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ABSTRACT OF THE THESIS

High Open-Ocean Productivity in a Greenhouse World

by
Zev Brook

Master of Science in Oceanography

University of California San Diego 2024

Professor Richard Norris, Chair

The globally-warm climate of the Early Eocene Climatic Optimum (EECO)
offers a potential analog for a future greenhouse world. Studying the Eocene ocean
gives us a window into an Earth where marine carbon cycling may have been much
different from what is observed in the present. | use a long barite record in the Indian
Ocean to contrast carbon export between higher temperatures in the EECO and
hyperthermal events with the comparatively cooler Middle Eocene. Barite
accumulation rate serves as a proxy for export production due to the
microenvironments in which it forms. | find that reconstructed export production went
from a normal baseline to a peak in the hotter Early Eocene, implying a highly
productive open ocean. The low abundance of organic carbon in the sedimentary

record suggests that the Eocene ocean had almost complete remineralization.
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BODY OF THE THESIS

We know from first principles (the Arrhenius equation) that chemical reactions
run faster at higher temperatures, which includes both photosynthesis and
respiration. Modeling work suggests that mean cell size and export production would
have increased during the warm periods in Earth history like the Eocene epoch
(Wilson et al. 2018). An exponential dependence is established for respiration on an
individual level, with a noisier relationship on an ecosystem level (Yvon-Durocher et
al. 2012). We would therefore expect that in hotter climates, marine ecosystems
would look much different from those of today, with higher respiration and higher
production accompanied by higher nutrient recycling than in the present ocean.
Understanding how warm-climate ecosystems functioned can yield insight both into

the past, as well as into potential future climate states.

The Early Eocene Climatic Optimum (EECO; about 54—-49 Ma) was
significantly and globally hotter than today, with tropical sea surface temperatures in
the range of 30—-36 °C and intense polar amplification (Evans et al. 2018). Deep
water, formed at these hotter poles in the absence of polar ice, also had
temperatures significantly higher than today, in the range of 5-12 °C (Cramer et al.
2011). The EECO, which was punctuated by transient warming events referred to as
hyperthermals, represents a sustained warm state, the warmest on record in the past
90 million years (Zachos et al. 2008). The proximate cause of this warm state was

high levels of atmospheric CO2, around 1400 ppm (Anagnostou et al. 2016).



Deep-sea sediment cores dated to this interval are remarkably depauperate in
organic matter (Thomas et al. 1992), which, on its face, seems inconsistent with high
productivity. Yet evidence to support a productive pelagic ocean at various sites
includes both previous studies on biogenic barite as well as other proxies, such as
ichthyoliths, biomarker lipids, and benthic foraminiferal assemblages. In the open
South Pacific, fish production as measured by ichthyolith accumulation rate is
approximately six times higher during the EECO than in the early Paleocene (Sibert
et al. 2016). This suggests that the disagreement between the organic matter record
and other proxies reflects processes that occur during export, between production

and burial.

Olivarez Lyle & Lyle 2006 detail a solution to this paradox which neatly
explains both the biological and climatic characteristics of a warmer-than-modern
ocean as part of a self-sustaining positive feedback loop. As respiration increases,
shallow waters would become oxygen-depleted and regenerate phosphorus more
easily (Sluijs et al. 2014). Increased rates of photosynthesis (with the commonly
limiting phosphorus now supplied) would increase productivity even as increased
rates of respiration would prevent carbon from accumulating on the seafloor,
maintaining high atmospheric CO2. Sharp &'3C depth profiles of dissolved inorganic
carbon (DIC) lend support to the idea of a shallow remineralization depth (John et al.
2014). Further compounding the positive feedback, this unfamiliar ocean would have
many ecological disruptions to the biological pump, potentially including a rise in
picophytoplankton dominance and a greater role for the upper-ocean microbial loop

(Boscolo-Galazzo et al. 2018).



This work uses the deep-sea sediment barite record of Ocean Drilling
Program (ODP) site 762 in the Indian Ocean to reconstruct the Eocene history of
export production. Barite (BaSOs, barium sulfate) is widely undersaturated in the
ocean, but nevertheless regularly precipitates in microenvironments provided by the
cell membranes of sinking organic matter, and the morphology of marine barite is
consistent only with these microenvironments (Martinez-Ruiz et al. 2019; Light et al.
2023b). Once precipitated, barite is highly recalcitrant, and it is thought that as much
as ~30% is incorporated into the sediment record (Dymond et al. 1992).
Experimental work suggests that the barite which reaches the seafloor does so while
still associated with organic matter, thus recording its export even if it is later respired
(Light et al. 2023a). Contrary to the claims of Dickens et al. (2003), improved box
modeling has shown that sustained high barite export to the seafloor does not have
to deplete the marine barium pool and does not require an abiogenic source (Carter
et al. 2020). Barite offers an elegant window onto an ecosystem-scale process,
because although the mechanism of its precipitation remains debated, barite
formation is not known to discriminate between the sources of organic matter flocs in
which barite is crystallized. Despite these advantages, its use as a proxy has been
limited by difficulties in measurement that arise from its low relative abundance and
the need to exclude barite of terrestrial origin that has formed due to wholly unrelated
factors before entering the ocean (Paytan et al. 1996). This study uses data
collected through the method described in House and Norris (2020), which is a high-

throughput, reproducible technique that sequentially dissolves barite.

The barite record discussed here was recovered from ODP Leg 122 Site 762

in the Exmouth Plateau of the Indian Ocean, off the northwest coast of Australia. The



site has been tectonically inactive and had little change in depth during the entire
time period of interest (essentially, the Eocene epoch) until the present (Shamrock et
al. 2012). The Indian Ocean is one of the less-studied ocean basins, and outside the
anomalous, shallow Arabian Sea, the only work on Indian Ocean barite was a dated
study that attempted to use it to measure plate velocity (Schmitz 1987). As a result,
the present analysis provides potentially useful context with novel data for the ocean
basin, at a site where barite has not been measured before, but stratigraphic work

has been done.

The data used in this study were collected by B. House with the method
described in House and Norris (2020). Previous methods correct for terrigenous
barite by digesting everything and then applying a correction by means of a ratio with
aluminum, which is assumed to be entirely terrigenous, or attempt to dissolve
everything other than barite in a series of acid leaching steps. The first approach
introduces significant and unpredictably inconsistent error depending on the
composition of terrestrial silicates near the site, and the second consistently
underestimates authigenic marine barite by dissolving some of it in the process. The
House method avoids these pitfalls through dissolution of carbonates followed by
dissolution of the barite itself. The sample is first completely dried, ground, and then
treated with 4 N acetic acid to dissolve carbonates. Samples are washed and
centrifuged before being leached with 0.2 M diethylenetriaminepentaacetic acid
(DTPA) at a pH that maximizes Ba binding efficiency. The leachate can then be
filtered and measured on an inductively coupled plasma—optical emission

spectrometer (ICP—OES). For more details on the methods, and a description of the



tests that assured the reliability and reproducibility of the method, see House and

Norris (2020).
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Figure 1: The measured barite record for Site 762 against depth in the sediment
core.

A new age model was constructed for Site 762 to improve on existing work,
including Shamrock et al. (2012), by using newer chronostratigraphic data and the
updated geologic timescale of Gradstein (2012). First and last occurrence data for
calcareous nannofossils and foraminifera from Gradstein (2012) and Agnini et al.
(2014) were used to improve the biostratigraphic dates. Astronomically calibrated
carbon and oxygen isotope data from Site 1209 from Westerhold et al. (2020) were
used to improve the magnetostratigraphic dates, for which four reversals could be
used within the Eocene. For the carbon isotope excursion associated with the
Paleocene-Eocene Thermal Maximum (PETM), the age of 56.01 Ma was used, as
proposed by Zeebe & Lourens (2019). Although Westerhold et al. (2017) date the
Eocene Thermal Maximum 2 (ETM2) at 54.05 Ma, it was excluded as an event due

to concerns about how definitively it could be identified in this particular record. For

Barite (mg/g sediment)



the final age model, a revised version with only the best dates was produced, which
used the aforementioned 4 magnetic reversals, the PETM, and 16 biostratigraphic

events involving 14 microfossil species.



Table 1: Chronology datums used to produce the revised chronostratigraphy.
References are as follows: W = Westerhold et al. (2020), G = Gradstein et al. (2012),

A = Agnini et al. (2014), ZL = Zeebe & Lourens (2019).

Datum Depth (MBSF) | Midpt. | Age (Ma) | Ref.
C17r/C18n 248.80-249.41 | 249.11 | 38.42 W
C22n/C22r 327.60-328.50 | 328.05 | 49.71 W
C24n/C24r 394.40-394.76 | 394.58 | 53.90 W
C24r/C25n 421.98-422.94 | 422.46 | 57.07 W
PETM 412.65 412.65 [ 56.01 ZL
T Discoaster saipanensis 192.50-193.00 | 192.75 | 34.44 G
T Discoaster barbadiensis | 192.50-193.00 | 192.75 | 34.76 G
T Chiasmolithus grandis 236.96-246.50 | 241.73 | 37.98 G
T Chiasmolithus solitus 268.50-269.25 | 268.88 | 40.40 G
B Reticulofenestra reticulata | 276.71-284.05 | 280.38 | 41.66 G
T Nannotetrina fulgens 290.50-291.15 | 290.83 | 42.87 G
T Chiasmolithus gigas 291.15-292.00 [ 291.58 | 44.12 G
B Chiasmolithus gigas 296.98-303.48 | 300.23 | 45.49 G
B Blackites inflatus 319.98-322.50 | 321.24 | 47.84 G
T Tribrachiatus orthostylus | 332.75-333.52 | 333.14 | 50.50 G
B Coccolithus crassus 341.50-342.25 | 341.88 | 50.93 A
B Discoaster lodoensis 373.01-379.54 | 376.28 | 52.64 A (as Bc)
B Tribrachiatus orthostylus | 394.93-398.30 | 396.62 | 54.37 G
B Discoaster diastypus 412.59-413.25 | 412.92 | 55.95 G
B Rhomboaster bramlettei | 412.59-413.25 | 412.92 | 55.86 G
B Discoaster multiradiatus | 422.00 422.00|57.21 G




Revised chronostratigraphy for Site 762
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Figure 2: The revised chronostratigraphy for Site 762 based on the data in Table 1.
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Figure 3: Barite accumulation rate for Site 762 using the revised age model and the

sedimentation rates estimated by Shamrock et al. (2012).

The current latitude of Site 762 is 19.88°S, but the Australian plate has moved

north significantly during the Cenozoic (Scotese 2001), which has implications for



our expectations of productivity. Using a paleolatitude calculator with the
paleomagnetic reference frame of Vaes et al. (2023), the latitude of this site 50
million years ago was approximately 40.78°S (van Hinsbergen et al. 2015). In the
context of the modern Indian Ocean, this difference would lie between the site’s
current location in the northern part of the subtropical zone and a paleolocation that
would currently be in the northern part of the temperate zone. The barite record
analyzed here ranges in age from about 60 to 34 Ma, during which time the site
traveled northward about 6 degrees of latitude (van Hinsbergen et al. 2015).
Although this change in latitude is not significant enough to render this analysis

invalid, it would likely have some effect on productivity.

Latitude (° N)

Export productivity (g C m=2yr™)

Figure 4: Figure 1b from Ma et al. (2014) showing model results for global export
productivity at the height of the PETM with the approximate paleolocation of site 762

added in red.



Figure 5: Maps from Scotese (2021)’s paleogeographic reconstruction for 55 Ma

(left) and 35 Ma (right) with the approximate paleolocation of site 762 added in red.

New production was calculated using the equation from Ma et al. (2014). Ma
et al.’s (2014) calculation of new production is based on the global core-top
calibration study of Eagle et al. (2003). The method in Dymond et al. (1992) was
considered superseded and not used. These linear equations based on core-top
calibrations are considered more germane to deep-time sediment core data than the
nonlinear equations based on sediment trap data (Carter et al. 2020). Unfortunately,
the Eagle et al. (2003) equations were not published, and they used both published
and unpublished data to build regression lines. Extracting the equation of the line
from their Figure 4b yields y = 1.44x + 13.2 where x is the accumulation rate of
barium in barite (mg/(m2 * yr)) and y is carbon export (g C/(m2 * yr)).! This matches
well with the equation that Ma et al. (2014) use, whichisy = 1.462x + 12.821, and
the differences may plausibly be explained by different use of unpublished data
belonging to A. Paytan. It may also be solely due to the exclusion of the single outlier
in Eagle et al. (2003), a sample from the Peru margin (W7706) that shows
anomalously high carbon export at low BAR and thus which, if removed, would

cause the observed decrease in the y-intercept and slight increase in the slope.

1 Note that the labels on Figure 4 in Eagle et al. (2003) erroneously say pg when mg is intended; this was
amended in a correction published in the same journal.
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Given the triviality of the differences, the equation from Ma et al. (2014) was used,
which also corrects the dimensional analysis for their units?, and multiplies by 58.8%,

the portion of barite that is Ba by mass.
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Figure 6: Estimated export production for Site 762 using the revised age model, the
sedimentation rates estimated by Shamrock et al. (2012), and the equations of Ma et

al. (2014).

The values for export production rise from a Paleocene value of ~30 g C/(m2 *
yr) to a peak of ~60—70 g C/(m2 * yr) in the EECO and then settle back to the ~30 g
C/(mz2 * yr) baseline around 48 Ma. On top of this broad pattern, there is a spike of
very high values of about 90 £20 g C/(m2 * yr) during the major hyperthermal events
(approximately 54.8 to 53.7 Ma), and potentially another more ambiguous spike

around 49.2 to 48.4 Ma, although there are only three data points to support it. The

2 0ddly, the equation used in their supplement also multiplies the entire expression by 10 and 0.1, which of
course has no effect.
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baseline values for the late Paleocene match the model prediction of Ma et al. (2014)
as seen in Figure 3, but given that the figure is supposed to represent a time of BAR
maxima, it would seem to heavily underestimate export production in the Indian
Ocean. The most parsimonious reading of the time series is that there are essentially
two states for production: a baseline state in the Paleocene and Middle Eocene, and
a period during the EECO where export production is about twice that of the
baseline, with the EECO state also being prone to potential spikes of geologically
short duration.

In general, these baseline values are unsurprising for the site’s latitude and
similar to expectations for the modern ocean, with the notable exception of the
EECO hump. The baseline sits around 20—-40 g C/(m? * yr), which is right within
expectations for its paleolatitude and ocean basin based on global estimates drawn
from net primary productivity measurements in the modern (Falkowski et al. 1998).
The post-EECO baseline may be slightly lower than the pre-EECO baseline, which
could be explained by the northward drift of the site, but the data are noisy enough
that such an explanation is not required. The unsurprising values start to seem more
unusual in the context of an ocean that was still warmer and less oxygenated than it
is today, although not to the same extent as the EECO. The EECO itself sits around
50-70 g C/(m2 * yr), and the spikes, which reach a maximum value of 110.5 g C/(m?2
*yr) between the PETM and ETM, are considerably out of the range for such a site
in the modern ocean, and resemble a coastal upwelling zone like the modern coast
of Peru.

In order to discuss not just export production but total primary production, the
f-ratio of site 762 in the Eocene would have to be estimated. The f-ratio, which

measures the fraction of primary production fueled by nitrate (and therefore largely

12



derived from the aphotic zone), is considered to represent the relationship between
primary production and new production that can be exported. Prakash et al. (2015)
find widely varying f-ratios across the Indian Ocean, with significant variability in the
tropical zone (0.13-0.45) and a mean of 0.50 in the southern Indian Ocean. Informed
by the paleolatitude estimate, 0.50 appears to be a reasonable value for the f-ratio,
thus matching the value used for the Southern Ocean in Eagle et al. (2003), who did
not look at any sites in the Indian Ocean. However, the f-ratio has dependence on
temperature, and much lower values would be expected in a hotter climate (Laws et
al. 2000). As a result, any reconstruction of primary production in surface waters is
ill-advised, because it is likely that the f-ratio itself changed during the time of
interest, and it cannot be meaningfully modeled.

The carbon export and productivity estimates produced for this site can only
be considered on a qualitative, rather than a quantitative level, because it is
problematic to assume that barite preservation rate necessarily remained constant.
Just like prior work using this proxy, it is possible that changes in the dissolution and
preservation of barite both as it sinks in the water column and in the sediments are
being misinterpreted as changes in production of barite (Carter et al. 2020), despite
the fact that there is no a priori reason to believe there was any such change at this
site. Various other sources of error include minor instrumental error, minor error that
remains in the extraction method, error in the linear equation used to estimate
production, and error in the chronology (which could be ameliorated with a higher-
resolution C isotope record) and sedimentation rate estimates. In particular, a
simplistic (mostly static) sedimentation rate would partially or wholly eliminate the
spike at the hyperthermals and show a more subdued hump that peaks slightly later.

There is also methodological reason to believe that studies like Eagle et al. (2003)

13



systematically underestimated marine barite by dissolving some of it in their
extraction process (House and Norris 2020), in which case the more effective House
method might in fact overestimate production and require recalibration of the
production equation. However, the scale of the changes observed in reconstructed
carbon export, where the export production in the EECO is around three times the
Paleocene and Middle Eocene values, suggest that the signal observed is real.
Although there is no guarantee that the values themselves are meaningful, they are
reasonable and can easily be refined by future work.

Given the signal in the barite record, why isn’t there any associated trend in
the organic matter record? Two factors could act to prevent all this exported organic
matter from being buried. Firstly, the increase in respiration rates likely would have
exceeded the increase in photosynthetic rates. Secondly, the community
composition of the phytoplankton themselves could change, producing a more labile
pool of carbon that could be consumed before sinking as deep. This would entail
highly productive shallow waters and hypoxic midwaters, where nutrients stay near
the surface and are recycled vigorously, and the oxygen minimum zone expands.

To the extent that these hypotheses involve organic matter that never in fact
makes it to the seafloor, this may not be consistent with the idea that barite
dissolution may be preferential and that the barite proxy in fact measures the arrival
of organic matter to the seafloor rather than its export (Light et al. 2023b). This
implies a somewhat different scenario: increased regeneration leads to increased
production in surface waters, but sinking organic matter travels through hypoxic
midwaters to the seafloor. This labile organic carbon would then be remineralized by

the benthic community, and benthic waters would be saturated with respect to barite,

14



allowing the barite that had traveled with the organic matter to be buried and
incorporated into the sedimentary record.

Given ongoing anthropogenic warming, it would be reasonable to compare
these results with model outputs for the near future. Unfortunately, there is no
consensus on how to model the carbon pump’s response to warming, with a wide
range of estimates in export production from —41% to +1.8% (Henson et al. 2022).
Most model outputs predict a decrease in export production, which would seem to
disagree with the findings discussed above. During the EECO, export production
increased, and even the record before and after the EECO is reconstructed to have
been warmer than the modern (Westerhold et al. 2020), yet shows export production
that agrees with modern expectations. However, the dynamics involved likely differ
significantly between a geologically instantaneous warming event, like the one we
are currently experiencing, and the Eocene’s prolonged, steady-state warm period.
The Eocene hyperthermal events, which were geologically rapid but not
instantaneous warming events, have been considered a natural analog to
anthropogenic warming. They show even starker increases in export production,
although we still cannot exclude the possibility that they may have perturbed the
marine carbon cycle in a fundamentally different manner. Additionally, these global
model results may, even if correct, paper over significantly different outcomes in
different latitudes and ocean basins; the results here should not be expected to
agree with, for example, findings of decreased productivity in the tropics during the
same time (Moretti et al. 2024).

As the most recent period of sustained warmth in Earth history, the EECO
provides not only a potential analog to the future oceans, but also helps us

understand how the marine biosphere functions in alien conditions. This work
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advances that effort using a record from an understudied ocean basin, and finds that
carbon export from the open ocean to the seafloor increased significantly during the
EECO. | have shown that at a site in the Indian Ocean, a somewhat hotter climate
had export that was unremarkable from a modern perspective, and a much hotter

climate saw a dramatic increase in export.
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