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Key Points (three, 140 characters each)

e Export productivity in the Chicxulub crater is high for the first 300 kyr after the K-Pg boundary
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e Water column stratification is variable for the first ~Myr of the Paleocene; changes in
stratification associated with nannofossil turnover
e Many other sites show similar changes ~65.7 Ma, suggesting global change in circulation

possibly linked to the coeval Dan-C2 hyperthermal

Abstract

The Chicxulub impact caused a crash in export productivity in much of the world’s oceans which
contributed to the extinction of 75% of marine species. In the immediate aftermath of the extinction, local
export productivity was highly variable, with some sites, including the Chicxulub crater, recording
elevated export production. The long-term transition back to more stable export productivity regimes has
been poorly documented. Here, we present elemental abundances, foraminiferal and calcareous
nannoplankton assemblage counts, total organic carbon, and stable carbon isotopes from the Chicxulub
crater to reconstruct long-term changes of productivity over the first 3 Myr of the Paleocene. We show
that export production was high for the first 300 kyr of the Paleocene and then declined for the next 700
kyr. This decline is broadly associated with increasing water column stratification. A final decrease in
export productivity occurred after ~ 1 Myr. We suggest that increasing upper water column stratification
reduced the availability of nutrients in the photic zone, which drove an increase in the efficiency of the
biological pump. Increased pump efficiency created a positive feedback which drove the further
development of oligotrophic conditions; the onset of oligotrophy perturbed the stable disaster
nannoplankton assemblage and allowed other taxa to gain a foothold in the ecosystem. The initial decline
in export productivity 300 kyr after the boundary is observed across the globe and may have been an
important driver of turnover in post-extinction communities. We postulate that these changes are related

to the Dan-C2 hyperthermal event.

Plain Language Summary
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The end Cretaceous mass extinction was caused by the impact of an asteroid on the modern Yucatan
Peninsula, Mexico. The impact ejected aerosols and dust into the air that blocked out the sun, causing a
severe decline in photosynthesis and the collapse of marine food webs. However, the change in the
amount of food created by photosynthesizing plankton that makes it to the seafloor (export productivity)
was not temporally or spatially uniform across the oceans. At some places, including the Chicxulub
crater, export productivity was actually high immediately after the impact. We produced an extended ~3
million year record of export productivity in the crater to determine how long it remained high and why it
eventually declined. Export production was very high for the first 300,000 years after the impact and
remained elevated for the next 700,000 years. It eventually declined due to changes in mixing in the
surface ocean which affected how efficiently nutrients were removed from the surface ocean to the deep
sea. This decline caused a change in the population of fossilized primary producers from a few species
adapted to high nutrient, high productivity conditions to a diverse population better adapted for low

nutrient, low productivity conditions.

Keywords: K-Pg, Chicxulub Crater, Paleoproductivity, Foraminifera, Nannoplankton, Paleocene, Dan-

C2 Hyperthermal

1. Introduction

At the end of the Cretaceous Period (~66 Ma), the impact of an asteroid on the Yucatan platform
in the southern Gulf of Mexico caused the extinction of 75% of species on Earth, including ~90% of
pelagic calcifiers such as planktic foraminifera and calcareous nannoplankton (Alvarez et al., 1980; Smit
et al., 1980; Hildebrand et al., 1991; Jablonski, 1995; Schulte et al., 2010, Fraass et al., 2015; Knoll and
Follows, 2016). Dust and sulfate aerosols ejected from the carbonate and evaporite-rich target rock, as
well as soot from possibly global wildfires, blocked the sun, resulting in severe short-term cooling
(Vellekoop et al., 2014, 2016; Bardeen et al., 2017 Brugger et al., 2017; Artemieva et al., 2017; Gulick et
al., in press) and collapse of the food chain due to a sharp decline in photosynthesis (Zachos et al., 1989;

D’Hondt et al., 1998; Kring, 2007). These effects were short-lived, however, as most dust, soot, and
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aerosols were removed from the atmosphere on the order of years (Brugger et al., 2017), and the oceans

quickly became hospitable, even at ground zero in the Chicxulub crater (Lowery et al., 2018).

The recovery of marine primary productivity was a crucial first step in the overall recovery of the
ocean ecosystem after this apocalypse. Understanding this process has long been a goal of researchers
interested in the recovery of life after major mass extinctions (e.g., Hst and McKenzie, 1985). Early
records of productivity after the Cretaceous-Paleogene (K-Pg) mass extinction derived from carbon
isotopes show that the vertical gradient of 5'*C, developed by the export of organic carbon from the
surface ocean to the seafloor, collapsed in the early Danian for about 1.8 Myr (Hst and McKenzie, 1985;
Zachos et al., 1989; D’Hondt and Zachos, 1998; Coxall et al., 2006; Birch et al., 2016). This was initially
interpreted as evidence of complete or nearly complete cessation of surface ocean productivity, an idea
which became known as the Strangelove Ocean (Hsii and McKenzie, 1985). Later, D’Hondt et al. (1998)
suggested that surface ocean productivity continued but that the disappearance of larger organisms
prevented the export of organic matter to the deep sea (known as the Living Ocean hypothesis). The
observed changes in the carbon isotope gradient can be explained by a small increase in the percentage
(e.g., from 90 to 95%) of the organic matter that is remineralized in the upper ocean (D’Hondt et al.,

1998; Alegret et al., 2012).

There is a great deal of data indicating continued organic carbon flux to the deep sea in the early
Danian. Benthic foraminifera, which are entirely dependent on the flux of organic matter from above for
food, did not suffer extinction at the K-Pg boundary (Culver, 2003; Alegret et al., 2012). Biogenic
barium, a paleoproductivity proxy which has been shown to correlate with organic matter flux from
overlying surface water, i.e., export productivity (e.g., Griffith and Paytan, 2007), indicates that export
production did not uniformly decline across the oceans, as some sites actually show an increase in export
the period after the Chicxulub impact (Hull and Norris, 2011). Broadly, sites in the Gulf of Mexico/North
Atlantic/Tethys region record reduced export production in the early Danian (Alegret et al., 2001,

Esmery-Senlet et al., 2015; Vellekoop et al., 2017), whereas sites in the central Pacific record increased
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export production during the same time period (Hull and Norris, 2011). This geographic heterogeneity
was proposed to be driven by the uneven distribution of toxic metals in the ocean, related to distance from
the Chicxulub crater and the angle of the impact, interpreted to be from south to north (Jiang et al., 2010).
However, new modelling based on geophysical datasets and results from recent International Ocean
Discovery Program/International Continental Drilling Program (IODP/ICDP) joint Expedition 364, which
drilled the peak ring of the Chicxulub crater (Morgan et al., 2017), has found that the angle of impact was
steeply inclined and that the direction was towards the southern hemisphere (Collins et al., in review;
Lowery et al., 2019). Moreover, cores taken just above the impact-generated rocks show evidence of the
rapid establishment of a healthy, high-productivity ecosystem in the crater within 30 kyr of the impact
(Lowery et al., 2018). This was an order of magnitude quicker than the recovery of export productivity at
other Gulf of Mexico/North Atlantic sites, which suggests that differences in marine productivity were
not driven by distance from the crater, impact direction, or linked environmental factors. Rather, it
appears that this post-impact heterogeneity must be controlled by more seemingly “random” ecological
factors like incumbency and competitive exclusion (Hull et al., 2011; Schueth et al., 2015; Lowery et al.,

2018).

It is unclear how long high export productivity persisted at ground zero, and how it relates to
global patterns of heterogeneous export production in the early Danian. Was this locality
oceanographically pre-disposed to high export productivity, or did changing conditions eventually lead to

a decline? If so, what conditions shifted to cause lower export production?

The answers to these questions, particularly the cause of the shift from heterogeneous post-impact
export productivity regimes to whatever succeeded them, also have important bearing on our
understanding of the biological recovery after the Chicxulub impact. Perhaps surprisingly, given the rapid
recovery of export productivity and the high diversity of planktic foraminifera, the recovery of calcareous
nannofossil diversity was delayed within the Chicxulub crater. Disaster taxa, including cyst-forming

dinoflagellates such as Cervisiella (a genus previously known as Thoracosphaera) and the eutrophic
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nannoplankton Braarudosphaera, dominated nannofossil assemblages for a million years after the K-Pg
boundary (Jones et al., 2019). Ecological experimentation, exemplified by a series of acmes of taxa which
rapidly increased then declined in abundance (“boom-bust successions”), began ~ 1 Myr after the impact
(Jones et al., 2019), well after similar successions at other sites had subsided (e.g., Bown, 2005; Schueth
et al., 2015). Jones et al. (2019) attributed the persistence of disaster species within the Chicxulub crater
to high productivity for the first million years of the Paleocene. These disaster taxa were better adapted to
high nutrient conditions, and thus likely outcompeted other calcareous phytoplankton until nutrient
concentrations began to decline, at which point a more diverse ecosystem was slowly established via
boom-bust successions. Export productivity and photic zone nutrient concentrations are thus believed to
be fundamental to ecological recovery (Jones et al., 2019). Understanding the timing and driver(s) of
changes in export productivity is essential to constrain the fundamental controls on the early recovery of

phytoplankton diversity.

There are a number of environmental changes which may have influenced changes in export
productivity in the early Danian. Deccan volcanism began in the Maastrichtian and continued until
approximately 65.6 Ma (Schoene et al., 2019) to 65.4 Ma (Sprain et al., 2019), or 400 kyr to 600 kyr after
the boundary. Environmental effects of Deccan volcanism have been proposed as a mechanism to delay
the recovery of life following the K-Pg mass extinction (e.g., Gertsch et al., 2011; Renne et al., 2015;
Punekar et al., 2014a,b), although it is often unclear what is meant by “recovery.” Lowery and Fraass
(2019) found no relationship between the recovery of planktic foraminifer species diversity and the “main
phase” of Deccan volcanism (0r its subsequent termination) in the earliest Danian. Perhaps Deccan
volcanism instead exerted some influence on the recovery of export productivity. Meanwhile, the first
Paleogene hyperthermal event occurred a mere 300 kyr after the K-Pg boundary. The Dan-C2
hyperthermal is characterized by two negative carbon isotope excursions coincident with a similar double
spike in clay content and Fe content, and decrease in Ca in deep sea cores (Quillévéré et al., 2008;

Coccioni et al., 2010). Each excursion lasts ~40 kyr and they are separated by ~100 kyr, which Quillévéré
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et al. (2008) interpreted as evidence of an orbital driver. Whatever the root cause, this event clearly had an
effect on marine ecosystems, altering assemblages of foraminifera and calcareous nannoplankton and
possibly driving eutrophication, shoaling of the lysocline, and deoxygenation (Coccioni et al., 2010). Was

the Dan-C2 also responsible for changes in export production?

Here, we examine planktic and benthic foraminifera, calcareous nannoplankton, and major,
minor, and trace elements to reconstruct export productivity, water column stratification, terrigenous flux,
and phytoplankton population change during the early Paleocene interval (66.0-62.5 Ma) of IODP Site
MO0077 in the Chicxulub crater (Figure 1). These data are used to determine how long export productivity
remained elevated and if its eventual decline is due to changing environmental conditions. We then

compare our data from Chicxulub to coeval sites spanning the Paleocene oceans.

2. Material and Methods

In 2016, IODP/ICDP Expedition 364 drilled the peak ring (e.g., Morgan et al., 2016) of the
Chicxulub crater (Morgan et al., 2017), coring over 100 m of post-impact Paleogene sediments with
nearly 100% recovery. Ten meters of Paleocene pelagic carbonates were recovered at the base of the post-
impact section, conformably overlying the top of the impact breccia. The uppermost 40 cm of this interval
is cut by four disconformities and spans the middle and late Paleocene; the rest of the section, the focus of
this study, spans the earliest to middle Paleocene, and is continuous from 66 to ~62 Ma (Morgan et al.,
2017). Planktic foraminiferal and calcareous nannofossil samples were taken from identical depths
throughout the core and prepared using standard techniques. To obtain elemental abundance data, cores
were scanned on the AVAATECH XRF Core Scanner Il at the University of Bremen. Total organic
carbon (TOC) and bulk rock stable carbon isotopes were also measured using standard techniques. Please

see supplemental information for full discussion of the analytical techniques employed here.

2.1 Age Model



175 The age model used here (Table 1) is a slightly updated version of that produced by the

176  Expedition 364 Science Party (Gulick et al., 2017). Calcareous nannofossil age determination is based on
177  the CP zonation scheme of Okada and Bukry (1980) following the taxonomic concepts of Perch-Nielsen
178  (1985) and Bown (1998). Planktic foraminifer biostratigraphy is based on the P zones of Berggren and
179  Pearson (2005) as modified by Wade et al. (2011), following the taxonomic concepts of Olsson et al.
180  (1999) and Pearson et al. (2006). Key taxa are illustrated in Figure 2. Calibrated ages assigned to each
181  datum are those reported in Appendix 3 of the Geologic Time Scale 2012 (Gradstein et al., 2012).

182  Because calcareous nannoplankton are poorly preserved at Chicxulub and form diachronous acmes

183  following the K-Pg mass extinction (Jones et al., 2019), zonal markers are either absent or inconsistent
184  with the planktic foraminifer datums. For this reason, we only used the planktic foraminifer biozones to
185  construct the age model (Table 1). Paleomagnetic reversals are not included in the age model because a
186  heterogenous chemical remnant re-magnetization occurred throughout the study interval obscuring the

187  original polarity (Morgan et al., 2017; Gulick et al., in press).

188 3. Results and Discussion

189 3.1 M0077 Sedimentology and Terrigenous Flux

190 The Paleocene interval at Site M0077 is primarily pelagic carbonate with varying degrees of

191  dilution by terrigenous material (Figure 3). We reconstruct terrigenous flux using several elemental

192  proxies and magnetic susceptibility (Figure 3). Iron is generally correlated with terrigenous sediments,
193  while calcium is primarily sourced from marine calcifiers. Both Fe and Ca are often used to infer

194  carbonate dissolution in deep sea cores, particularly during the Paleogene, which was characterized by
195 discrete episodes of CO- release, warming, and ocean acidification (Bralower et al., 2002; Edgar et al.,
196  2007; Quillévéré et al., 2008; Coccioni et al., 2010). However, we conclude that Fe and Ca variations are
197  driven by changes in dilution rather than dissolution because: (1) Site M0077 is relatively shallow, around
198 700 m water depth in the Paleocene (Lowery et al., 2018), well above the early Paleocene lysocline; and

199  (2), intervals of elevated Fe/depressed Ca do not correspond to intervals of reduced foraminifer
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preservation (Figure 4). Core material at Site M0077 is strongly lithified, and had to be broken down with
a mortar and pestle prior to soaking. An unfortunate side effect of this aggressive disaggregation is the
fracturing of some fraction of the foraminifera. We did not distinguish foraminifera broken in this way
from fragments of foraminifera which may have experienced partial dissolution on the seafloor due to
deposition below the lysocline, a common proxy for ocean acidification (“Foram Fractionation Index;”
Thunell 1976). In order to establish some quantitative proxy for foraminifer preservation, we instead
report the number of individuals in each counted population that could not be identified to the genus level.
These “planktic spp.” are excluded from population analysis (other than planktic/benthic ratio) but
provide a useful approximation of preservation, with more unidentifiable individuals indicating worse
preservation. There is a slight positive correlation between Fe and preservation, and a corresponding
negative correlation between Ca and preservation (Figure 4). Enhanced preservation in carbonate-poor
intervals is likely due to dilution of the pure pelagic carbonate by clay (marls and organic-poor shales
generally contain the best-preserved fossils), and thus increases in Fe are interpreted to represent

terrigenous flux.

A number of trends in terrigenous flux are evident in the Paleocene interval of Site M0077
(Figure 3). Overall, terrigenous flux was low for the first ~ 1 Myr of the Danian and higher thereafter.
Numerous shorter peaks are superimposed on this long-term trend. The base rate of terrigenous flux,
particularly in Fe, is elevated in the upper part of the record relative to the low points around 615.6 mbsf
(65.4 Ma) and the base of the pelagic limestone. It should be noted that the closest land was > 500 km
away in modern central Mexico (Gulick et al., in press), and thus terrigenous material transported to Site
MO0077 was dominated by clay that only slightly diluted the pelagic carbonate. Increases in the
terrigenous component, however, are a useful proxy for changes in continental weathering in the Gulf of
Mexico basin and likely indicate increased riverine flux, which we postulate drove changes in

stratification.

3.2 M0077 Export Productivity
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Biogenic barium, primarily preserved in marine sediments as barite (BaSQOa), strongly correlates
with modern export production (Dymond et al., 1992; Francois et al., 1995; Eagle et al., 2003; Paytan and
Griffith, 2007) and is thus a commonly used export productivity indicator (e.g., Payton et al., 1996; Bains
et al., 2000; Griffith and Paytan, 2012), including in the early Paleocene (Hull and Norris, 2011). Barite is
primarily formed in marine environments during the remineralization of sinking organic matter, but it can
also be sourced from terrigenous sediments. Therefore, to isolate the biogenic fraction, barium is
normalized to the terrestrially-sourced element titanium (Dymond et al., 1992; Paytan and Griffith, 2007).
Different continental drainage basins may have differing Ba/Ti ratios, and thus long-term changes in
sediment source area or dust vs. riverine flux may bias the data by indicating apparent changes in export
productivity (Payton and Griffith, 2007). However, significant changes in the sediment source to the
southern Gulf of Mexico did not occur until the Laramide Orogeny, which began in the late Paleocene
and therefore would not have influenced early Paleocene sedimentation (Galloway et al., 2000). Because
there is also not a major long-term change in sediment type (pelagic carbonate) over the interval studied
here, we consider sedimentary source changes to be an unlikely driver of observed trends in biogenic
barium. To test this interpretation, we compare the Ba/Ti export productivity proxy to several other
productivity proxies, specifically planktic foraminifer assemblage changes and benthic foraminiferal

abundance.

Paleocene planktic foraminifera exhibit several adaptations in their trophic strategies, which
allow some groups to thrive in low-nutrient environments. Microperforate and smooth normal perforate
planktic foraminifera (Guembelitria, Globoconusa, Parvularugoglobigerina, Woodringina,
Chiloguembelina, etc.) were grazers, feeding on phytoplankton and any organic detritus that they could
catch in their network of rhizopodia. Their food sources did not include most motile zooplankton, which
are generally able to free themselves from such unsupported rhizopodal networks (Hemleben et al., 1991).
In the early Danian, however, some new genera (Eoglobigerina and the Subbaotinids) evolved spines, long

protrusions of calcite which provide an anchor for the rhizopods and allow them to hold on to motile prey,
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enabling these groups to adapt a carnivorous lifestyle and open a new food source: other zooplankton
(Hemleben et al., 1991; Olsson et al., 1999). Several million years later, another group of planktic
foraminifera acquired photosymbionts, beginning with Praemurica uncinata and followed by Acarinina,
Morozovella, and Igorina (Coxall et al., 2006). In the modern ocean, photosymbiont-bearing planktic
foraminifera tend to dominate in oligotrophic subtropical gyres. Spinose and symbiont-bearing planktic
foraminifera are thus better adapted to food-limited environments, and we expect them to be predominant
in oligotrophic waters. On the other hand, non-spinose, non-symbiont bearing planktics, the grazers, are

best adapted to eutrophic environments, and should be dominant there.

Benthic foraminifera are also powerful paleoenvironmental indicators. They are primarily
sensitive to changes in dissolved oxygen and food supply, with fewer benthics in dysoxic or oligotrophic
environments (Jorissen et al., 1995; Gooday, 2003; Van Hinsbergen et al., 2005). Benthic abundance is
also often inversely correlated with water depth (e.g., Murray, 1976; Culver, 1988; VVan der Zwaan et al.,
1990; Leckie and Olson, 2003). The seafloor at Site M0077 was clearly well-oxygenated throughout the
study interval, as evidenced by abundant ichnofauna (Morgan et al., 2017). Additionally, the site was
located in upper/middle bathyal depths (600-700 m; Gulick et al., 2008; Lowery et al., 2018), and low-
amplitude sea level change throughout the early Paleocene (Kominz et al., 2008) should not have affected
the %benthics at this depth. With changes in oxygen and sea level thus ruled out, we are confident that
food supply to the seafloor (i.e., export production) was the strongest influence on %benthics at Site

MOO077.

Export productivity was high overall in the early Danian, and broadly declined from 66.0 to ~64.5
Ma (616.5 to ~613.7 mbsf), based on Ba/Ti, %benthics, and planktic trophic groups (Figure 5). Ba/Ti
ratios, the highest resolution dataset, show that the interval of highest export productivity terminated
sharply around 65.7 Ma (616.2 mbsf). This time interval corresponds to the Dan-C2 hyperthermal
(Quillevéré et al., 2008; Coccioni et al., 2010); unfortunately, low sedimentation rates, extensive

bioturbation, and diagenetic alteration (expressed as stylolites in the core) mean that the carbon isotope
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excursion for this hyperthermal is not preserved in our section. The subsequent period of decline is
interrupted by a second peak in export production which occurred around 65.2 Ma (615.1 mbsf), after
which export production flattens out. The initial ~1 Myr period of high, generally declining productivity
is also evident in the foraminifera. Benthic foraminifera, dependent on the flux of organic matter from
above, are abundant overall in the lower Danian, as are non-spinose, non-symbiont bearing planktic
foraminifera, which are best suited to eutrophic environments. The rest of the study interval is
characterized by low and stable Ba/Ti ratios (with several small short-lived increases), higher abundances
of oligotrophic planktic foraminifera, fewer benthic foraminifera, and an increasingly diverse calcareous

nannoplankton assemblage.

3.3 Water Column Structure

Planktic foraminiferal paleoecology also provides insight into local hydrography. Planktic
foraminifera occupy specific depth habitats in open ocean environments which can be determined via
single-species isotopic analysis (e.g., Aze et al., 2011; Birch et al., 2012). The pervasive foraminiferal
recrystallization throughout Site M0077 prevents this kind of geochemical analysis, but fortunately we
can use the Paleocene compilation of Aze et al. (2011) to assign the species to depth habitats (Table 2).
Here, we use the relative proportion of mixed layer, thermocline, and sub thermocline taxa to reconstruct
the degree to which the water column was stratified. Dominance of mixed layer taxa indicates the lack of
suitable habitat for thermocline/subthermocline species, suggesting weak stratification with the mixed
layer habitat extending through much of the photic zone. Higher abundances of thermocline and
subthermocline taxa indicate a more stable habitat for these species, which may result from stronger water
column stratification. Conversely, a dominance of mixed layer taxa may indicate the presence of an
oxygen minimum zone below the mixed layer preventing colonization of those depths except during

particular seasons.
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Overall, Site M0O077 is dominated by mixed layer taxa for the first ~ 200 kyr of the Danian,
followed by a shift to more stratified waters from ~ 200-400 kyr (616.3-615.9 mbsf) after the boundary, a
return to mixed-layer dominated waters from 400-900 kyr (615.9-614.9 mbsf) after the boundary, and

finally a permanent shift toward stable stratified waters after 900 kyr (above 614.9 mbsf).

4. Evolution of surface ocean circulation in the early Chicxulub Crater

Synthesizing this diverse dataset, we interpret a progression from a high productivity, well-mixed
water column to one that is oligotrophic and stratified. This progression occurs in several steps (see

numbered, shaded bars on Figure 5) as follows:

4.1 High export productivity, well-mixed water column (66.0-65.9 Ma).

The first 100 kyr after the Chicxulub impact (616.5-616.4 mbsf) is characterized by high export
production and is dominated by mixed-layer planktic foraminifera, predominantly Guembelitria,
Globoconusa, and Parvularugoglobigerina, while the disaster taxon Cervisiella dominated the
nannoplankton community. Several acmes of planktic foraminifera occurred across the Tethys and North
Atlantic after that K-Pg boundary, termed Planktic Foraminiferal Acme Stages (PFAS; Arenillas et al.,
2000, 2006, 2016; Alegret et al., 2004). These represent a coeval succession of dominant taxa in open
marine sections over a wide geographic area. The presence of these acme stages within the crater (Figure
6) is another indication that the planktic foraminiferal populations are representative of at least regional
trends and not local processes unique to the crater. PFAS-1, the predominance of Guembelitria,

corresponds to this earliest interval of post-impact sedimentary rocks.

4.2 High export productivity, increasing stratification (65.9-65.7 Ma).

During the period from 100-300 kyr after the impact (616.4-616.1 mbsf), high export productivity
continued but thermocline and sub-thermocline dwelling foraminifera (Eoglobigerina and

Chiloguembelina) become more common. This transition is coincident with a small increase in
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terrigenous flux (see also Figure 3) which we propose led to the increased stratification. PFAS-2, the

predominance of Globoconusa and Parvularugoglobigerina, occurs in this interval (Figure 6).

4.3 Declining export productivity, well stratified water column (65.7-65.6 Ma).

A sharp drop in export productivity occurred 300 kyr after the boundary (616.1 mbsf) during a
period of well-developed water column stratification (indicated both by planktic foraminifer assemblages
and the first measurable organic carbon). Braarudosphaera became predominant in the nannofossil
assemblage, although foraminifer-sized calcispheres (tentatively identified as Cervisiella) also bloomed at
that this time, suggesting that this taxon may have just become larger. This event is not associated with
any evidence for increased terrigenous flux. PFAS-3, the predominance of Woodringina and the sub-
thermocline-dwelling Chiloguembelina, also begins in this interval. This correlation suggests that the
changes in stratification observed at Site M0OQ077 are part of larger trends that extend at least across the
North Atlantic. The observed stratification may have been driven primarily by the warming that occurred
at this time, associated with the Dan-C2 hyperthermal, which is not recorded in our carbon isotope data
but occurred at 65.7 Ma (Quillévéré et al., 2008). The lack of the diagnostic isotope excursion for this
event here is likely due to a combination of low sedimentation rate and pervasive bioturbation combined
with diagenetic alteration of the carbonate; there is no stratigraphic evidence for a hiatus at this level, and

no change in sedimentation rate to indicate the absence of ~ 200 kyr worth of sediment.

A clear change in export productivity and/or upper water column stratification occurs 300 kyr
after the K-Pg boundary at many sites around the globe. In the western Gulf of Mexico, benthic
foraminiferal assemblages indicate a return to pre-extinction levels of export production ~300 kyr post
impact (Alegret et al., 2001; Alegret and Thomas, 2005), presumably also as a result of the observed
regional changes in stratification. Benthic foraminifer assemblages also recover ~300 kyr after the K-Pg
boundary on the eastern side of the Atlantic Ocean in Spain (Alegret and Thomas, 2005). PFAS-3 begins
around this level, and is characterized in part by a proliferation of Chiloguembelina (Arenillas et al.,

2000), a sub-thermocline dweller (D’Hondt and Zachos, 1993) also suggesting increased stratification. At
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the Gubbio section in Italy, the Dan-C2 hyperthermal is also associated with increased stratification as
well as an increase in benthic foraminifer abundance, suggesting higher export productivity or a more
efficient biological pump (Coccioni et al., 2010). At Walvis Ridge in the South Atlantic, Foraminifer
isotope data also indicate an increase in thermal stratification (Birch et al., 2016). At Maud Rise in the
Southern Ocean, low Ba/Ti and Ba/Fe ratios begin to recover ~300 kyr after the K-Pg boundary (Hull and
Norris, 2011). At Shatsky Rise in the equatorial Pacific, high post-extinction export productivity spikes
and then declines ~300 kyr post impact (Hull and Norris, 2011). These sites are broadly distributed
geographically, and represent a range of depositional environments. Although there are other sites at
which no change is observed at this point in time (e.g., Vigo Seamount, Sdo Paulo Plateau, and Wombat
Plateau; Hull and Norris, 2011), we note that the lack of a globally consistent shift in productivity may be
considered analogous to the productivity response to the Paleocene-Eocene Thermal Maximum (PETM),

which was dominated by local signals (e.g., Gibbs et al., 2006).

The widespread, global changes in export production 300 kyr after the K-Pg mass extinction
occurred at least 100 kyr before the final cessation of Deccan volcanism (Schoene et al., 2019; Sprain et
al., 2019), but it is coeval with the Dan-C2 hyperthermal, suggesting a causal link with this hyperthermal
and a lack of evidence for any purported cooling effect from the Deccan volcanism (e.g., Fendley et al.,
2019). Unfortunately, the Dan-C2 event has seen relatively little study, and its global effects are poorly
understood (e.g., Quillévéré et al., 2008 and Coccioni et al., 2010). Although not as well studied as the
Eocene hyperthermals, the Dan-C2 event occurs at a critical moment in Earth’s history, as the early K-Pg
recovery interval came to an end and new Paleocene organisms became established; we suggest that the

Dan-C2 hyperthermal event requires additional focused study.

4.4 Moderate export productivity, poorly stratified water column (65.6-65.2 Ma).

400 kyr after the impact (615.9 mbsf), water column stratification weakened and mixed layer taxa
again dominated the assemblage. Benthic foraminifera reached their peak abundance, indicating a well-

oxygenated seafloor with an adequate food supply. Foraminifer-sized calcispheres peaked and then
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declined as Cervisiella again dominated the nannofossil assemblage. Microperforate planktic
foraminifera, best adapted to eutrophic conditions, still dominated the foraminiferal population, as did
eutrophic nannoplankton taxa (i.e., Cerviseilla and Braarudosphaera). Taken together, the productivity

proxies suggest that surface waters were still eutrophic but that export productivity was declining.

4.5 Stratification redevelops and productivity declines (65.2-64.3 Ma)

Over the next ~ million years (615.2-613.2 mbsf) stratification strengthened, indicated by both
planktic foraminifera and TOC, while export productivity slowly declined. Total organic carbon is
essentially zero for the first million years of the Danian and is higher, although still low, from 65.0-62.5
Ma (Figure 5). TOC enrichment is controlled by both productivity and preservation (e.g., Pederson and
Calvert, 1990), so an increase in TOC concurrent with a reduction in export productivity suggests an
increase in the preservation potential of organic matter. The most likely mechanism for this increase is
reduced ventilation of the seafloor, indicating enhanced stratification at the study area after 65.0 Ma.
Increased TOC and decreased export productivity were concurrent with increasing terrigenous flux
(Figure 5). Stratification appears to have been linked to increased terrigenous flux, indicated by

comparatively elevated Fe, Ti/Al, and magnetic susceptibility through this interval (Figure 3).

Declining export productivity was associated with the decline of nannoplankton disaster taxa and
the onset of successive acmes of new taxa (“boom-bust successions,” Jones et al., 2019) and an increase
in spinose foraminifera, which have a wider diet than non-spinose, non-symbiont-bearing planktics and
thus were (and still are) better suited for lower nutrient waters. Jones et al. (2019) suggested that declining
productivity was due to the local recovery of the biological pump; our data indicate that this increased
pump efficiency was tied to an increase in stratification. Stratification limits the upwelling of deeper,
more nutrient rich waters. Nutrient poor waters are, perhaps counter-intuitively, characterized by a more
efficient biological pump than eutrophic waters, as a higher proportion of nutrients are exported out of the

photic zone (e.g., Hilting et al., 2008). At Site M0077, this change in photic zone nutrient concentrations
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disturbed the stable eutrophic disaster nannoplankton assemblage and began a succession of acmes of taxa

better adapted to lower nutrient conditions (Figure 6; Jones et al., 2019).

4.6 Stable, Stratified Water Column (64.3-63.5 Ma)

The rest of the lower Paleocene record at Site M0077 (613.2-611.6 mbsf), below a series of
stacked unconformities spanning the uppermost Danian to the PETM, documents a stable, stratified,
oligotrophic, open-ocean environment. Following the Praeprinsius nannoplankton acme, which
terminates around 63.4 Ma (Jones et al., 2019), the post-extinction ecosystem was finally stabilized. The
lead-up to the Latest Danian Event (LDE — just above the study interval) was also characterized by a well-
stratified upper water column at Shatsky Rise in the Pacific Ocean (Jehle et al., 2015). Our results show

that in the Gulf of Mexico, at least, increased stratification predates the LDE by several million years.

4.7 Controls on Stratification

The Chicxulub basin was open to the northeast (Gulick et al., 2008) and thus well connected to
the rest of the Gulf of Mexico through the entire depth of the crater. The observed changes in
stratification (Figure 3) are not, then, the result of restriction in a silled basin. The first major change in
stratification, about 65.8 Ma (~616.3 mbsf), is coincident with a small rise in terrigenous flux, likely
associated with increased freshwater input into the Gulf of Mexico basin. The elevated terrigenous input
declines but the stratification persists during the period of the Dan-C2 hyperthermal event (Quillévéré et
al., 2008); the hyperthermal event and local stratification both end around 65.5 Ma (~615.7 mbsf). The re-
establishment of a large sub-thermocline population coincides with a second, larger, longer pulse of
enhanced weathering that occurred between 65.0 and 65.3 Ma (~615.2-615.0 mbsf), toward the end of the
decline in export productivity. The interval of a well-stratified water column after 65.0 Ma (~615.0 mbsf)
corresponds to higher background rates of terrigenous flux, and we conclude that changing rates of

freshwater input into the

4.8 Global Context
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The earliest Danian oceanic environment is often referred to as “unstable” (e.g., Hull et al., 2011).
Our data suggest at least one component of this instability is a fluctuating degree of water column
stratification, which in turn appears related to changes in export productivity and pelagic ecosystem
structure. Overall, stratification appears anti-correlated with export productivity. We conclude that the
degree of stratification is a likely driver for the observed trends in export productivity. A well-mixed
water column could sustain enhanced primary productivity by delivering nutrients to the photic zone,
while a stratified water column limits such mixing. Increased biological pump efficiency at lower nutrient
levels (e.g., Hilting et al., 2008) facilitated increased oligotrophy once stratification caused an initial
decline in photic zone nutrient content. An increase in stratification, driven by an increase in freshwater

flux into the Gulf of Mexico, could thus lead to the observed shift from eutrophic to oligotrophic waters.

Strengthening stratification corresponds to the decline in the dominance of Cervisiella ~ 200 kyr
after the boundary and immediately precedes the beginning of boom-bust successions of calcareous
nannoplankton (Jones et al., 2019) ~1 Myr after the K-Pg boundary. We propose that stratification-
moderated changes in nutrient content were the ultimate control on the anomalously long delay in the
recovery of species diversity in calcareous nannoplankton at ground zero (Jones et al., 2019). Global
changes in stratification around 300 kyr after the boundary, possibly related to the Dan-C2 hyperthermal,

provide an explanation for observed changes in export production that occurred at that time.

4. Conclusions

High export productivity in the Chicxulub crater decreased sharply ~300 kyr after the K-Pg
boundary at 66 Ma, slowly declined for another 700 kyr, and then remained low through the next ~ 1
Myr, through ~63 Ma. The record of increased stratification and decreased export production at Site
MO0077, concurrent with an increase in biological pump efficiency, are the likely cause of the observed
decline of the post-impact nannoplankton disaster assemblages and the diversification characterized by
successive blooms of Paleocene taxa (Jones et al., 2019). A shift in export production around 300 kyr into

the Danian is a feature of many records across the oceans and indicates that the trends in export
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productivity at Site M0Q77 are not unique to the crater. Instead, declining productivity appears to be
initiated by increased stratification in the Gulf of Mexico, caused both by warming during the Dan-C2
hyperthermal and by a general increase of freshwater input into the Gulf, and sustained by increases in
biological pump efficiency. The sharp decline in export production during the Dan-C2 coincides with
changes in productivity and stratification at many sites across the world, and we believe that this indicates
that a global increase in stratification disturbed recovery ecosystems, spurred a recovery of the biological
pump, and drove a turnover in the plankton.
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493

494

495  Table 1. Biostratigraphic datums for the Paleocene interval of Hole M0077A. Nannofossil datums

496  marked with asterisks are not used in the age model. Datum ages after Gradstein et al. (2012).

Taxon Zone Sample Sample Avg. Datum
Above Below Depth Age
Discoaster multiradiatus Base of CP8 607.26  607.37 607.315 57.21
Morozovella acuta Base of P4b 607.52 607.76 607.65 57.79
Heliolithus kleinpellii* Base of CP5 607.52 607.76  607.65 59.94
Igorina pusilla Base of P3a 609.28 609.3  609.29 62.6
Praemurica uncinata Base of P2 610.6 610.65 610.63 63
Globanomalina compressa Base of P1c 612.36 612.41 612.385 63.9
Chiasmolithus danicus* Base of CP2 612.5 612.75 612.625 64.81
Subbotina triloculinoides Base of P1b 615.21 615.26 615.235 65.25
Parvularugoglobigerina eugubina  Base of Pla 616.15 616.2 616.175 65.72
Parvularugoglobigerina eugubina  Base Pa 616.56 616.56 616.56 66

497
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Table 2. Planktic foraminifer depth habitat assignments based on the ecogroups of Aze et al., 2011. All assignments are from that paper unless

otherwise noted. No taxa assigned to Groups 5 and 6 appear in our dataset.

Aze et al. 2011

Group Explanation Members
ecogroups
Ope.n ocean mlx.ed-lay.er Very heavy 6'3C and relatively light Morozovella, Igorina, Acarinina, Praemurica
Group 1 tropical/subtropical, with 18 .
. 6*°0 inconstans®,
symbionts
Guembelitria*, Parvularugoglobigerina®,
Open Ocean mixed-layer 813C lighter than species with Woodringina*, Globoconusa daubjergensis*T,
Group 2 tropical/subtropical, without symbionts; also relatively light Rectuvigerina cretacea™, Praemurica taurica,
symbionts 580 Preamurica pseudoinconstans, Subbotina
triangularis, Praemurica uncinata
Light 85C and relatively heavy G/obanomq//na, Eoglobo.ger/n.a .quasubbot/.na
510 varianta, Subbotina trivialis, Subbotina
Group 3 Open Ocean thermocline triloculinoides
. Very light 51°C and very heavy 50 Chiloguembelina mldwayens_ll\s , Chlloguembe{lna
Group 4 Open Ocean sub-thermocline morsei®, P. pseudobulloides
Species only found in high latitude
. . . N/A
Group 5 High Latitude sites
Group 6 Upwelling/high productivity Species only found in sites of high N/A

productivity or upwelling

*Qlsson et al., 1999 and references therein

tOlsson (1999): "Although its abundance in near-shore sequences indicates a near-surface planktic habitat (Troelsen, 1957; Keller, 1989; Liu
and Olsson, 1992), its oxygen isotopic signature and open-marine abundance patterns suggest a preference for relatively cool water masses
(Premoli Silva and Boersma, 1989; D'Hondt and Keller, 1991; Liu and Olsson, 1992; D'Hondt and Zachos, 1993)."

~Norris (1996) and Birch et al. (2012) describe P. inconstans as first symbiont-bearing planktic.

Ano isotope data are available for any other Paleocene Chiloguembelinids, so we place Ch. morsei in this group based on the data from its
cousin Ch. midwayensis.
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Figure 1. Location map showing the position of IODP Site M0077 within the Chicxulub crater.
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Figure 2. SEM images of planktic foraminiferal index-species and other relevant species (scale bar = 100

microns). (a) Guembelitria cretacea (364-M0077A-39R-2 85-86 cm); (b) Parvularugoglobigerina
eugubina (364-M077A-40R-1 17-18 cm); (c) Parasubbotina pseudobulloides (364-M0077A-39R-1 128-
129 cm); (d) Chiloguembelina morsei (364-M0077A-39R-2 98-99 cm); (e) Chiloguembelina
midwayensis (364-M0077A-39R-3 41-42 cm); (f) Globoconusa daubjergensis (364-M0077A-37R-2 116-
117 cm); (g) Subbotina triloculinoides (364-M0077A-38R-2 60-61 cm); (h) Eoglobigerina edita (364-

MO077A-38R-2 60-61 cm); (i) Globanomalina compressa (364-M0077A-37R-1 116-117 cm);
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(j) Praemurica uncinata (364-M077A-37R-1 96-97 cm); (k) Praemurica inconstans (364-M0077A-37R-2

37-38 cm).
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Figure 3. Sedimentological proxies vs. depth. Core linescan composite of the Paleocene interval at Site
MO0O077 is overlaid by XRF Fe counts. Increased Fe, decreased Ca, increased Ti/Al, and higher magnetic
susceptibility are all proxies for higher terrigenous flux. Increased Ba/Ti indicated higher local export

productivity.
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Figure 4. Preservation vs Calcium and Iron XRF counts. Better preservation is toward zero on the y-axis
(i.e., fewer unidentifiable foraminifera). Two outliers >80,000 from pyrite-rich samples at the base of the
section were removed from the Fe plot. Ca shows a weak negative correlation with good preservation while
Fe shows a weak positive correlation with good preservation. This pattern is the opposite of what would be

expected if these trends were caused by dissolution.
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Figure 5. Paleoceanography proxies plotted by age. Planktic foraminifer by depth habitat record the stratification of the upper water column; see
Table 2 for species assigned to mixed layer, thermocline, and subthermocline planktic foraminifer groups. Planktic foraminifera by trophic strategy
record changes in paleoproductivity, Calcareous nannoplankton diversity shows the relative abundance of all (non-reworked) species of calcareous
nannoplankton present. Calcispheres shows the abundance of calcispheres >45 um. %Benthics is the percentage of benthic foraminifera relative to
all foraminifera, and probably responds primarily to nutrient flux to the seafloor. Ba/Ti records paleoproductivity, with high ratios indicating high
productivity. Ti/Al records terrigenous flux (see Fig. 4) and TOC (total organic carbon) corresponds to changes in preservation potential at the

seafloor; here, preservation increase is probably due to water column stratification.
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Figure 6. Quantitative stratigraphic distribution of early Danian planktic foraminiferal groups at Site
MO0077 and Planktic Foraminiferal Acme Stages (PFAS) 1-3: PFAS-1 is the predominance of Guembelitria,
PFAS-2 is the predominance of Parvularugoglobigerina and Globoconusa (or Palaeoglobigerina
according to Arenillas and Arz, 2017), and PFAS-3 is the predominance of Woodringina and
Chiloguembelina. A second acme of Guembelitria (or Chiloguembelitria according to Arenillas and Arz,

2017) occurs within this stage across the Tethys, as is also evident at Site M0077.
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