
Arne M.E. Winguth1

James Breen1

Mikaela Brown1

Liz Griffith2

Celli Hull3
Jeff Kiehl4
Mathew Rothstein4,5

Christine Shields5

Ellen Thomas3,6

Jiayi Wang1

Cornelia Winguth1

Univ. of Texas at Arlington
2Ohio State University
3Yale University
4UC Santa Cruz
5NCAR
6Wesleyan University

COLLAPSE OF THE DEEP-SEA CIRCULATION 
DURING THE PETM WITH IMPLICATIONS FOR 

THE EXTINCTION OF BENTHIC 
FORAMINIFERA 

 Cenozoic mass extinctions in the deep sea 13

spe424-01  23 pages

1997; Speijer and Schmitz, 1998; Speijer and Wagner, 2002). 
Overall, however, it appears that productivity decreased in much 
of the open ocean (e.g., Kaminski and Gradstein, 2005), although 
proxy data on productivity are sometimes in confl ict. For exam-
ple, Bralower (2002) argued for oligotrophic conditions during 
the PETM at one location (Site 690 in the Weddell Sea), whereas 
Thomas and Shackleton (1996), Bains et al. (1999), Stoll and 
Bains (2003) argued for eutrophic conditions at that same loca-
tion (but see also Thomas, 2003). At tropical Pacifi c Sites 865 
and 1209 planktic foraminifera and calcareous nannofossils sug-
gest oligotrophy, benthic foraminiferal accumulation rates, and 
faunal composition eutrophy (Kelly et al., 1996; Kelly et al., 
2005; Thomas et al., 2000; Kaiho et al., 2006). At other locations 
(e.g., Walvis Ridge Sites 525, 527, 1262, 1263; Ceara Rise Site 
929), benthic foraminiferal evidence indicates a decrease in pro-
ductivity (Thomas, 1998), but this apparent decrease might have 
resulted from rising temperatures thus higher metabolic rates at 
a stable food supply (Thomas and Shackleton, 1996; Boersma 
et al., 1998; Thomas and Röhl, 2002). These different observa-
tions may suggest that the trophic resource continuum expanded, 
i.e., gyral regions became more oligotrophic, continental margins 
more eutrophic (e.g., Boersma et al., 1998). The overall evidence 
indicates neither global increase nor decrease in productivity 
(Fig. 3), but the benthic extinction was global, suggesting that 
productivity changes by themselves probably were not the main 
cause of the benthic foraminiferal extinction.

A global feature of the PETM is warming, for which there 
were no refugia as far as we know: at all investigated sites, at 
all latitudes, in all oceans, there is evidence for rapid warming 
of benthic environments. This suggests that warming may have 
been the main cause of the global benthic foraminiferal extinc-
tion. Understanding whether this was indeed the case is important 
for predicting behavior of benthic global biota during possible 
future anthropogenic global warming, especially because there is 
evidence that the oceans are warming (e.g., Levitus et al., 2000). 
It is questionable whether benthic foraminiferal assemblages that 
today live in deep waters at fairly high temperatures, e.g., those of 
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Figure 3. Faunal patterns during the benthic foraminiferal extinction 
(modifi ed after Thomas, 1998). Numbers in the legend identify DSDP 
and ODP sites. Blue—Sites 689 and 690, Weddell Sea. Red—ODP 
Site 865, equatorial Pacifi c Black—ODP Site 926, western equatorial 
Atlantic Ocean. Green—Walvis Ridge, southeastern Atlantic Ocean 
including DSDP Sites 525 and 527 and ODP Sites 1262 and 1263. 
The net loss of diversity is similar at different sites outside the interval 
of dissolution, but the patterns of dominance differ by site. Species 
indicative of low-oxygen and/or low oxygenation (bi/triserial spe-
cies) increased in relative abundance at Sites 865, 689, and 690 but 
not at the Walvis Ridge sites; these species were absent from Site 929. 
 Nuttallides truempyi, a possible low-food indicator (Thomas, 1998) in-
creased in abundance at Site 929 (after the interval of dissolution) and 
at Walvis Ridge sites. Abyssaminid taxa, which are small, thin-walled 
species that might indicate oligotrophy or might be opportunistic spe-
cies, increased in abundance at the Walvis Ridge sites, especially the 
deepest sites, and at Site 929, and decreased at Site 865.

Cibicidoides alleni, 
extinct at the PETM
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Change in Primary Production
Primary production in the 6xCO2 Scenario is ~15% lower 

compared to the 3xCO2 Scenario

Reduction of PP could have been 
caused by:
- Reduced upwelling
- Decreased overturning
- Associated decline in nutrient 

supply
- Ecosystem dynamics



Warming and Deoxygenation



Evidence for Increase in Ocean Acidification

pH of ~7.4 for PETM conditions

Initial pH

!
pH

Penman 
et al., 2014

Zachos et al., 
Science, 2005


