO event: (a) relative abundance of major 
neritic taxa, (b) relative abundance of major pelagic taxa, (c) relative abundance of major species of Hemiaulus, 
(d) relative abundance of major resting spore taxa. Correlation based on Edgar et al. (2010). Dashed vertical lines 
represent boundaries of assemblage intervals discussed in the text. Abbreviations: mcd—meters composite depth.
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and 83.9 mcd ( Fig. 3a).

Among the pelagic diatoms (Fig. 3b), the most abun-
dant taxa are Distephanosira spp. ( Plate I, Figs.  17–18), 
Hemiaulus spp. ( Plate I, Figs.  12–13), Rocella praeni-
tida ( Plate. I, Fig.  20), Triceratium inconspicuum ( Plate 
I, Figs.  14–15) and Coscinodiscus decrescens ( Plate I, 
Fig.  16). A distinct increase in the relative abundance 
of T. inconspicuum occurs between 106.2 and 86.3  mcd 
(~ 15.5% on average, Fig. 3b). Rocella praenitida is mod-
erately abundant between 148.5 and 106.2 mcd (~ 7.6%), 
but its abundance gradually diminishes and shows an 
abrupt decline at 86.3 mcd ( Fig. 3b). The abundance of 
Hemiaulus spp. (predominantly H. polycystinorum var. 
mesolepta, Fig.  3c) varies considerably throughout the 
study section, averaging ~  15.0% of the pelagic dia-
tom assemblage between 148.5 and 106.2 mcd, ~ 32.0% 
between 86.3 and 83.0  mcd, and ~  23.5% between 83.0 
and 61.7 mcd ( Fig. 3b). The relative abundance of Dis-
tephanosira is high throughout the study interval (> 55%; 
Fig.  3b), with only a transient decrease to ~  14.3% 
between 86.3 and 83.0 mcd ( Fig. 3b). This interval of low 
Distephanosira abundance is characterized by high rela-
tive abundance of C. decrescens (up to ~ 29.7%; Fig. 3b).

The diatom resting spore assemblages are repre-
sented by only a few taxa, with Pterotheca ( Plate I, 
Fig. 23), Quadrocistella ( Plate I, Fig. 22), and Xanthiopyxis 
( Plate I, Fig.  21) as the dominant genera. Although 
there are large variations in the relative abundance 
of resting spore taxa in the lower part of the section, 
the assemblage is dominated by Xanthiopyxis below 
106.2  mcd, Quadrocistella between 106.2 and 86.3  mcd, 

and Pterotheca above 83.0  mcd ( Fig.  3d). Between 86.3 
and 83.0 mcd, there are rapid variations in resting spore 
abundance, and, within a narrow interval at 84.2 mcd, 
Xanthiopyxis accounts for 100% of the resting spore 
assemblage ( Fig. 3d).

3.3. Other siliceous microfossil groups

Previous studies reported diverse and well-preserved 
middle Eocene radiolarian assemblages from Site 1051 
(Shipboard Scientific Party, 1998a  and  Sanfilippo and 
Blome, 2001). Radiolarians comprise ~  23% of the sili-
ceous microfossil assemblage on average throughout 
the study interval, with the exception of a large increase 
in their relative abundance between 87.2 and 83.0 mcd 
(up to ~  60%). This interval is coincident with a mini-
mum in diatom abundance (Fig. 2a–b, Fig. S3a).

Throughout the study section, the abundances of 
silicoflagellates (Plate II, Figs.  1–2), ebridians (Plate 
II, Figs.  3, 6–7), chrysophyte cysts (Plate II, Figs. 4–5), 
siliceous dinoflagellates (Plate II, Figs.  8–9) and synu-
rophyte scales (Plate II, Figs. 10–12) are generally low 
(Figs. S3b–S4). All of these groups, however, display 
similar trends to those observed in the diatom record, 
with elevated abundances between 106.2 and 86.3 mcd 
and between 83.0 and 73.2 mcd (Figs. S3b–S4).

3.4. Sediment density and accumulation rates

There is an up-section decrease in sediment density 
beginning at ~  110  mcd with a transient minimum at 
~ 85.8 mcd, where sediment density values reach as low 

Plate II. Photomicrographs of other siliceous microfossils from the MECO interval of ODP Site 1051. All pairs represent high and low 
focus of the same specimen. Scale bar equals 20 μm, except for Figs. 5a–b (10 μm). Fig. 1a–b. Corbisema regina, sample 171B-1051B-
15H-1, 4–5 cm. Fig. 2a–b. Corbisema spinosa, sample 171B-1051A-10H-1, 36–37 cm. Fig. 3a–b. Ebriopsis cornuta, sample 171B-1051A-
8H-2, 96–97  cm. Figs.  4–5. Chrysophycean cysts, sample 171B-1051A-9H-6, 126–127  cm. Fig.  6a–b. Ebriopsis crenulata, sample 
171B-1051A-15H-6, 66–67 cm. Fig. 7a–b. Ebriopsis sp., sample 171B-1051A-10H-1, 66–67 cm. Figs. 8–9. Peridinites sphaericus?, samples 
171B-1051A-9H-6, 126–127 cm (Fig. 8), 171B-1050A-2H-2, 33–34 cm (Fig. 9). Figs. 10–11. Macrora barbadensis, samples 171B-1051A-
10H-1, 6–7 cm (Fig. 10a–b), 171B-1051A-9H-2, 66–67 cm (Fig. 11a–b). Fig. 12a–b. Macrora stella, sample 171B-1051A-8H-2, 96–97 cm.
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as ~ 1.6 g/cm3 (Fig. S5a). A decrease in sediment density 
is indicative of increasing biogenic opal content (Weber, 
1998), which is consistent with our newly developed 
TSM record prior to the peak of TSM Maximum 1 at 
93.4 mcd. Within the uppermost interval of the MECO, 
however, the sediment density record is likely biased 
by high radiolarian concentrations, perhaps due to the 
large size and high porosity of radiolarian tests (Fig. 
S5a–b). These observations support the use of sedi-
ment density as an indicator of sediment composition, 

but also demonstrate that detailed microfossil assem-
blage records are necessary to aid the interpretation of 
GRAPE and DBD data.

Assessment of accumulation rates requires switch-
ing from the depth to age domain, which will be dis-
cussed from this point onwards. It should be noted that 
because of the low number of age control tie points in 
the available age model, the accumulation rate calcula-
tions presented here are approximate and likely average 

Figure 4.Global paleobiogeographic distribution of key pelagic diatom taxa recorded at ODP Site 1051, including (a) Distephanosira 
architecturalis in middle Eocene through late Oligocene successions, and (b) Triceratium inconspicuum in middle Eocene successions. See 
Tables S6–S9 in the online Supplementary materials for a list of references used in this compilation. Base maps: 40 Ma paleogeographic 
reconstruction generated using Ocean Drilling Stratigraphic Network Plate Tectonic Reconstruction service (www.odsn.de).

Figure 5. Eocene through late Oligocene paleobiogeographic distribution of key pelagic diatom taxa recorded at ODP Site 
1051: (a) Hemiaulus polycystinorum var. mesolepta, (b) Coscinodiscus decrescens, and (c) Rocella praenitida. See Tables S10–S15 
in the online Supplementary materials for lists of references used in this compilation. Base maps: 40  Ma paleogeographic 
reconstruction generated using Ocean Drilling Stratigraphic Network Plate Tectonic Reconstruction service (www.odsn.de).
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out short-term changes. Despite this caveat, elevated 
TSM accumulation rates are correlative with TSM max-
ima (Fig. S5d), suggesting that TSM abundance varia-
tions reflect pronounced changes in siliceous plankton 
production and sedimentation in the pelagic zone of 
the western North Atlantic Ocean (see further discus-
sion in Section 5.1). Separate accumulation rate calcula-
tions were also made for total diatoms, neritic diatoms, 
pelagic diatoms, and resting spores (Fig. S5e), as well as 
for radiolarians and silicoflagellates (Fig. S5f–g). With 
the exception of radiolarians, accumulation rate changes 
for each of these groups parallel the overall trends in 
TSM fluxes.

4. Interpretation

4.1. Diatom preservation

The high alkalinity of pore-waters in carbonate-rich 
sediments tends to facilitate biogenic opal dissolution 
(Flower, 1993). For instance, diatom valves in middle 
Eocene sediments from Site 1051 commonly lack the 
most delicate parts of the valves, e.g., pore fields or 
areolae occlusions (Fig. S6c–e). However, Liostephania 
( Plate I, Fig. 19), internal casts of diatoms regarded as 
indicators of enhanced dissolution (e.g., Hanna and 
Brigger, 1970) are sparse at Site 1051. Therefore, we 
interpret an overall moderate level of diatom dissolu-
tion across the entire study interval. Breakage is more 
common than dissolution at Site 1051, which most likely 
resulted from the offshore transport of neritic diatoms 
and a high degree of sediment bioturbation ( Shipboard 
Scientific Party, 1998a).

Neritic diatoms are typically more heavily silicified 
than pelagic taxa, and their dominance throughout the 
study section is at least in part affected by preferential 
dissolution of pelagic taxa in the water column and 
on the seafloor. However, neritic diatoms consistently 
show poor-to-moderate preservation, while pelagic 
diatoms and resting spores identified tend to be mod-
erately to well-preserved throughout the study interval. 
This suggests that there are no major temporal changes 
in siliceous microfossil preservation, and that diage-
netic alteration is approximately uniform throughout 
the section. Thus, we interpret the intervals of elevated 
siliceous microfossil abundance and flux at Site 1051 to 
reflect primary changes in siliceous microfossil produc-
tion and sedimentation in the western North Atlantic 
Ocean across the MECO, rather than secondary pro-

cesses such as post-burial diagenesis.

4.2. Diatom paleoecology

Diatom-based paleoreconstructions commonly 
assume that all of the diatom assemblage is composed 
of in situ valves. Whereas such assumption is justified 
in studies on distal successions (e.g., Davies et al., 2009), 
diatom assemblages from more proximal localities, like 
ODP Sites 1051 or 1260 (Renaudie et al., 2010) (Fig.  1) 
need to be interpreted cautiously, as not all diatoms are 
well-suited for being indicators of open-ocean surface 
water conditions. Furthermore, our understanding of 
diatom paleoecology is often insufficient, which con-
siderably reduces the paleoceanographic utility of early 
Paleogene diatoms. Based on the available paleobiogeo-
graphic, morphological, and ecological data, we provide 
a discussion below regarding the paleoecological prefer-
ences of the key diatom taxa observed in the Site 1051 
study interval. These paleoecological inferences provide 
a basis for further paleoceanographic interpretation of 
the records.

Distephanosira architecturalis is one of the most com-
mon diatoms worldwide in middle-to-late Eocene sec-
tions. A compilation of published records (Tables S6–S7) 
indicates that this taxon had a cosmopolitan distribution 
in coastal, neritic and pelagic sites throughout its strati-
graphic range ( Fig.  4a). Careful examination of mor-
phological features (Fig. S6a–b) reveals a special adapta-
tion for a planktic mode of life in the form of an empty 
chamber within the valve, presumably to increase 
buoyancy. Similarly, T. inconspicuum is common in both 
neritic and pelagic middle Eocene sediments (Tables 
S8–S9), which indicates a planktic mode of life ( Fig. 4b). 
Despite the scarcity of reports of H. polycystinorum var. 
mesolepta and C. decrescens in the literature (Tables S10–
S13), the cosmopolitan distribution of these species ( 
Fig.  5a–b), including numerous pelagic sites, strongly 
suggests a preference for an open-marine habitat. Rocella 
praenitida is absent from the Eocene–Oligocene intervals 
of tropical sites (Tables S14–S15), but it has a broad dis-
tribution in mid- and high-latitude Atlantic Ocean and 
at several Southern Ocean sites, which corroborates its 
pelagic affinity ( Fig. 5c). Based on these lines of reason-
ing, we regard the taxa assigned here as pelagic diatoms 
as representative of the paleoenvironmental conditions 
in the photic zone above Site 1051 in the pelagic western 
mid-latitude Atlantic Ocean. Thus, variations in abun-
dance and assemblage structure of these pelagic dia-

Fig.  6. Synthesis of siliceous microfossil records from ODP Site 1051 across the MECO event compared with key planktic 
foraminiferal assemblage data and isotope records: (a) Diatom accumulation rates, (b) radiolarian and silicoflagellate accumulation 
rates, (c–d) relative abundance of major planktic foraminiferal groups, (e–f) bulk-carbonate and benthic δ18O and δ13C records, 
and (g) surface-to-deep δ13C gradient (Δδ13Cbulk carbonate-benthic). Planktic foraminiferal assemblage and magnetostratigraphic data are 
from Edgar et al., 2010 and Edgar et al., 2013. Abbreviations: Max—TSM maximum; VPDB—Vienna Pee Dee Belemnite; CK95— 
Cande and Kent (1995); GTS2012— Gradstein et al. (2012). Dashed vertical lines represent boundaries of assemblage intervals.
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toms ( Fig. 3b) are used to infer changes in local siliceous 
microfossil production and surface-ocean hydrography.

The diatom assemblage at Site 1051 includes a num-
ber of heavily silicified, chain-forming taxa, e.g., Para-
lia, Pseudopodosira, and Rutilaria. A neritic paleoecol-
ogy for these genera is inferred primarily by compari-
son to the environmental preferences of extant taxa 
(e.g., Ross, 1995  and  McQuoid and Nordberg, 2003). 
Given the distribution of Paralia in the modern oceans, 
where it is restricted to littoral waters (e.g., Sawai et al., 
2005 and Gebühr et al., 2009), we infer that it is unlikely 
that Paleogene species of Paralia had a pelagic affinity. 
Even early in its evolutionary history in the Cretaceous, 
Paralia was common in neritic environments (e.g., Cana-
dian Margin, see Witkowski et al., 2011), and absent 
from pelagic settings (e.g., CESAR-6 drillcore; Davies 
et al., 2009). As a tychoplanktic diatom, Paralia can be 
transported over large distances, but its heavy silicifi-
cation makes it primarily a neritic form ( Round et al., 
1990).

The high abundance of neritic diatoms at Site 1051 
(Figs.  2c–d) conflicts with the interpreted pelagic set-
ting of this site during the middle Eocene, inferred 
mainly from sediment lithology (carbonate-rich oozes 
with low siliciclastic content), deep outer slope position 
on Blake Nose, and high abundance of planktic rela-
tive to benthic foraminifera (Shipboard Scientific Party, 
1998a). Thus, the neritic diatoms deposited at Site 1051 
are allochthonous and were transported from the adja-
cent shelf environments located to the west of Blake 
Plateau during the middle Eocene (see paleogeographic 
reconstruction in Galloway et al., 2011). The high abun-
dance of tychoplanktic and neritic planktic taxa implies 
intense lateral transport by surface currents (e.g., Mar-
tin, 2003), and the presence of benthic diatoms such as 
Actinoptychus, Diplomenora, Mastogloia and Rhaphoneis 
(Table S3; see Plate I, Figs.  1–5) also indicates the role 
of bottom currents in transporting diatoms downslope 
from the shelf to Site 1051 (e.g., Kennett, 1982; see also 
Fenner and Hoff, 2011). Based on the absence of diatom 
zonal marker species that were extinct by the late mid-
dle Eocene (e.g., Triceratium kanayae, Pyrgupyxis caput-
avis; see Fenner, 1985), we think it unlikely that erosion 
and reworking of older strata provided the source of 
neritic diatoms recorded at Site 1051, and assume that 
the allochthonous diatoms are contemporaneous with 
the pelagic deposition at this site. Dinocyst assemblages 
at ODP Site 1053 (paleodepth: 500–700  m; Shipboard 
Scientific Party, 1998b) ( Fig.  1) also show a high per-
centage of transported neritic forms ( van Mourik et al., 
2001). Site 1053, spanning magnetochrons C17r through 
C13r (mid- to late Eocene; Shipboard Scientific Party, 
1998b) is more proximal, and is located at a shallower 
water depth than Site 1051. However, the high abun-

dance of neritic dinocysts at Site 1053 corroborates per-
sistent transport of shelf-dwelling microplankton from 
the North American continental margin in the Blake 
Nose area. Finally, the presence of allochthonous neritic 
diatoms and dinocysts in pelagic sediments at the Blake 
Nose indicates that other sedimentary components and 
microfossil groups may also be displaced from the adja-
cent shelf environments, although to date no direct evi-
dence of transport from the shelf has been reported, e.g., 
in the foraminiferal or calcareous nannofossil assem-
blage records.

Some of the most abundant resting spore taxa at Site 
1051, such as Quadrocistella and Xanthiopyxis ( Fig. 3d), 
were likely produced by the planktic genus Chaetoceros ( 
Suto, 2004 and Suto, 2006). In the modern oceans, Chae-
toceros is common in the neritic plankton (e.g., Hernán-
dez-Becerril, 1996  and  Hasle and Syvertsen, 1997), but 
pelagic species are also known (e.g., Aizawa et al., 2005). 
Pterotheca is also present in high abundance at Site 1051 
( Fig. 3d); this taxon is common in neritic settings from 
the Cretaceous onward, but its corresponding vegeta-
tive valves have not been determined ( Suto et al., 2009). 
Therefore, based on both possible neritic and pelagic 
paleoecological associations of the resting spore taxa 
recorded in this study, the resting spores were either 
part of neritic plankton communities that were trans-
ported to the open ocean, or they were produced and 
deposited in the pelagic zone in close proximity to Site 
1051. Changes in the abundance of resting spore taxa 
may provide only indirect evidence for nutrient or strat-
ification changes in surface waters either locally or in 
nearby shelf environments across the MECO, because 
their provenance is uncertain.

4.3. Succession of diatom assemblages

Based on the changes in relative abundance of neritic, 
pelagic and resting spore taxa, four diatom assemblage 
zones are distinguished at Site 1051 (Fig.  3  and  Fig.  6, 
Table 4):

(1) Assemblage Zone I (41.68–40.52  Ma) is characterized 
by higher abundances of Pseudopodosira than Paralia 
( Fig. 3a), generally higher abundances of R. praeni-
tida than T. inconspicuum ( Fig.  3b), and the domi-
nance of Xanthiopyxis among the resting spores ( 
Fig. 3d).

(2) In Assemblage Zone II (40.52–40.06  Ma), Paralia is 
more abundant than Pseudopodosira ( Fig.  3a), T. 
inconspicuum occurs in higher abundance than R. 
praenitida ( Fig. 3b), H. polycystinorum var. mesolepta 
is the dominant species of Hemiaulus ( Fig. 3c), and 
Quadrocistella is the dominant resting spore genus ( 
Fig. 3d).

(3) In Assemblage Zone III (40.06–39.98 Ma), Paralia and 
Pseudopodosira are present in approximately equal 
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abundance ( Fig.  3a), Hemiaulus replaces Distepha-
nosira as the most abundant pelagic form ( Fig. 3b), 
and there is a high percentage of C. decrescens pres-
ent ( Fig. 3b). Among resting spores, the abundance 
of Pterotheca and Xanthiopyxis is highly variable ( 
Fig. 3d).

(4) Assemblage Zone IV (39.98–39. 50 Ma) is characterized 
by abundant Pseudopodosira ( Fig.  3a). Secondarily, 
among the pelagic diatoms, there is also a high 
abundance of Distephanosira in this zone ( Fig.  3b), 
and H. polycystinorum var. mesolepta is less abundant 
than other Hemiaulus spp. ( Fig. 3c). The dominant 
resting spore is Pterotheca spp. ( Fig. 3d).

The diatom assemblage zones defined here corre-
spond to four distinct stages of sea-surface temperature 
(SST) evolution evidenced by benthic foraminiferal and 
bulk δ18O records (Fig. 6): Stage I includes the terminal 
phase of pre-MECO cooling (41.68–40.52 Ma); Stage II 
encompasses the prolonged onset of MECO warming 
(40.52–40.06 Ma); Stage III is a short interval spanning 
peak MECO warming and termination (40.06–39.98 
Ma); and Stage IV spans the post-MECO cooling inter-
val (39.98–39.50 Ma).

4.4. Temperature and nutrient level changes

Surface-to-deep δ13C gradients (Δδ13Cbulk carbonate-benthic) 
are generally stable throughout Stage I and diatom flux 
is consistently low ( Fig. 6a, g), implying no significant 
changes in phytoplankton production during this inter-
val. There is also minimal bulk and benthic δ18O varia-
tion between 41.68 and 40.80  Ma, further indicating 
no significant temperature change in surface or deep 
waters. The gradual onset of MECO warming is sug-
gested by the progressive decrease in bulk δ18O values 
starting at ~  40.80  Ma ( Fig.  6e). However, there is no 
apparent response to the interpreted onset of warming 
in the siliceous microfossil record ( Fig.  6a–b), which 
may suggest that SST warming was not associated with 
concomitant changes in nutrient levels and/or pelagic 
siliceous plankton production—reflecting either a low 
sensitivity or a small degree of environmental change at 
this time. In contrast, the thermophilic planktic forami-
niferal genus Morozovelloides does increase in abundance 
synchronously with the onset of warming indicated by 
the δ18O records ( Fig. 6d), perhaps implying a greater 
temperature sensitivity of foraminifera than siliceous 
microfossils. Surface waters over Site 1051 were more 
oligotrophic prior to than during the MECO based on 
the low flux of pelagic diatoms and silicoflagellates in 
Stage I ( Fig. 6a–b). This interpretation is consistent with 
the high relative abundances of warm-water favoring, 
photosymbiotic taxa (e.g., Acarinina and Morozovelloides; 
Edgar et al., 2013) in planktic foraminiferal assemblages  
( Fig. 6c). The relatively high flux of neritic diatoms dur-
ing Stage I also implies continuous transport of diatoms  
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to Site 1051 by surface and bottom currents ( Figs.  6a, 
7a).

A pronounced increase in pelagic diatom flux at the 
beginning of Stage II (Figs. 6a, 7b) points to an increase 
in primary production in surface waters over Site 1051. 
The onset of this trend (~ 40.52 Ma) is coeval with the 
initiation of the MECO at other sites as identified by 
Bohaty et al. (2009), but postdates the gradual onset 
of warming at Site 1051. This increase in primary pro-
duction is associated with continued surface and deep-
water warming interpreted from decreasing bulk and 
benthic δ18O values (Fig. 6e). Eutrophication of surface 
waters is supported by relative decreases in the inferred 
warm, oligotrophic surface-dweller Acarinina ( Fig.  6c; 
Edgar et al., 2013). There is also an associated decrease 
in the Δδ13Cbulk carbonate-benthic gradient in this interval, with 
values approaching 0 ( Fig.  6g), which could be inter-
preted to indicate a decline in export production or a 
decrease in nutrient utilization in the photic zone. How-
ever, compelling evidence for increased surface-water 
nutrient levels from multiple marine plankton groups 
argues against either of these alternative scenarios. 
Despite the evidence for continued increase in nutri-
ent levels, both pelagic and total diatom fluxes peak at 
~  40.2  Ma, and subsequently diminish ( Fig.  8b). This 
may indicate that at this time diatoms were outcom-
peted by other phytoplankton, who presumably utilized 
the available nutrients more efficiently.

Stage III is defined by a short-lived minimum in the 
flux of pelagic diatoms suggesting low diatom produc-
tion during peak MECO warming and subsequent cool-
ing (Figs. 6a, 7c). However, maximum radiolarian accu-
mulation rates also occur in this interval at 40.05  Ma 
(Fig.  8c). One plausible explanation for this peak in 
radiolarian abundance, offset ~  150  kyr from the peak 
in total diatom flux, is that radiolarians grazed on the 
groups of non-siliceous phytoplankters that outcom-
peted diatoms during the interval of peak warming. 
Alternatively, the observed offset could result from 
increased radiolarian concentration due to winnowing. 
A rapid decline in radiolarian flux immediately fol-
lows this interval between 40.05 and 40.02 (Figs. 6b, 8c). 
Together, low diatom, silicoflagellate and radiolarian 
flux (Fig. 6b) suggest a decrease in pelagic plankton pro-
duction associated with rapid cooling (Fig. 7c). Changes 
in planktic foraminiferal assemblages, most notably 
a rapid drop in the relative abundance of the thermo-
philic genus Morozovelloides ( Fig.  6d) support rapid 
sea-surface cooling interpreted from increasing δ18O 
values. The Δδ13Cbulk carbonate-benthic values initially increase 
at 40.06 Ma within Stage III ( Fig. 6g), possibly indicat-
ing a transient rise in phytoplankton export production 
concomitant with the short-lived increase in radiolarian 
abundance.

At the beginning of Stage IV, pelagic diatom and sili-
coflagellate fluxes increase between 39.98 and 39.76 Ma, 
pointing to elevated nutrient levels in the surface ocean 
over Site 1051 (Figs.  6a–b, 7d). High flux of resting 
spores between 39.98 and 39.94  Ma (Fig.  6a) may sug-
gest not only increased diatom production but also peri-
odic stratification with nutrient depletion in the photic 
zone. Δδ13Cbulk carbonate-benthic values increase at ~ 39.9 Ma ( 
Fig. 6g), possibly indicating more efficient nutrient utili-
zation or elevated export production in the photic zone. 
The onset of this trend is associated with a relatively 
short-lived (< 100 kyr) negative excursion in bulk δ18O 
and δ13C values ( Fig. 6e–f), which can be interpreted as 
a minor warming event within the post-MECO cooling 
phase, as also suggested by a transient increase in the 
relative abundance of Morozovelloides ( Fig.  6d). After 
39.76 Ma the diatom flux decreases, suggesting reduced 
nutrient availability in the surface waters at Site 1051 ( 
Fig.  6a) and a return to baseline conditions similar to, 
or warmer than, those immediately prior to the MECO 
event ( Fig.  7a, d). Similarly, planktic foraminiferal 
assemblages indicate a return to pre-MECO like condi-
tions with relative increases and decreases in the per-
centage of Acarinina and Globigerinatheka, respectively ( 
Fig. 6c). However, the relative abundance of the warm-
water indicator species Orbulinoides beckmanni also 
diminishes through Stage IV ( Fig. 6d) and may indicate 
SST cooling throughout this time interval ( Edgar et al., 
2010).

To summarize, we interpret changes in siliceous 
microfossil assemblages at Site 1051 as a record of rapid 
fluctuations in pelagic siliceous phytoplankton produc-
tion (Fig. 7). Two episodes of nutrient enrichment in the 
surface ocean are interpreted from siliceous microfos-
sil assemblage changes between 41.7 and 39.5  Ma: an 
~ 460 kyr interval during the initial warming phase of 
the MECO (TSM Maximum 1 within Stage II), and an 
~ 220 kyr period of nutrient enrichment within the ini-
tial post-MECO cooling phase (TSM Maximum 2 within 
Stage IV). The interpreted minimum in siliceous phyto-
plankton production between 40.06 and 39.98 Ma spans 
the interval of peak warming and abrupt cooling which 
terminated the MECO event (Fig. 8b).

5. Discussion

5.1. Planktic vs. neritic diatom paleoenvironmental 
signals

During initial shipboard work, the high abundance 
of diatoms in Eocene sediments at Site 1051 was inter-
preted to represent persistent high siliceous phytoplank-
ton primary production (Shipboard Scientific Party, 
1998a). In contrast, our high-resolution study shows 
that siliceous phytoplankton production was variable 
across the MECO interval. Due to a number of syn- and 
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post-depositional processes, it is not possible to quan-
tify past surface-water nutrient levels based on siliceous 
microfossil assemblage and accumulation rate varia-
tions alone. However, biosiliceous sediments deposited 
under upwelling regimes typically show diatom abun-
dance in the range of 109 g− 1 (Davies et al., 2009). Maxi-
mum TSM concentration recorded here is in the range 
of 106  g−  1. Therefore, given the preservational issues 
outlined in Section 4.1, we conservatively interpret our 
diatom records to indicate that the trophic regime at Site 
1051 ranged from moderately oligotrophic to mesotro-
phic—an interpretation consistent with planktic forami-
niferal assemblages (Shipboard Scientific Party, 1998a, 
Edgar et al., 2010 and Edgar et al., 2013). Thus, continu-
ous highly eutrophic conditions with sustained high 
siliceous phytoplankton production in surface waters 
are unlikely at Site 1051 during the late middle Eocene. 
Furthermore, it is also apparent that multiple paleoenvi-
ronmental signals are embedded in the middle Eocene 
diatom record at Site 1051. Our interpretation of the sili-
ceous plankton production changes during the MECO 
at Site 1051 relies mainly on the pelagic diatoms and 
silicoflagellates. However, the dominant component of 
the siliceous microfossil assemblages are neritic diatoms 
(Fig.  6a). Thus, an important question arises: whether 
the variations in neritic diatom abundance and accumu-
lation rates can be used to interpret changes in neritic 
diatom production on the adjacent continental shelf 
located to the west of Site 1051 (see paleogeographic 
reconstruction in Galloway et al., 2011).

While pelagic and neritic diatom assemblages show 
a similar pattern of variation between 41.7 and 39.5 Ma, 
the abundance and flux of neritic diatoms are consider-
ably higher than those of pelagic diatoms and resting 
spores (Fig.  6a). This may suggest that nutrient levels 
were higher in the coastal zone of the western North 
Atlantic than in the open ocean at Site 1051. However, 
the high relative abundance of neritic diatoms, and, 
in particular, heavily silicified tychoplanktic diatoms 
(Pseudopodosira spp. and Paralia spp.) may be the result 
of preferential dissolution of the lightly silicified pelagic 
diatoms. Therefore, the changes in trophic status in the 
neritic zone of the western North Atlantic during the 
MECO may have followed the same pattern as in the 
pelagic zone, but their magnitude cannot be quantita-
tively constrained based on the displaced neritic diatom 
assemblages.

Another plausible interpretation of the high percent-
age of neritic diatoms at Site 1051 is that intervals of 
high neritic diatom flux may reflect changes in sea level 
or shelf accommodation space on the adjacent North 
American continental margin. Recent modeling efforts 
(Sømme et al., 2009) indicate that continental shelves 
during the Paleogene were broad and relatively shal-

low, which enabled high sediment supply to the conti-
nental slope and basin floor. Increased sediment supply 
to the shelf, which should be expected during a period 
of a greenhouse warming because of the intensified 
hydrological cycle and elevated continental weather-
ing rates (e.g., Sluijs et al., 2013), would have further 
reduced shelf accommodation space, possibly leading 
to increased neritic diatom flux offshore. This might 
explain the high abundance of neritic diatoms at Site 
1051 within TSM Maximum 1 during Stage II. Further-
more, a relative rise in sea level during the peak warm-
ing phase would have increased the accommodation 
space, and thus caused a drop in neritic diatom accu-
mulation during Stage III. Alternatively, high flux of 
neritic diatoms could have been caused by relative sea 
level rise or an increase in shelf accommodation space 
which created a broader neritic zone and thus more area 
for shelf diatom production. Such speculations require 
verification by other microfossil groups and indepen-
dent sea-level proxies.

Overall, we infer that the high abundance of neritic 
diatoms at Site 1051 resulted from sustained transport 
of contemporaneous shelf-derived biogenic material 
by both surface and bottom currents throughout the 
middle Eocene study interval. In addition, the diatom 
assemblages have been subject to a minor-to-moderate 
degree of preferential dissolution which likely elevated 
the percentages of the heavily-silicified neritic diatoms. 
As such, the intervals of high neritic diatom abundance 
may reflect elevated diatom flux resulting from higher 
siliceous phytoplankton production in the neritic zone 
of the western North Atlantic Ocean during the onset 
of the MECO (TSM Maximum 1), and within the early 
phase of post-MECO cooling (TSM Maximum 2). Alter-
natively, the intervals of elevated neritic diatom accu-
mulation rates could indicate changes in shelf accom-
modation space and/or sea level fluctuations. Given the 
evidence for downslope transport provided by diatoms 
from Site 1051 and dinocyst assemblages from Site 1053 
(van Mourik et al., 2001), future studies on the Leg 171B 
sites should consider possible evidence for downslope 
transport in paleoenvironmental interpretations derived 
from micropaleontological and geochemical proxies.

5.2. Integration of Site 1051 paleoproductivity signals 
with other MECO records

Variations in surface-ocean primary production 
across the MECO have been interpreted at several sites 
around the globe based on a variety of proxies (Fig. 9a). 
At ODP Site 1218 in the equatorial Pacific, biogenic opal 
accumulation rates are highly variable throughout the 
Eocene (Lyle et al., 2005) and the MECO occurs within 
an interval of reduced biogenic opal accumulation 
(Lyle et al., 2005; Fig.  9a–b)—although opal accumula-



18   



   19

tion remained relatively high at this site for the entire 
late middle Eocene interval between ~  42 and 38  Ma. 
Despite uncertainties in accumulation rate estimates 
at Site 1051 (e.g., due to the low-resolution age model 
and the LSRs), the record of pelagic diatom production 
at this site shows a different pattern than at Site 1218, 
with generally low flux inferred for the period prior 
to 40.5  Ma, and high accumulation rates interpreted 
during the MECO event (Fig.  9b). These differences 
are likely influenced by the contrasting paleoceano-
graphic regimes of the sites in the middle Eocene: Site 
1051 was located on a mid-latitude continental slope, 
and thus sensitive to changes in upwelling along the 
North American shelf margin and the local continental 
hydrological cycle which influenced nutrient supply to 
surface waters. In contrast, Site 1218 is an equatorial, 
open-ocean site at a paleodepth of ~ 3000 m (Shipboard 
Scientific Party, 2002). In part because of the scarcity of 
deep-sea successions with well-preserved diatoms and 
reliable age control, the currently available datasets are 
insufficient to confidently speculate on global changes 
in biogenic silica accumulation across the MECO. These  
preliminary observations call for an increased effort 
to generate high-resolution biogenic opal records and 
quantitative siliceous microfossil accumulation records 
from other deep-sea successions, in order to provide an 
improved perspective on ocean fertility changes and 
silica cycling during the major climatic perturbations of 
the Paleogene.

A direct comparison of the timing of eutrophication 
between ODP Site 1051 and ODP Site 748 (~ 58°S, Ker-
guelen Plateau, Southern Ocean) may be complicated 
by an ~ 50 kyr misalignment of the peak of the MECO 
based on the current age models available for each site 
(Fig. S7c). The Eocene interval of Site 748 has an uninter-
pretable paleomagnetic signal (Roberts et al., 2003), and 
the age model developed by Bohaty et al. (2009) is based 
on correlation of stable isotope records between Site 748 
and Southern Ocean ODP sites 702 (50°S, Islas Orcadas 
Rise, South Atlantic) and 738 (62°S, Kerguelen Plateau, 
Southern Ocean) that have interpretable, but not high 
quality, magnetostratigraphic age control. At Site 1051, 
the magnetostratigraphy is generally good, but a weak 
magnetic signal hinders confident placement of the base 
of Subchron C18n.2n (± 0.55 m), which is crucial for dat-
ing of the peak of the MECO (Edgar et al., 2010). Future 
studies of the MECO in deep-sea successions with better 
age control, most notably sediments recovered during 
Integrated Ocean Drilling Program (IODP) Expeditions  
320 (equatorial Pacific) and 342 (New-
foundland margin, North Atlantic), should 
help to resolve this discrepancy (Fig. S7c). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Despite problems aligning the peak of the MECO, 
the overall trends in siliceous plankton accumulation 
through the MECO at Site 748 in the Southern Ocean 
(Witkowski et al., 2012; Fig.  9a) are similar to those 
observed at Site 1051. Oligotrophic surface waters are 
interpreted at both sites prior to the MECO, and an 
increase in pelagic siliceous phytoplankton production 
indicative of a shift to more eutrophic conditions is asso-
ciated with increasing surface ocean SSTs during the ini-
tial warming phase of the MECO at both sites (Fig. 9c). 
Rapid cooling following the MECO coincides with a 
minimum in siliceous plankton production at Site 1051 
and with a decline at Site 748 (Fig. 9c). However, biotic 
records from the MECO intervals of Sites 748 and 1051 

Figure 7. Site 1051 reconstruction of sea surface temperature and nutrient availability changes across the MECO event 
(Stages I through IV) as interpreted from siliceous microfossil assemblage variations. Schematic drawings are not to scale.

Figure 8. ODP Site 1051 δ18O record across Stage II through 
initial Stage IV (a), plotted against differences in timing 
between peak fluxes of diatoms (b) and radiolarians, and 
radiolarian: diatom abundance ratio (c). Abbreviations: 
CK95—Cande and Kent (1995), VPDB—Vienna Pee 
Dee Belemnite; GTS2012—Gradstein et al. (2012).
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display considerable differences in the taxonomic com-
position of the assemblages (Fig. S7a–b). At Site 1051, 
diatoms are the dominant siliceous microfossil group, 
and silicoflagellates and ebridians are nearly absent 
(Fig. S7a–b), whereas at the Southern Ocean Site 748, 
silicoflagellates are the most abundant siliceous primary 
producer group, and ebridians and radiolarians make 
up the bulk of the siliceous microfossil assemblage (Fig. 
S7a–b). Furthermore, a post-MECO (~  39.9–39.7  Ma) 
increase in biosiliceous productivity (roughly equiva-
lent to the peak flux during the MECO) is recorded at 

Site 1051 in the Atlantic Ocean but not in the Southern 
Ocean (Fig. 9c).

In outcrop sections at Alano di Piave (Southern 
Alps, northern Italy; Fig.  9a), and Contessa Highway 
(northeastern Apennines, central Italy) (Jovane et al., 
2007 and Luciani et al., 2010), geochemical proxies and 
foraminiferal and nannofossil assemblages also indi-
cate significant eutrophication on the Tethyan margin in 
conjunction with the MECO event (Luciani et al., 2010, 
Spofforth et al., 2010, Toffanin et al., 2011  and  Boscolo 

Figure 9. (a) Multi-proxy compilation of interpreted changes in surface ocean productivity across the MECO in deep-sea and outcrop 
successions around the world, (b) comparison of biogenic opal mass accumulation rates at Site 1218 and pelagic diatom flux at Site 1051, 
(c) comparison of trends in total siliceous microfossil abundance at Sites 748 and 1051 (note difference in vertical scales), (d) fine-fraction 
and benthic δ18O records from the Southern Ocean sites 738 and 748. Based on data from Lyle et al. (2005), Bijl et al. (2010), Luciani et 
al. (2010), Spofforth et al. (2010), and Witkowski et al. (2012). Stable isotope data are from Bohaty et al. (2009). Magnetostratigraphic 
data from Edgar et al. (2010) Abbreviations: MAR—mass accumulation rate; TSM—total siliceous microfossils; VPDB—Vienna Pee 
Dee Belemnite; CK95—Cande and Kent (1995); GTS2012—Gradstein et al. (2012). Base map in panel (a): 40 Ma paleogeographic 
reconstruction generated using Ocean Drilling Stratigraphic Network Plate Tectonic Reconstruction service (www.odsn.de).
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Galazzo et al., 2013). A more direct comparison between 
the deep-sea successions from sites 748 and 1051, and 
the Tethyan localities is hindered by the lack of biogenic 
opal/siliceous microfossil assemblage data from the 
Italian sections. Similarly, no siliceous microplankton 
assemblage data are currently available for the hemipe-
lagic ODP Site 1172 (44°S, East Tasman Plateau, south-
west Pacific). However, changes in the peridinioid–
gonyaulacoid ratio in dinocyst assemblages indicate a 
decrease in nutrient levels across the MECO at this site 
(Bijl et al., 2010; Fig. 9a).

Based on the current range of available datasets, it is 
clear that the MECO had a geographically varied, but 
profound impact on plankton assemblages worldwide. 
A similar pattern of geographically disparate trends 
in surface ocean primary production is also identified 
at the Paleocene–Eocene Thermal Maximum (PETM) 
(e.g., Gibbs et al., 2006 and Stoll et al., 2007), reflecting 
the different relative influences of latitude, proximity 
to continents, upwelling zones, etc. Further study of 
the changes in surface ocean primary production dur-
ing the major Paleogene global warming events may 
help to determine whether the geographically variable 
productivity patterns result from similar mechanisms—
and whether productivity patterns can provide insight 
on the operation of the carbon cycle (e.g., variations and 
mechanisms of marine carbon burial) during short-lived 
perturbations to the climate system.

5.3. Global implications of the Site 1051 siliceous 
microfossil record across the MECO

Diatoms are one of the key groups of primary pro-
ducers in the modern oceans (Ragueneau et al., 2000). 
Owing to their rapid sinking as particulate debris in 
marine snow and within fecal pellets, diatoms also play 
an important role in organic carbon export to the deep 
ocean, which leads to carbon recycling or burial, and 
thus represents one mechanism regulating the quantity 
and cycling carbon in the ocean–atmosphere system 
(e.g., Yool and Tyrrell, 2003). The silicon residence time 
in the ocean is estimated at ~ 10 kyr (Tréguer and De La 
Rocha, 2013). Therefore, the siliceous microfossil record 
across the MECO interval of Site 1051 raises an impor-
tant question: what conditions are necessary to sustain 
periods of elevated siliceous plankton production on the 
timescales of several 100 kyr?

Diatom growth is controlled by the availability of a 
range of nutrients, including nitrogen and phosphorus 
(Tappan, 1980), and silicic acid, which is supplied to the 
oceans mainly from riverine discharge, aeolian input, 
and hydrothermal and seafloor weathering sources 
(Yool and Tyrrell, 2003 and Tréguer and De La Rocha, 
2013). Of these, the riverine input of continental weath-

ering-derived silica provides the highest contribution 
to the total silica input flux to the ocean, and biogenic 
silica burial represents the primary output flux (Tréguer 
and De La Rocha, 2013). Thus, given the short residence 
time of silicon in the oceans, if diatom accumulation 
was elevated in some regions for ~  500  kyr, it implies 
that continental silicate weathering rates were enhanced 
during the MECO. This interpretation is consistent with 
an intensified hydrological cycle resulting from elevated 
atmospheric humidity, as previously invoked to explain 
the negative feedback mechanisms associated with cli-
mate warming during the PETM (e.g., Bowen et al., 
2004).

Silicate weathering, in conjunction with carbonate 
deposition in the oceans, is the major sink for CO2 in the 
long-term carbon cycle (Walker et al., 1981  and  Brady, 
1991). The feedback between silicate weathering and 
atmospheric CO2 concentrations operates on timescales 
of 100 kyr and longer (Zachos et al., 2008 and Sluijs et 
al., 2013), and thus is an important consideration for 
the relatively long duration of the MECO (~  500  kyr). 
Increased rates of silicate weathering likely modulated 
the rise in atmospheric CO2 levels during the MECO 
(Sluijs et al., 2013). Our records indicating increased 
rates of marine biogenic silica accumulation at Sites 748 
and 1051 provide some support for the hypothesized 
increase in continental weathering during the MECO. 
However, the global picture of opal accumulation over 
the Cenozoic is not yet resolved, requiring data from 
many sites worldwide. Additionally, the causal mecha-
nisms that drove the greenhouse warming during the 
MECO are still largely uncertain, and the relationship 
between elevated silicate weathering on land and long-
lived periods of carbonate dissolution in the deep sea 
poses a ‘MECO conundrum’ (see Sluijs et al., 2013). Fur-
ther research on the distribution of biogenic silica sedi-
mentation and marine primary production, as well as 
new data from shallow marine and terrestrial sedimen-
tary systems, may shed more light on perturbations in 
continental weathering regimes during the MECO.

6. Conclusions

We document abundant siliceous microfossils within 
pelagic sediments at ODP Site 1051 across the late mid-
dle Eocene interval between 41.7 and 39.5 Ma. Diatoms 
and radiolarians are the most abundant siliceous micro-
fossil groups in these sediments, while ebridians, silico-
flagellates, chrysophyte cysts, siliceous dinoflagellates, 
and synurophyte scales constitute a minor component 
of the assemblages. Pronounced fluctuations in siliceous 
microfossil accumulation rates are recorded across the 
study interval. Two siliceous microfossil abundance 
maxima are identified: between 40.52 and 40.06 Ma dur-
ing the initial warming stage of the MECO (TSM Maxi-
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mum 1), and between 39.98 and 39.76  Ma during the 
post-MECO cooling phase (TSM Maximum 2). These 
events are characterized by moderately high pelagic 
diatom and silicoflagellate accumulation rates, and 
are interpreted to represent enhanced pelagic siliceous 
plankton production. A prominent minimum in pelagic 
productivity is interpreted over a short interval between 
40.06 and 39.98 Ma, which spans peak warming and the 
subsequent rapid cooling that terminated the MECO.

The diatom assemblage at Site 1051 is composed pre-
dominantly of allochthonous neritic diatoms, includ-
ing mainly tychoplanktic, but also planktic and benthic 
forms. Therefore, sustained surface and bottom current 
transport of contemporaneous diatoms and sediment 
from the North American continental shelf is inter-
preted throughout the interval of study. We propose 
that the trends in neritic diatom accumulation rates may 
be interpreted as evidence for fluctuations in neritic pri-
mary production, or – alternatively – variations in sea 
level and/or shelf accommodation space on the North 
American margin located to the west of Site 1051. It is 
not clear, however, whether increases in accommoda-
tion space or a sea-level rise would result in an increase 
or decrease in transport of neritic diatom to offshore Site 
1051.

Comparison of Site 1051 microfossil and stable iso-
tope records with other sites across the MECO interval 
suggests a geographically varied response in surface 
ocean primary production to late middle Eocene green-
house warming. The increase in siliceous plankton 
production over timescales of several 100 kyr recorded 
at ODP sites 748 and 1051 indicates that elevated opal 
accumulation during the MECO may have been a wide-
spread phenomenon and linked to enhanced input of 
silicic acid to the oceans. Thus, the siliceous microfossil 
record from Site 1051 lends support to the role of silicate 
weathering on land responding to and modulating an 
increase in atmospheric CO2 levels during the MECO.
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