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ABSTRACT

Climate change is arguably the most important issue facing modern society. One of the best tools
we have for constraining future climate conditions comes from looking at warm and transitional
intervals in Earth’s geologic past, such as the Eocene Epoch (~56-34 Ma). The Eocene Epoch
was a time of large-scale global climate change, bookended by both the warmest temperatures of
the Cenozoic (i.e., the Paleocene-Eocene Thermal Maximum) and the onset of southern
hemisphere glaciation (i.e., the Eocene-Oligocene Transition). While mean global climatic
conditions across the Eocene, inferred from a compilation of oxygen isotopes of benthic
foraminifera, are well constrained and document a clear cooling trend, the few and
geographically disparate records of local sea surface temperature (SST) from this interval are
often conflicting and difficult to reproduce with climate models. Likewise, multi-proxy studies

from the same location frequently yield diverging SST estimates.

These inconsistencies within the climate record inhibit our ability to identify the mechanisms
responsible for late Eocene cooling, and call into question our understanding of fundamental
aspects of climate dynamics and the underlying assumptions guiding our interpretation of proxy
data. Further, they highlight one of the dominant shortcomings of paleoclimate studies; namely
the propensity to express climate variability in terms of global or latitudinal averages, while
overlooking local and regional scale climate heterogeneity. Distilling global climate to single
numbers (e.g., the 2°C global warming threshold) or metrics (e.g., meridional temperature
gradients) is appealing, as it allows for direct comparison of different climate states, however
oversimplifying conditions by ignoring natural spatial heterogeneity may lead to erroneous
paleoclimate interpretations and contribute to the frequent need to set unrealistic boundary

conditions in climate modelling studies. In fact, inspection of modern SST data reveal abundant



variability along individual latitudinal bands. This contradicts the simplifying assumption of
homogenous zonal paleotemperatures and suggests that improving our understanding on the

controls on modern SSTs may hold the key to better understanding ancient climate systems.

The ultimate goal of my dissertation is to provide the tools to facilitate a more robust evaluation
of ancient climate dynamics, and thereby improve the fidelity of proxy-based paleoclimate
reconstructions and future climate predictions. In Chapter 2, I use analyses of modern SST data
to identify sampling biases in the paleo record and propose a new framework within which to
more meaningfully interpret annually- and seasonally-resolved SST proxy data. In Chapter 3, I
develop a bivalve growth rate model, which accounts for variable intra-annual growth rates and
facilitates the temporal alignment of serially-sampled geochemical proxy data, increasing the
reliability and applicability of paleo-seasonality interpretations. In Chapters 4 and 5, I apply
these approaches to reconstruct seasonal changes in nearshore waters off the eastern margin of
the Antarctic Peninsula between the middle and late Eocene. Proxy data are evaluated using
climate models and modern analog analyses, supplemented with seasonal precipitation data, and
contextualized with existing SST data from the Eocene Southern Ocean, resulting in a holistic

assessment of climatic conditions during this critical time interval.

The findings of these studies: 1) demonstrate the utility of seasonal data in distinguishing
between the mechanisms responsible for large-scale climate change and identifying seasonal
biases in other SST proxy data, 2) suggest that initial late Eocene Antarctic cooling was driven
by changes in ocean circulation, rather than pCO», 3) reveal how sampling location biases can
generate spurious climate interpretations, and 4) illustrate that recognition of and correction for
these biases can allow for a more comprehensive and accurate understanding of ancient climate

dynamics conditions.
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Chapter 1:

Introduction, overview, and summary of key findings



1.1 Introduction

As atmospheric CO> levels rise well-beyond the range of values typical of an interglacial (Liithi
et al., 2008) and global temperatures continue on an upward trajectory (Hansen et al., 2006),
extreme weather events, such as heat waves, draughts, and floods, have become more common
(Hansen et al., 2012). Ringing in the dawn of a new geologic epoch defined by human impact on
the Earth system (Ruddiman, 2013), we face the seemingly unknown. More and more, the
climate community has turned to the deep time record to understand how the Earth system
operated during warm and transitional intervals in its past, searching for insight into future
conditions. A recent study found that under a high emission scenario (RCP 8.5), by the year 2150
our climate would most closely resemble that of the greenhouse warmth of the Eocene Epoch
(~56-34 Ma; Burke et al., 2018). Accurate paleo-reconstruction of the Eocene climate may

therefore hold the key to understanding future change.

Despite the wealth of studies dedicated to understanding Eocene climate, there are still several
fundamental unanswered questions regarding Earth surface conditions during this societally
important time interval. In some places, proxy data from similar latitudes yield diverging
temperature estimates (e.g., Bijl et al., 2009; Douglas et al., 2014; Hines et al., 2017), as do
multi-proxy studies from the same location (e.g., Douglas et al., 2014). Further, proxy-model
mismatches are abundant (e.g., Huber and Caballero, 2011; Lunt et al., 2012), suggesting we
may be neglecting important aspects of climate dynamics and underlying assumptions guiding
our interpretation of proxy data. Studies utilizing novel techniques focused on resolving these
discrepancies are therefore required to understand not just Eocene paleotemperatures, but the
global-scale paleoclimate dynamics that drove climate change in the past, with implications for

future climate predictions.



The work presented in this dissertation is focused on improving the accuracy of proxy-based
paleoclimate reconstructions by developing new methods and approaches for combating
observable biases in the climate record and limitations of proxy application. In the sections that
follow I outline some of these key biases, uncertainties, and limitations, particularly with respect
to seasonal SST data. I summarize how my dissertation work has provided advancement in these
areas, both by creating a framework to more meaningfully contextualize proxy data and by
developing methods to maximize the fidelity of proxy data (Chapters 2 and 3). I then apply these
new approaches to reconstruct seasonal changes in nearshore waters off the eastern margin of the

Antarctic Peninsula between the middle and late Eocene (Chapters 4 and 5).

1.2 Toward identifying sampling location biases and improving paleoclimate

reconstructions

Ultimately, the overarching goals of the paleoclimate community are to generate a high-fidelity
record of mean global temperature and latitudinal temperature gradients under different climatic
regimes across the Phanerozoic. Integral to these goals are proxy-derived SST data, which are
used both to estimate these metrics and benchmark climate modeling studies. However, sampling
locations for proxy materials are inherently unevenly distributed, favoring coastal settings (in the

Cretaceous through Cenozoic) and epeiric seas (in the Paleozoic through Jurassic).

SSTs are controlled, to a first-order, by intra-annual and meridional differences in solar
insolation, and thus should correlate with latitude; however, modern data (Hirahara et al., 2014)
reveal large and systematic zonal variability, qualitatively associated with atmospheric and
oceanic circulation patterns. Moreover, the magnitude of zonal variability is proportional to the

ratio of land to ocean, with significant SST deviations along coastlines and within shallow semi-



restricted seas. As proxy-based paleo-SST estimates dominantly come from these environments,
this finding has profound implications for reconstructing ancient climates and may help explain

many of the proxy-model mismatches in paleoclimatic studies.

In Chapter 2 (Judd et al., submitted), 1 explore global patterns in the zonal heterogeneity of
modern SSTs, with a specific focus on shallow continental seas (i.e., epeiric sea analogs) and
nearshore marine settings to demonstrate how sampling location bias impedes straightforward
interpretation of proxy-derived paleotemperatures. SST data from these environments are not
representative of the zonal mean temperature, but instead exhibit geographic, process-driven
offsets, providing insight into how paleoclimate inferences drawn from these data might skew

paleoclimate interpretations.

I demonstrate that modern epeiric sea analogs (e.g., the Baltic and Red seas) are almost always
warmer and more seasonal than open ocean values from the same latitude. Oxygen isotope
values of carbonate (8'8Ocarb), used to infer SST, are generally more depleted in the Paleozoic,
which is often attributed to either diagenesis or a secular evolution of seawater chemistry (e.g.,
Veizer and Prokoph, 2015). However, nearly all of these data come from epeiric seas. Therefore,
these data should not be interpreted in the context of the global open ocean signal, but rather

likely reflect the true local conditions of sparsely sampled warm shallow seas.

Analysis of modern nearshore environments reveal similar systematic offsets in both the mean
annual temperature (MAT) and mean annual range of temperatures (MART) from zonal mean
values. These deviations correlate with meridional advection (along western boundaries) and
coastal upwelling patterns (along eastern boundaries), associated with gyre circulation. Using the

location of sampling sites from which there are early Eocene proxy-SST data (Hollis et al.,



2019), I demonstrate how preferential sampling of coastal environments can generate spurious
estimates of the latitudinal temperature gradient, even in the modern world. Finally, I show that
historical climate model simulations (HadCM3, CCSM4, and CESM) struggle to reproduce the
observed patterns of zonal variability in SST, particularly at sites of large-scale eddy shedding

and coasting upwelling, likely contributing to many proxy-model mismatches.

Despite these environment-specific SST deviations, first-order patterns are systematic and
therefore predictable in deep time based on paleogeography and assumptions regarding gyre
circulations. By understanding the processes controlling these deviations, we can apply a
qualitative correction to account for sampling biases, enabling a more accurate interpretation of
paleoclimate conditions in Earth’s past. This work challenges the assumption of zonal uniformity
in SST frequently invoked in paleoclimatic and paleoceanographic studies and provides a new
framework within which to more meaningfully contextualize and interpret the deep time climate

record.

1.3 Toward improving the interpretation of seasonally-resolved proxy data

Seasonally-resolved data are a powerful and underutilized tool for understanding the evolution of
Earth’s climate. The analyses of Chapter 2 highlight the utility of seasonally-resolved proxy
records in reconstructing ancient climate dynamics and identifying seasonal biases in other proxy
data (e.g., TEXss). Further, understanding how seasonal extremes vary through time is critical to
accurately forecasting regional biotic responses to global warming, and to identifying the
mechanisms responsible for past climate change. Yet, seasonal data are rare in paleoclimatic
studies, largely due to the dearth of materials that accumulate continuously throughout the year.

Fossil bivalves, which growth through accretion, are one of the most useful materials, as the



geochemical signature (e.g., stable oxygen isotopes) preserved within their shells can provide a
seasonally-resolved record of SST. However, bivalves grow at variable rates throughout the year,
which can convolute the seasonal signal and obfuscate the full seasonal amplitude. Therefore, to
robustly interpret isotope profiles in a climatic context requires transforming data from their

original sampling distance values into the time domain.

In Chapter 3 (Judd et al., 2017), I present a computational bivalve growth rate model, which
facilitates the temporal alignment of high-resolution serially-sampled oxygen isotope data from
accretionary organisms. The MATLAB® script derives seasonal growth rate and temperature
functions using only serially-sampled 8'3Ocarb data and associated sampling distance values. By
assuming that water temperature varies sinusoidally throughout the year and that growth rates
can be described using skewed-clipped sinusoids, the program iteratively generates synthetic
isotope profiles by varying the parameters of the growth rate and temperature functions. A final
solution is reached by minimizing the difference between the synthetic and observed isotope
profiles. This model improves our ability to recover the full seasonal amplitude of temperature

variability in deep time, improving reconstructions of both seasonal and mean annual SSTs.

In addition to its paleoclimate utility, this procedure also has several (paleo-)ecological
applications. In environments where temperatures can be directly measured or constrained using
other methods, the temperature function can be a priori parameterized with these values. The
resulting growth rate functions can then be used, with high fidelity, to compare seasonal growth

patterns both within and across populations of accretionary organisms, through space and time.



1.4 Toward reconciling diverging climate records in the Eocene Southern Ocean

Austral high-latitude paleoclimate data from the Eocene are integral to understanding climatic
conditions during greenhouse intervals and the evolution of Earth’s climate into an icehouse.
Two mechanisms have been proposed to explain late Eocene cooling, culminating in the
inception of a Southern Hemisphere ice sheet: 1) the thermal isolation of Antarctica as a result of
tectonic reconfiguration of ocean gateways and initiation of the Antarctic Circumpolar Current
(ACC; Kennett, 1977), and 2) a decrease in atmospheric CO; levels, driving global cooling
(Anagnostou et al., 2016; Deconto and Pollard, 2003; Raymo and Ruddiman, 1992). Earlier
modelling studies demonstrated the importance of pCO» in providing a threshold for glaciation
(Deconto and Pollard, 2003; Huber and Nof, 2006). However, recent evidence of ephemeral
glaciation (e.g., Carter et al., 2017; Gulick et al., 2017; Scher et al., 2014) preceding significant
decreases in pCO; (e.g., Pagani et al., 2011; Zhang et al., 2013) and discrepancies in model-

specific pCO; glaciation thresholds (e.g., Gasson et al., 2014) have led to renewed debate.

Seasonally-resolved proxy data from Antarctica during the Eocene can provide unique insight,
helping to answer several fundamental questions regarding Earth’s climate during this transition.
First, as the inception and expansion of ice sheets is largely dependent on summer temperatures,
seasonal temperature data can help constrain the timing of the incipient Antarctic Ice Sheet.
Second, as changes in ocean circulation should result in a different change to the annual cycle
than decreasing pCO., these data can help distinguish between the two proposed cooling
mechanisms. Finally, seasonal precipitation data from the warm middle Eocene can address open
questions regarding the potential for high latitude monsoons during times of greenhouse warmth

(e.g., Jacques et al., 2014; Schubert et al., 2012; West et al., 2015).



In Chapters 4 and 5, I assess climatic conditions along the eastern margin of the Antarctic
Peninsula during the middle (~42 Ma) and late (~38 Ma) Eocene, using accretionary bioarchives
from the La Meseta Formation, Seymour Island, Antarctica. Oxygen isotope profiles, sampled
across the ontogeny of bivalves and processed with the growth model of Chapter 3 (Judd et al.,
2017), reveal the annual temperature cycle in nearshore Antarctic waters and organic carbon
isotope analyses across tree rings of driftwood provide insights into the seasonal phasing of
precipitation. These results are compared to other existing proxy records from the Southern
Ocean, and contextualized using climate models and insights gained from the analyses of the

modern ocean in Chapter 2.

I find evidence of a warm and seasonal temperature regime during the middle Eocene, with
subequal precipitation in winters and summers, with a closest modern analog to coastal
Argentinian waters. Even under a high obliquity, and thus high seasonality, scenario, I am unable
to reproduce the seasonal amplitude inferred from the proxy data with climate model
simulations. Given that that the model is parameterized with a computationally-efficient slab
ocean, these results suggest that surface ocean circulation is most likely responsible for the high
seasonal conditions. I propose that nearshore eastern peninsular waters were situated at the
confluence of two currents: the cool western boundary of the proto-Weddell Gyre and a warmer
current extending either extending across a shallow Drake Passage or branching from the South
Atlantic Gyre. Similar to the Brazil-Malvinas Confluence of the modern analog location, the
position of the currents would oscillate seasonally, creating warmer winters, cooler summers,

and overall more seasonal conditions.

Comparison of middle Eocene proxy data with other high-austral locations (e.g., Bijl et al., 2009;

Hollis et al., 2012) indicate warmer conditions in the South Pacific reach of the Southern Ocean
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than in the South Atlantic Sector. In Chapter 2, I identify strong hemispheric asymmetries in the
zonal variability of SSTs, which relate to differences in tectonic configuration. Meridional
advection in noncontiguous ocean basins, such as those in the modern boreal high latitudes,
increase the zonal variability in both annual and seasonal SSTs. In contrast, the powerful zonal
flow of the Antarctic Circumpolar Current (ACC) in the Southern Hemisphere homogenizes
SSTs. However, in the absence of an open Drake and Tasman passages, as was the case in the
middle Eocene (e.g., Pfuhl and McCave, 2005; Scher and Martin, 2006; Stickley et al., 2004),
the Southern Hemisphere high latitudes would have had a tectonic configuration that more
closely resembles the modern Artic region. Therefore, increased zonal heterogeneity should be
the expectation, reflecting the effect of latitudinal heat transport within subpolar gyres, a

hypothesis consistent with existing SST and precipitation proxy data.

The late Eocene temporally-aligned oxygen-isotope derived SSTs are cooler and less seasonal
than the middle Eocene data. Remarkably, the ~2 °C cooling in MAT between the two intervals
1s manifest entirely by a reduction in summertime temperatures. Similar to the model results
from the middle Eocene, we were unable to reproduce the low amplitude annual cycle with
climate models, even when parameterized with low eccentricity, high eccentricity, and a July
perihelion (i.e., the lowest seasonality orbital configuration in the Southern Hemisphere).
Additionally, we observe no change in seasonality with changing pCO.. These findings, again,
suggest that the pattern is controlled by ocean circulation. The trend is best explained by the
opening of the Drake Passage (Scher and Martin, 2006) and the initiation of a (weak) circum-
global current, deflecting the warm equatorial-derived current hypothesized to reach the
Antarctic Peninsula during middle Eocene summers. This proposed model is consistent with

other Southern Ocean proxy data, which record a cooling trend in at the East Tasman Plateau



(i.e., within the reach of a circum-global current; Bijl et al., 2009) and a warming trend at the
lower-latitude New Zealand sites (i.e., outside of the reach of a circum-global current; Hines et
al., 2017). These findings, therefore support the hypothesis that tectonically-driven changes in
ocean circulation, rather than pCO,, was likely responsible for initial late Eocene cooling,

preconditioning the continent for large scale glaciation at the close of the epoch.

A comparison of existing SST proxy data from the La Meseta Formation yields good agreement
between the data presented here and MAT estimates from clumped isotope analyses of fossil
bivalves. However, SST estimates from the organic biomarker, TEX3s, are consistently warmer,
and the cooling trend observed between the middle and late Eocene approximates the pattern
observed in the reduction of summertime temperatures. TEXss is postulated to have a seasonal
(generally summertime) bias (e.g., Hollis et al., 2012; Sluijs et al., 2011, 2006). The multi-proxy
comparison presented here provide direct evidence of this bias, at least in the high latitude
nearshore setting of the La Meseta Formation, demonstrating the necessity and utility of

seasonally-resolved proxy data in reconstructing ancient climates.
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A dynamical framework for interpreting ancient sea surface temperatures
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2.1 Abstract

Proxy-derived sea-surface temperature (SST) estimates are integral to understanding ancient
climate systems, benchmarking climate models, and informing future climate predictions.
However, efforts to estimate past global mean temperature and latitudinal gradients must contend
with spatial heterogeneity in ocean temperatures. Here, we use modern SST data to show that the
environments from which most paleoclimatic data are drawn, shallow epeiric seas and
continental margins, are systematically offset from zonal mean temperatures. Epeiric seas are
nearly always warmer and more seasonal than open-ocean values from the same latitudes. SSTs
along continental margins exhibit consistent deviations from open ocean temperatures that are
directly related to gyre circulation. These insights have profound implications for paleoclimate
reconstruction. The warm temperatures inferred from Paleozoic proxy data may largely reflect
the fact that data derive almost entirely from epeiric sea environments. Moreover, even in
shallower time under-sampling of the full range of dynamical environments associated with
ocean gyre circulation can result in spurious estimates of latitudinal temperature gradients. A
pseudoproxy analysis based on existing Paleogene sampling localities demonstrates how a proxy
record biased toward these nearshore environments can artificially attenuate inferred paleo-SST
gradients. However, recognition of these global patterns allows for a predictive framework
within which to more robustly interpret existing and new proxy data, test and improve Earth

system model fidelity, and reconstruct ancient dynamic regimes.

2.2 Introduction

Substantial attention within the paleoclimate community focuses on quantifying key climate
metrics, such as average global temperature, climate sensitivity, and the latitudinal temperature

gradient (Caballero and Huber, 2013; Cramwinckel et al., 2018; Evans et al., 2018; Hollis et al.,
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2019; Zhu et al., 2019). These parameters are relatively easy to calculate in today’s well-
instrumented world, but efforts to characterize them in deep time present the unique challenge of
inferring broad, zonal averages from a sparsely sampled world. The majority of SST data, even
for relatively well-studied time intervals, come primarily from continental margins (Dowsett et
al., 2013; Hollis et al., 2019) (Fig. 1). This problem of under-sampling the open ocean further
intensifies prior to 200 Ma, as nearly all paleo-SST data are restricted to epeiric seas due to
recycling of the ocean floor and alteration during orogenesis along continental margins (Veizer
and Prokoph, 2015). The specialized environments from which proxy data derive calls into
question whether these data can be used to estimate global mean climate parameters, or whether
they reflect primarily local dynamical processes. In many cases, local-scale dynamics are
invoked post-hoc to explain proxy data disagreement (Hollis et al., 2012), but to date no study
has presented a systematic and global analysis of the dynamical processes that influence offsets

between proxy locations and global mean climate parameters.

Here, through analysis of modern globally-gridded SSTs, we show that zonal heterogeneity of
modern SSTs is significant, but first-order patterns are systematic and therefore predictable in
deep time based on paleogeography and its impacts on ocean dynamics (e.g. gyre circulations).
We consider the extent to which Earth System Models (ESMs) capture these patterns, and

present a framework with which these data can be used to reconstruct past ocean dynamics.

2.3 Zonal heterogeneity and tectonic configurations

We investigate spatial patterns in the modern distribution of SSTs, in terms of both the mean
annual temperature (MAT) and mean annual range of temperatures (MART), using globally-

gridded modern climatological reanalysis data from the modern ocean (Hirahara et al., 2014). In
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order to identify patterns related to the direction and magnitude of a given location’s deviation
from the zonal mean, we introduce two new parameters: the zonal MAT anomaly (dmaT) and the
zonal MART anomaly (dmarT). Positive omaT values reflect locations warmer than anticipated for
their given latitude, while negative values are associated with locations cooler than zonal MAT.
Similarly, positive and negative dmarT values demarcate locations that are more or less seasonal

than the zonal mean MART, respectively.

Global maps of dmaT and dmarT reveal large-scale systematic heterogeneity along latitudinal
bands, qualitatively reflecting processes associated with the wind-driven ocean circulation (Figs.
2A,B). Though the modern zonally-averaged pole-to-equator temperature gradient is ~30°C,
70% of discrete latitudinal bands exhibit more than 5°C variability in MAT, and 14% of latitudes
exhibit more than 10°C variability (Fig. 2C). Similar variability can also be observed in the paleo
record, where, for example, during greenhouse intervals with suppressed latitudinal gradients,
longitudinal variability in proxy temperature estimates within narrow latitudinal bins can even
exceed the inferred latitudinal temperature gradient (Evans et al., 2018; Hollis et al., 2019).
While some of the spread of paleo-SST estimates within these bins may be due to uncertainty in
proxy calibration, time averaging, or analytical error, much of the longitudinal variation could

alternatively reflect true spatial heterogeneity arising from ocean dynamics.

The majority of latitudes exhibit a broad range of MAT and MART values, but the magnitude
and trend of the variability is hemispherically asymmetric (Fig. 2C,D). The variance of both
MAT and MART across latitudes exhibits a statistically significant positive relationship with the
amount of land cover (Fig. S1), suggesting this pattern is largely driven by tectonic configuration
and can thus be predicted even in the past. This is best exemplified in the high latitudes where

the range of both MAT and MART in the Southern Hemisphere begins rapidly decreasing at
19



~55°S, yet boreal ranges remains high up to ~70°N. With no landmasses to divert zonal flow, the
modern Antarctic Circumpolar Current homogenizes high-austral SSTs, while meridional flow
within subpolar gyres in the noncontiguous high-boreal ocean basins amplifies the zonal
heterogeneity of SSTs (Judd et al., 2019). This observation implies that the presence or absence
and latitudinal position of circum-global currents should be considered when evaluating paleo-
SSTs to determine meridional temperature gradients. It also suggests that large landmasses
inflate zonal variability, and highlights that past changes in tectonic configuration exert an

important influence on regional SST patterns.

24 Environment specific variability in SSTs

Two types of geologic settings produce the vast majority of marine paleotemperature proxy data:
epeiric seas and continental margins (e.g., Fig. 1). To visualize the offsets related to these
environments, we cross plot of dmart and dmat. Locations emblematic of zonal mean climate
will plot near the origin; indeed, over 40% of modern SST data fall within +1°C of the zonal
mean for both variables. However, a disproportionate number of data from epicontinental seas
and continental margins exhibit greater than 1°C deviation from the zonal mean. These

deviations are non-random and driven by the particular dynamics in each of these environments.

2.4.1 Epeiric seas and semi-enclosed basins

Subduction has recycled nearly all oceanic crust and accompanying sediment older than about
180 Ma (Miiller et al., 1997), and many materials used to reconstruct SST (e.g., organic
biomarkers and most microplankton) are unavailable until the late Mesozoic or early Cenozoic
(Brassell, 2014; Schouten et al., 2004; Tappan and Loeblich, 1973). By necessity therefore,

nearly all Paleozoic and many Mesozoic SST reconstructions rely instead on the geochemistry of
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skeletal macrofossils preserved within marine successions deposited on the continents and
recovered in outcrop. Given the prevalence of and reliance on these pre-Cenozoic epeiric SST
records, our ability to reconstruct ancient climate systems hinges on how representative these

environments are of global climate conditions at any given time.

Today, there are few true epeiric seas. However, we identify ten semi-enclosed and marginal
seas from across a range of latitudes to use as modern analogs (Fig. 3A). On a cross-plot of
OmarT and dmaT, 75% of the data from epeiric sea analog locations plot in the upper righthand
quadrant, indicating warmer and more seasonal conditions than the zonal mean (Fig. 3B, Table
S1). In total, 81% of epeiric sea analog data are warmer (i.e., +omaT) and 92% more seasonal
(i.e., +OmarT) than zonally anticipated. Further, across the entire global dataset (N = 43,723
ocean grid cells), only 141 cells have dmart and dmar values both exceeding +2.5°C, and

remarkably, 114 (~80%) of these come from epeiric seas.

This analysis demonstrates that semi-enclosed basins are unusually warm and seasonal compared
to the vast majority of open ocean locations situated at the same latitudes. These bodies of water
are smaller and shallower, and often seasonally stratified, allowing surface waters to change
temperature more rapidly than larger, deeper open ocean basins. The surface of ice-free
epicontinental seas may heat up more strongly with the development of a strong thermocline in
the summer. Seasonal runoff with strong temperature variability may also contribute to an
amplified seasonal cycle in many semi-enclosed basins. This result has important, broad-
reaching implications for paleoclimate studies: SST records older than the Cretaceous very likely

overestimate zonal, and therefore global, temperatures.
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The oxygen isotope record of skeletal carbonate and apatite over the Phanerozoic exhibits a
secular depletion trend with increasing age, interpreted to reflect: 1) the oxygen isotopic
evolution of seawater (8'80sy) through geologic time, 2) a true temperature signal from a much
warmer Paleozoic world, or 3) the increased influence of diagenetic alteration with age (Jaffrés
et al., 2007; Veizer and Prokoph, 2015). While thorough screening for altered materials has
removed some of the most suspect values (Grossman, 2012), broadly, the trend holds true.
However, mounting evidence suggests that epeiric seas are chemically and dynamically
decoupled from the open ocean. Several authors have demonstrated geochemical differences
between coeval open ocean and epeiric sea water masses (Brand et al., 2009; Holmden et al.,
1998). Intra-basinal trends in isotope values that suggest epeiric seas have non-marine seawater
compositions (Brand et al., 2009; Jimenez et al., 2019; Montafiez et al., 2018; Roark et al., 2017)
(8'80sw), and observations of 3'Osy from modern epeiric sea analogs corroborate this hypothesis
(LeGrande and Schmidt, 2006). Given the finding here, we propose that low skeletal 5'0 values
in the Paleozoic can be in part explained by distinctive non-marine §'80sy values combined with
the fact that these environments were likely warmer and more seasonal than their open ocean
counterparts. A secular trend in §'80-inferred temperature may therefore instead reflect changes

in the proportional representation of environments from which samples are drawn over time.

2.4.2 Gyre circulation

While most geochemically-derived paleotemperature data from the Paleozoic are relegated to
epeiric sea settings where sedimentary rocks are still present and are less likely to have been
deformed, many later Mesozoic and Cenozoic SST data come from settings in proximity to a
continental margin, where both sedimentation rate and preservation potential are higher than in

the deep sea (Gregor, 1985). For example, in both the Eocene and Pliocene, epochs of particular
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interest for studies that attempt to constrain climate sensitivity and latitudinal temperature
gradients in the future using analogs from the past (Burke et al., 2018), more than half of all
sampling localities are found within 500 km of a coastline (Cramwinckel et al., 2018; Dowsett et
al., 2013; Evans et al., 2018; Hollis et al., 2019; Lunt et al., 2012; Zhu et al., 2019) (Fig. 1). SSTs
in these environments are significantly offset from the zonal mean as a result of large-scale

features of the wind-driven surface ocean circulation.

Eastern and western ocean margins each feature deviations in both dmart and dmart related to
patterns of wind-driven surface ocean circulation (Forget et al., 2015; Fukumori et al., 2017).
Along western margins, 88% of grid cells with poleward flow are warmer than the zonal mean
(Fig. 4A), reflecting advection of warm water by the fast-moving western boundary currents of
subtropical gyres. 79% of data from the western margins are also more seasonal than the zonal
mean, reflecting the strong seasonality in the meridional advection of warm water?’. This pattern
reverses in the higher latitudes of the noncontiguous northern hemisphere ocean basins (>40°N),
where equatorward flow from the subpolar gyres generates anomalously cold dmar values (Fig.
4B,S2,S3, Table S1). On eastern ocean margins, 90% of lower-latitude westward flowing
locations have negative dmar values, highlighting the role of upwelling and radiative cooling in
generating cold temperatures in subtropical eastern margins (Seager et al., 2003) (Fig. 4B, Table
S1). The majority of data from eastern margins are much less seasonal than the zonal mean or
western margins (Table S1), and poleward of 40°N/S, eastward advection of warm waters from

western ocean margins generates anomalously warm omat values (Fig. 4B).

The paleoclimatic implications of these systematic patterns of dmart and dmar are broad and
often overlooked. For time intervals where paleoclimatic data preferentially sample eastern or

western ocean boundaries, estimates of latitudinal temperature gradients may be significantly
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steepened or attenuated simply as a result of sampling bias (Fig. 4B). We explore this further by
using a pseudoproxy approach to test the extent to which the modern latitudinal temperature
gradient can be approximated from SSTs derived only from locations for which there are paleo-
SST estimates. Sampling localities were drawn from the DeepMIP compilation, representing
three time intervals within the Paleogene: the late Paleocene, the Paleocene Eocene Thermal
Maximum, and the Early Eocene Climactic Optimum (Hollis et al., 2019) (Methods, Table S2).
A second order polynomial fit through all zonal mean values produces a gradient of 26.2°C
between 55°N/S; however, in all three subsets of Paleogene data, this gradient is reduced to 19.8,
19.5, and 21.7°C, respectively, comparable to published estimates for this interval based on
proxy data (Cramwinckel et al., 2018) (Fig. 4C). This measurable attenuation reflects a strong
sampling bias toward North Atlantic western boundary sites within the subtropical gyre, and
eastern boundary sites from higher latitudes and epeiric seas (Fig. S6), all of which culminates in
compounding warmer-than-anticipated SSTs, flattening the inferred gradient. The steeper (albeit
still reduced) gradient of the Early Eocene Climatic Optimum is due to the addition of several
high latitude South Pacific western boundary locations. In the modern ocean, these sites help
anchor the high latitudes, however given the noncontiguous nature of the Eocene Southern
Ocean, it is unlikely to have had the same effect in deep time. Incidentally, shallower gradients
are inferred throughout much of the Paleogene (Cramwinckel et al., 2018; Evans et al., 2018).
While it is expected that greenhouse climates exhibit reduced the pole-to-equator temperature
gradients, it is yet unclear the magnitude of this reduction. This example demonstrates the ease
with which these gradients can be artificially suppressed or inflated when using sparse and

unevenly distributed data.
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2.5 Comparison with historical ESMs

Many efforts to assess climate sensitivity and latitudinal temperature gradients in deep time have
focused on intercomparisons of Earth System Model (ESM) simulations and proxy data
(Caballero and Huber, 2013; Haywood et al., 2016; Hollis et al., 2019). In many cases, model
simulations require unrealistic boundary conditions (e.g. extremely high pCO») to capture
patterns present in proxy data (Huber and Caballero, 2011; Lunt et al., 2012). In addition, many
ESMs diverge dramatically in their predictions of the seasonal temperature cycle (Gasson et al.,
2014). Recently, paleoclimatic data assimilation efforts have shown promise for characterizing
past latitudinal temperature gradients (Tierney et al., in review). Below, we assess the extent to
which models successfully capture observed offsets in dmat and dmart that we have shown

strongly influence the localities from which proxy data derive.

Comparisons among three ESMs - CCSM4 (Danabasoglu et al., 2012), CESM (Kay et al., 2015),
and HadCM3 (Johns et al., 2003) - suggest that models reasonably simulate zonally
heterogeneous SST patterns, with some key exceptions (Fig. 5). Within western boundaries, the
models, particularly CESM and CCSM4, show regions that are much warmer than observations,
especially at confluence regions with strong eddy heat transports (e.g., where the Gulf Stream
diverges from the North American coastline, or the Brazil-Malvinas Confluence) (Fig. 5, Fig.
S4). Coarse resolution ocean models, which do not resolve mesoscale processes, are unlikely to
capture the correct magnitude of temperature in these regions (Kwon et al., 2010; Ma et al.,
2016). For similar reasons, all three models substantially underestimate seasonality along the
frontal regions of the North Atlantic and Pacific western boundaries, although this pattern is not
consistently manifest across all western boundaries. Furthermore, the models differ in their

performance along eastern margins. Model MAT and dmart tend to exceed observed values, with
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the most dramatic offsets at locations of upwelling. CESM, which features an atmospheric model
with updates to the cloud parameterization scheme resulting in a less negative shortwave cloud

feedback (Gettelman et al., 2012), is more consistent with observed values.

The ESMs also show substantial spread in their estimates of temperature seasonality.
Interestingly, while HadCM3 routinely overestimates the seasonality of temperature over land
(Gasson et al., 2014), in the ocean MART and omarT are more consistently underestimated,
particularly in highly seasonal (e.g., MART >10°C) northern hemisphere locations (Fig. S4).
Conversely, CCSM4 and CESM preferentially overestimate seasonality in the southern
hemisphere. However, these two models do not exhibit substantial biases in simulated mean
annual temperature or seasonality in modern semi-enclosed basins, our closest epeiric sea
analogs (e.g. the Mediterranean). This suggests that these models may more successfully capture

offsets between ancient epicontinental seas and zonal mean temperatures.

Overall, models generally perform well but struggle to capture patterns of mean and seasonal
temperature variability in specific dynamical environments. In particular, the deviation from
observed values of model nearshore MAT and MART outputs, especially in confluence regions,
suggests that unresolved coastal dynamical processes in ESMs could be partially responsible for

many proxy-model mismatches in paleoclimatic modeling studies.

2.6 Lessons for interpreting paleo-SST data

The analyses presented here demonstrate that proxy-based SST records are unevenly distributed
across global paleo-oceans, and that comparable settings in the modern ocean exhibit consistent,
geographically systematic offsets from zonal mean values that are not always captured in coarse

resolution ESMs. However, incorporating these insights can result in a more dynamically
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rigorous interpretation of ancient ocean temperature data that can help resolve proxy-model

mismatches. We outline three specific lessons below.

First, researchers must use caution when evaluating data drawn from epicontinental seas, as these
values are nearly always warmer and more seasonal than the zonal means. Efforts to explicitly
model epicontinental seawater oxygen isotopic composition and temperature will be especially
useful, particularly when using models that are known to effectively capture the seasonality and

temperature of modern semi-enclosed ocean basins.

Second, time intervals where proxy data are only available for certain sides of ocean basins will
preferentially reflect certain dynamical regimes that are systematically offset from the zonal
mean. Extreme caution should be used when attempting to infer latitudinal temperature gradients
from these datasets. Data assimilation methods may be helpful, provided that the models used in
these efforts capture zonal heterogeneity in temperature. In addition, data from certain
environments, especially regions of intense eddy heat transports, are unlikely to represent zonal
mean conditions nor are they likely to be captured by models. A corollary of this lesson is that
future sampling efforts for Cenozoic paleoclimate should focus on capturing signals from under-

sampled dynamical regimes (e.g. under-sampled ocean margins).

Finally, our work highlights the critical importance of reconstructions of seasonality for
constraining the dynamical regimes from which proxy data are drawn. Western and eastern
boundary current environments are most reliably differentiated based on their dmart values (Fig.
4), suggesting that paired measurements of mean annual temperature and seasonal range of
temperature can help us constrain the particular dynamical regime they represent. Paleoseasonal

deviations also have implications for interpreting proxy-derived MAT, as many proxies are
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postulated to have seasonal biases in certain environments (Fraile et al., 2009; Hollis et al., 2009;
Malevich et al., 2019; Sluijs et al., 2009). Our results suggest that these seasonal biases may play

a larger role along western ocean boundaries and epeiric seas, where MART is inflated.

Targeted generation of proxy data from undersampled dynamical regimes and paired
measurements of mean temperature and seasonality will allow for better resolution of patterns in,
and reasons for, zonal heterogeneity in observed paleotemperatures. A dynamical perspective of
this heterogeneity based on the modern ocean allows for improved estimates of global MAT,
latitudinal temperature gradients, and climate sensitivity, and could even provide insights relative
to shifts in the strength and position of gyre circulation. Ultimately, capitalizing on the
framework laid out above provides a way forward, where disagreements among proxy data are
no longer impediments to an understanding of ancient temperatures, but rather offer greater

clarity about past thermal gradients and ocean dynamics.

2.7 Methods

2.7.1 [ODP locations and Eocene and Pliocene SST sites

Coordinates for all IODP drill holes were extracted from the Drill Hole File from the [ODP
website (http://www.iodp.org/resources/maps-and-kml-tools; n = 3,886). Because this dataset
includes all drill hole, rather than individual legs or expeditions, latitudes and longitudes of the
sites were rounded to one decimal and duplicate coordinates were removed (n = 1,356). The
distance between each location and the nearest coastline was calculated using the

dist from coast function found on the MATLAB file exchange.

Coordinates of the sites of Pliocene SST data dominantly come from the PRISM4 compilation

(Dowsett et al., 2013) and are supplemented with additional locations from the literature. Sites of
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Eocene SST data dominantly come from the DeepMIP PMIP4 (Hollis et al., 2012) and similar
compilations (Evans et al., 2018), and are supplemented with additional locations from the
literature. Duplicate locations were removed from the datasets and distance to the nearest

coastline was calculated as with the IODP dataset.

2.7.2 SST data

SST data come from the Japan Meteorological Agency Centennial in situ Observation Based
Estimates of SST, version 2 (COBE-SST2) (Hirahara et al., 2014). This globally-gridded
reanalysis dataset is averaged between 1981 and 2010, providing a climatological mean and
eliminating secular trends related to ongoing global warming and quasi-decadal scale climate
oscillations (e.g., El Nifio Southern Oscillation). The data have a mean monthly temporal
resolution and a 1° x 1° spatial resolution (N = 43,723 ocean grid cells). These data were used to
calculate a suite of climate parameters, including MART, MAT, and their respective zonal

anomalies (OMART, OMAT).

Calculation of MAT and MART. MAT was calculated by taking the arithmetic mean of the mean
monthly temperatures for each ocean grid cell and MART was calculated by taking the
difference in temperature between the warmest and coldest month for each ocean grid cell. This
accounts for the fact that the timing of the warmest and coldest month might differ in different
oceanographic settings. In addition, it also follows the convention for calculating seasonal
temperature ranges in sclerochronological proxy data. Overall, individual profiles of mean
monthly temperatures at a given location exhibit sinusoidal oscillations, consistent with the
theoretical prediction based on intra-annual variability in solar insolation at a given latitude

(Haney and Davies, 1976). This pattern breaks down slightly in the high latitude (70 — 90°N/S),
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where winter SSTs are constrained by the freezing point of salt water, and in equatorial regions
of deep convection (Fig. S5). Averaged across all latitudes, the time between seasonal extremes

is approximately 6 months (5.6 = 1.3 months (10)).

Calculation of dmat and dmart. To investigate spatial patterns in the direction and magnitude of
deviations from zonal means, we introduce two new parameters: the zonal MAT anomaly (dmaT),
or deviation from the zonal mean of a given site’s mean annual temperature, and the zonal
MART anomaly (0mart), the deviation from the zonal mean of a site’s seasonal range of
temperature. These parameters were calculated by averaging all ocean grid cells within a
latitudinal band and subtracting the zonal mean from each individual value within that latitudinal
band. The units of both of these parameters are °C, indicating the absolute magnitude of the

deviation.

Environment-specific data subdivisions. We investigate spatial patterns within epeiric seas, by
identifying ten semi-enclosed or marginal seas to use as modern analogs and extracting the data
from all ocean grid cells within these basins. To avoid conflating coastal processes with epeiric
sea patterns, we intentionally avoided selecting marginal seas with strong connections to
powerful boundary currents, such as the Sea of Japan in the northwest Pacific and the Argentine
Sea in the southwest Atlantic. Additionally, we subdivided the data into eight separate datasets
representing the eastern and western boundaries of the northern and southern Atlantic and Pacific
Ocean basins. These datasets consist of all ocean grid cells that fall within 500 km of coastline,
are between +£15° N/S and +£55°N/S, and are not already previously categorized as belonging to

an epeiric sea modern analog (Fig. S2).
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2.7.3  Surface circulation data

Surface current vector data come from the non-linear inverse model ECCO V4r3, which
estimates the time-mean ocean circulation using available ocean data and the MITgcem (Forget et
al., 2015; Fukumori et al., 2017). Mean monthly data were averaged between 1992 and 2015, to
minimize variability from quasi-decadal scale climate oscillations, and were regridded from a
0.5° x 0.5° resolution to a 1° x 1° spatial resolution to match the observations SST data. Mean
annual flow direction and 1o standard deviations were calculated using the CircStat MATLAB

Toolbox (Berens, 2009).

2.7.4 Pseudoproxy approach

The modern coordinates for proxy-derived SST data from the Late Paleocene (LP), Paleocene-
Eocene Thermal Maximum (PETM), and the Early Eocene Climatic Optimum (EECO) come
from the DeepMIP compilation (Hollis et al., 2019). Sites from high latitudes (>55°N/S), the
Indian Ocean, and those with no obvious modern analog (e.g., Well 10, West Siberia) were
removed from the compilation, resulting in 15 LP, 18 PETM, and 14 EECO pseudoproxy
sampling locations. Each site was assigned a representative basin and environment (Table S2)
and a sampling swath was established by extracting all grid cells from that environment within
+5° of the modern latitude. For example, Lodo Gulch, located in California, USA (36.59°N,
120.64°W) was assigned to the Pacific Ocean eastern boundary; its sampling swath, therefore,
includes all Pacific Ocean eastern boundary (i.e., <500 km from the coastline) grid cells between

31.59°N and 41.59°N.

For each time interval, a latitudinal SST gradient was estimated by extracting one modern SST

from each of the sampling swaths and fitting the data with a second order polynomial. The
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exercise was repeated 1000 times, allowing for determination of the mean and standard deviation
of the pseudoproxy-inferred latitudinal temperature gradient (Fig. 4C). The exercise was
repeated using the same latitudinal bands but extending the sampling swaths across all
longitudes. Using this approach, we found no statistically significant reduction to the modern
gradient, confirming that the observed reduction to the latitudinal temperature gradient from the
first approach (Fig. 4C) was a direct result of environment-specific sampling biases, as opposed

to over or under sampling of specific latitudes irrespective of environment.

2.7.5 ESM simulations

We compare observed spatial patterns in SST with historical GCM simulations from CCSM4
(Danabasoglu et al., 2012), CESM (Kay et al., 2015), and HadCM3 (Johns et al., 2003). CCSM4
and HadCM3 were included in the Fifth Climate Model Intercomparison Project (CMIPS5), which
included PMIP3, while CESM1.2 is a newer version of the NCAR Earth System model, with an
updated version of the atmospheric model (CAMS in CESM1.2 vs. CAM4 in CCSM4). For
consistency with our calculation of historical climatology from the COBE SST data product,
modeled mean monthly SSTs were regridded from each models’ native ocean grid toa 1° x 1°
spatial resolution, and averaged over 1976 to 2005 (i.e., the last 30 years of the model
simulation). Using similar time intervals for observed and modeled data avoids any offsets that
could be related to anthropogenic forcing (e.g., compared pre-industrial model SST to a late 20

century climatology, which could have a strong fingerprint of warming).

32



Figures

80
0F [ 10DP drill holes (n = 1,356)
3 60 B Eocene SST sites (n = 52)
(o)
‘5 50 F . Pliocene SST sites (n = 103)
qc) 40 Predicted distribution (n = 43,669)
]
o 30|
&L
L 20
10 H
ou AN = T
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Distance from coast (km)

Figure 2.1. Sampling locations are biased toward nearshore environments. Distributions of the
proximity to a modern coastline of all IODP associated drill holes (orange) and sampling
locations from which there are Eocene (purple) and Pliocene (green) SST estimates, compared to

the predicted distribution if the ocean were evenly sampled (gray).
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Figure 2.2. Zonal variability of modern SSTs (Hirahara et al., 2014). A. dmaT, With mean surface

circulation (Forget et al., 2015; Fukumori et al., 2017) overlain. Positive (red) and negative

(blue) shading represent locations warmer or colder than the zonal mean, respectively. B. dmarT.

Positive (red) and negative (blue) shading denotes locations more or less seasonal than the zonal

mean, respectively. C. Meridional gradient of MAT (black line) based on zonal means compared

with the range of MATSs within that latitudinal band. D. Same as C but for MART.
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Figure 2.3. Zonal MAT and MART deviations in modern epeiric sea analogs. A. The ten sites
selected to serve as modern epeiric sea analogs. B. Cross-plot of dmarT and dmar values from all
ocean data (gray points) compared with modern epeiric sea analogs (colored points). Nearly all
epeiric sea analog data plot in the upper righthand quadrant, indicating they are warmer and more

seasonal than their respective zonal means.
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shoreline). A. Cross-plot of modern coastal dmarT and omat values, separated by western
(purple) and eastern (yellow) boundaries. B. The latitudinal gradient (+1c) of western (purple)
and eastern (yellow) boundaries, and epeiric sea analogs (green), compared to the observed
latitudinal temperature gradient (thick black line). C. Pseudoproxy analysis to establish the
extent to which modern SSTs from Paleogene sampling localities (Hollis et al., 2019) are able to

reproduce the known latitudinal temperature gradient (second order polynomial fit; thick black

line).
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Figure 2.5. Comparison of modelled and observed temperature parameters for three
climatologically-average historical ESM simulations. Positive (red) and negative (blue) indicate

regions where ESMs over- or underestimate the temperature parameters, respectively.
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Supporting information
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Figure S1. Summary of the statistically significant (p-value << 0.0001) relationship between
land cover and zonal variability. A. 1o standard deviation of zonal MAT variability, plotted as a
function of the percent of land (versus ocean) grid cells, and color coded by latitude. Regression
line represents the linear relationship between the two parameters between 55°S and 90°N (i.e.,
those latitude outside the reach of the Antarctic Circumpolar Current). B. Same as A, but for the

lo standard deviation of zonal MART variability.
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Figure S3. Summary of data from eastern and western boundaries. Within each, data are
subdivided by mean flow direction. In western boundaries, flow is dominantly meridional and
data are categorized as either equatorward (between -22.5 and -157.5° in the Northern
Hemisphere) or as poleward (between 22.5 and 157.5° in the Northern Hemisphere; vice versa
for the Southern Hemisphere). Unfilled points represent data with zonal flow that did not fit
these criteria. Along eastern boundaries, flow has a more zonal component, so data are

categorized as either eastward (between -67.5 and 67.5°) or as westward (between =£111.5 and

+180°). Unfilled points represent data with meridional flow that did not fit these criteria.
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Figure S6. Spatial distribution of sampling locations used in the pseudoproxy analysis.

Coordinates of sampling sites from which there are Paleogene SST data come from the DeepMIP

compilation (Hollis et al., 2019).
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Table S1. Summary of the distribution of dmarT and dmat values across all data and from
specific environments. Number of grid cells per environment are provided in parentheticals.
Poleward, equatorward, eastward, and westward flow are defined in figure caption of Fig. S3.
High variability and low variability flow are defined as locations with an intra-annual standard
deviation (1o) greater than or equal to and less than 22.5°, respectively. Q1 through Q4 refers to

the percent of data plotting in each quadrant of a cross-plot of dMaRT VS. OMAT.

more less

o, o, o, o, <
Q1 (%) Q2(%) Q3(%) Q4 (%) seasonal seasonpal “vArmer cooler
All Data (43723) 26% 25% 29% 20% 46% 54% 51% 49%
Epeiric Seas (872) 75% 6% 2% 17% 92% 8% 81% 19%
Western Boundaries (1631) 34% 20% 1% 45% 79% 21% 54% 46%
Poleward flow (607) 46% 42% 0% 12% 58% 42% 88% 12%
Equatorward flow (695) 21% 7% 3% 69% 90% 10% 28% 72%
High variability flow (937) 21% 14% 1% 65% 86% 14% 35% 65%
Low variability flow (658) 44% 25% 2% 29% 73% 27% 69% 31%
North Atlantic (437) 11% 39% 2% 48% 59% 41% 50% 50%
North Pacific (675) 28% 2% 2% 68% 96% 4% 30% 70%
South Atlantic (312) 58% 23% 0% 19% T7% 23% 81% 19%
South Pacific (207) 66% 34% 0% 0% 66% 34% 100% 0%
Eastern Boundaries (1028) 14% 31% 35% 20% 34% 66% 45% 55%
Eastward flow (392) 33% 54% 7% 6% 39% 61% 87% 13%
Westward flow (364) 0% 10% 49% 41% 41% 59% 10% 90%
High variability flow (344) 12% 49% 23% 16% 28% 2% 61% 39%
Low variability flow (658) 14% 22% 41% 22% 37% 63% 37% 63%
North Atlantic (302) 3% 56% 34% 8% 10% 90% 58% 42%
North Pacific (322) 10% 38% 37% 14% 25% 75% 48% 52%
South Atlantic (135) 0% 19% 48% 33% 33% 67% 19% 81%
South Pacific (269) 38% 1% 26% 35% 73% 27% 39% 61%
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Table S2. Summary of locations used in the pseudoproxy analysis. SSTs were extracted from the
modern coordinates of locations between 55°N/S for which there are Paleogene proxy-derived
SST estimates' (Fig. S6) to test the extent to which the modern latitudinal gradient can be
estimated using a distribution of data similar to that used in paleo studies. Sites marked N/A
were excluded from the analysis, either because 1) their latitude exceeds 55°N/S, 2) they come
from an ocean basin not considered in this study (i.e., the Indian Ocean) or 3) there is no suitable

modern analog location (e.g., Well 10, West Siberia).

. . Leg or Late Paleocene- Early Modern analog location
Sites/Section Lat Lon X i X
Country Paleocene  Eocene Eocene Basin/Region Environment
IODP Site
MO004 Leg 302 87.87 136.18 v v v N/A
Fur Denmark 56.84 8.99 N4 N4 Europe epeiric sea
Well 10 West. 5350 7352 v v N/A
Siberia
Store Baelt Denmark 52.35  11.80 v v Europe epeiric sea
North Sea Belgium 50.70  3.60 N4 Europe epeiric sea
DSDP Site 549 Leg 80 49.09 -13.10 v v North Atlantic castern
boundary
Paris Basin France 48.50  2.20 N4 Europe epeiric sea
DSDP Site 401 Leg 48 4743 881 v v v North Atlantic castern
boundary
Wilson Lake ~ USA 39.66 -75.04 v v North Atlantic western
boundary
BassRiver ~ USA 3961 7444 v v North Atlantic western
boundary
Millvile USA 3924 -75.05 v v North Atlantic western
boundary
South Dover ;g 387 761 /  North Atlantic ~ Vesterm
Bridge boundary
Alamedilla Spain 3758 -3.24 N4 N4 N4 Europe epeiric sea
Lodo Gulch ~ USA 36.59  -120.64 v North Pacific castern
boundary
Turney Gulch ~ USA 36.32 -120.38 v North Pacific castern
boundary
ODP Site 1209 Leg 198 32.68 158.60 N4 N4 North Pacific open ocean
DSDP Site 577 Leg 86 3226 157.43 v v North Pacific open ocean
Harrell Core  USA 3225 -88.72 v North Atlantic western
boundary
Hatchetighee ~ USA 3145 -88.05 v/ North Atlantic western
boundary
Kutch India 2390 7040 v N/A
ODP Site 865  Leg 143 18.55 -179.65 N4 N4 N4 North Pacific open ocean

45



Dahomey
Basin

ODP Site 929

ODP Site 959

TDP3

TDP14

DSDP Site 213
DSDP Site 527

Tawanui

Tora

Mid-Waipara
River

ODP Site 1172

Hampden
Beach

DSDP Site 277

ODP Site 738

IODP Site
U1356

Seymour Island

ODP Site 689
ODP Site 690

Nigeria
Leg 154

Leg 159

Tanzania
Tanzania
Leg 22

Leg 74
New
Zealand
New
Zealand
New
Zealand

Leg 189

New
Zealand

Leg 29
Leg 119

Leg 318

Antarctic
Pen.

Leg 113
Leg 113

6.80

5.98

3.63

-8.85
-9.28
-10.40
-24.04

-40.38

-41.52

-43.06

-43.58

-45.32

-52.22
-62.72

-63.31

-64.23

-64.52
-65.33

3.63

-43.74

-2.74

39.63

39.51

94.10
1.76

176.38

175.48

172.61

149.56

170.83

166.19
82.79

136

-56.63

3.10
1.28
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Equatorial
Atlantic
Equatorial
Atlantic
Equatorial
Atlantic

N/A

N/A

N/A
South Atlantic

South Pacific
South Pacific
South Pacific
South Pacific

N/A

N/A
N/A

N/A

N/A

N/A
N/A

eastern
boundary

open ocean

eastern
boundary

open ocean

western
boundary
western
boundary
western
boundary
western
boundary



References

Brand, U., Tazawa, J.I., Sano, H., Azmy, K., Lee, X., 2009. Is mid-late Paleozoic ocean-water
chemistry coupled with epeiric seawater isotope records? Geology 37, 823—826.

doi:10.1130/G30038A.1

Berens, P., 2009. CircStat : A MATLAB Toolbox for Circular Statistics. J. Stat. Softw. 31.

doi:10.18637/jss.v031.110

Brassell, S.C., 2014. Climatic influences on the Paleogene evolution of alkenones.

Paleoceanography 29, 255-272. doi:10.1002/2013PA002576

Burke, K.D., Williams, J.W., Chandler, M.A., Haywood, A.M., Lunt, D.J., Otto-Bliesner, B.L.,
2018. Pliocene and Eocene provide best analogs for near-future climates. Proc. Natl. Acad.

Sci. 115, 201809600. doi:10.1073/pnas.1809600115

Caballero, R., Huber, M., 2013. State-dependent climate sensitivity in past warm climates and its
implications for future climate projections. Proc. Natl. Acad. Sci. U. S. A. 110, 14162—

14167. doi:10.1073/pnas. 1303365110

Cramwinckel, M.J., Huber, M., Kocken, I.J., Agnini, C., Bijl, P.K., Bohaty, S.M., Frieling, J.,
Goldner, A., Hilgen, F.J., Kip, E.L., Peterse, F., Van Der Ploeg, R., R6hl, U., Schouten, S.,
Sluijs, A., 2018. Synchronous tropical and polar temperature evolution in the Eocene letter.

Nature 559, 382—-386. doi:10.1038/s41586-018-0272-2

Danabasoglu, G., Bates, S.C., Briegleb, B.P., Jayne, S.R., Jochum, M., Large, W.G., Peacock, S.,
Yeager, S.G., 2012. The CCSM4 Ocean Component. J. Clim. 25, 1361-1389.

doi:10.1175/JCLI-D-11-00091.1

Dowsett, H.J., Foley, K.M., Stoll, D.K., Chandler, M.A., Sohl, L.E., Bentsen, M., Otto-Bliesner,

47



B.L., Bragg, F.J., Chan, W.-L., Contoux, C., Dolan, A.M., Haywood, A.M., Jonas, J.A.,
Jost, A., Kamae, Y., Lohmann, G., Lunt, D.J., Nisancioglu, K.H., Abe-Ouchi, A., Ramstein,
G., Riesselman, C.R., Robinson, M.M., Rosenbloom, N.A., Salzmann, U., Stepanek, C.,
Strother, S.L., Ueda, H., Yan, Q., Zhang, Z., 2013. Sea Surface Temperature of the mid-

Piacenzian Ocean: A Data-Model Comparison. Sci. Rep. 3, 2013.

Evans, D., Sagoo, N., Renema, W., Cotton, L.J., Miiller, W., Todd, J.A., Saraswati, P.K.,
Stassen, P., Ziegler, M., Pearson, P.N., Valdes, P.J., Affek, H.P., 2018. Eocene greenhouse
climate revealed by coupled clumped isotope-Mg/Ca thermometry. Proc. Natl. Acad. Sci.

115, 1174-1179. do1:10.1073/pnas.1714744115

Forget, G., Campin, J.-M., Heimbach, P., Hill, C.N., Ponte, R.M., Wunsch, C., 2015. ECCO
version 4: an integrated framework for non-linear inverse modeling and global ocean state

estimation. Geosci. Model Dev. 8, 3071-3104. doi:10.5194/gmd-8-3071-2015

Fraile, 1., Mulitza, S., Schulz, M., 2009. Modeling planktonic foraminiferal seasonality:
Implications for sea-surface temperature reconstructions. Mar. Micropaleontol. 72, 1-9.

doi:10.1016/j.marmicro.2009.01.003

Fukumori, 1., Wang, O., Fenty, 1., Forget, G., Heimbach, P., Ponte, R.M., 2017. ECCO Version 4

Release 3. doi:1721.1/110380

Gasson, E., Lunt, D.J., Deconto, R., Goldner, A., Heinemann, M., Huber, M., Legrande, A.N.,
Pollard, D., Sagoo, N., Siddall, M., Winguth, A., Valdes, P.J., 2014. Uncertainties in the
modelled CO2 threshold for Antarctic glaciation. Clim. Past 10, 451-466. doi:10.5194/cp-

10-451-2014

Gettelman, A., Kay, J.E., Shell, K.M., 2012. The Evolution of Climate Sensitivity and Climate

48



Feedbacks in the Community Atmosphere Model. J. Clim. 25, 1453—1469.

doi:10.1175/JCLI-D-11-00197.1

Gregor, C.B., 1985. The mass-age distribution of Phanerozoic sediments. Geol. Soc. London,

Mem. 10, 284-289. do01:10.1144/GSL.MEM.1985.010.01.22

Grossman, E.L., 2012. Applying Oxygen Isotope Paleothermometry in Deep Time, in: Ivany,
L.C., Huber, B.T. (Eds.), Reconstructing Earth’s Deep-Time Climate—The State of the Art

in 2012. The Paleontological Society Papers, pp. 39-67.

Haney, R.L., Davies, R.W., 1976. The Role of Surface Mixing in the Seasonal Variation of the
Ocean Thermal Structure. J. Phys. Oceanogr. 6, 504-510. doi:10.1175/1520-

0485(1976)006<0504: TROSMI>2.0.CO;2

Haywood, A.M., Dowsett, H.J., Dolan, A.M., Rowley, D., Abe-Ouchi, A., Otto-Bliesner, B.,
Chandler, M.A., Hunter, S.J., Lunt, D.J., Pound, M., Salzmann, U., 2016. The Pliocene
Model Intercomparison Project (PlioMIP) Phase 2: scientific objectives and experimental

design. Clim. Past 12, 663—675. doi:10.5194/cp-12-663-2016

Hirahara, S., Ishii, M., Fukuda, Y., 2014. Centennial-scale sea surface temperature analysis and

its uncertainty. J. Clim. 27, 57-75. doi:10.1175/JCLI-D-12-00837.1

Hollis, C.J., Dunkley Jones, T., Anagnostou, E., Bijl, P.K., Cramwinckel, M.J., Cui, Y., Dickens,
G.R., Edgar, K.M., Eley, Y., Evans, D., Foster, G.L., Frieling, J., Inglis, G.N., Kennedy,
E.M., Kozdon, R., Lauretano, V., Lear, C.H., Littler, K., Lourens, L., Meckler, A.N., Naafs,
B.D.A., Pilike, H., Pancost, R.D., Pearson, P.N., Rohl, U., Royer, D.L., Salzmann, U.,
Schubert, B.A., Seebeck, H., Sluijs, A., Speijer, R.P., Stassen, P., Tierney, J., Tripati, A.,

Wade, B., Westerhold, T., Witkowski, C., Zachos, J.C., Zhang, Y.G., Huber, M., Lunt, D.J.,

49



2019. The DeepMIP contribution to PMIP4: methodologies for selection, compilation and
analysis of latest Paleocene and early Eocene climate proxy data, incorporating version 0.1
of the DeepMIP database. Geosci. Model Dev. 12, 3149-3206. doi:10.5194/gmd-12-3149-

2019

Hollis, C.J., Handley, L., Crouch, E.M., Morgans, H.E.G., Baker, J.A., Creech, J., Collins, K.S.,
Gibbs, S.J., Huber, M., Schouten, S., Zachos, J.C., Pancost, R.D., 2009. Tropical sea
temperatures in the high-latitude South Pacific during the Eocene. Geology 37, 99-102.

doi:10.1130/G25200A.1

Hollis, C.J., Taylor, K.W.R., Handley, L., Pancost, R.D., Huber, M., Creech, J.B., Hines, B.R.,
Crouch, E.M., Morgans, H.E.G., Crampton, J.S., Gibbs, S., Pearson, P.N., Zachos, J.C.,
2012. Early Paleogene temperature history of the Southwest Pacific Ocean: Reconciling
proxies and models. Earth Planet. Sci. Lett. 349-350, 53—66.

doi:10.1016/j.epsl.2012.06.024

Holmden, C., Creaser, R.A., Muehlenbachs, K., Leslie, S.A., Bergstrom, S.M., 1998. Isotopic
evidence for geochemical decoupling between ancient epeiric seas and bordering oceans:
implications for secular curves. Geology 26, 567-570. doi:10.1130/0091-

7613(1998)026<0567:IEFGDB>2.3.CO;2

Huber, M., Caballero, R., 2011. The early Eocene equable climate problem revisited. Clim. Past

7, 603—633. do1:10.5194/cp-7-603-2011

Jaffrés, J.B.D., Shields, G.A., Wallmann, K., 2007. The oxygen isotope evolution of seawater: A
critical review of a long-standing controversy and an improved geological water cycle

model for the past 3.4 billion years. Earth-Science Rev. 83, 83—-122.

50



doi:10.1016/j.earscirev.2007.04.002

Jimenez, M.Y ., Ivany, L.C., Judd, E.J., Henkes, G., 2019. Low and seasonally variable salinity in
the Pennsylvanian equatorial Appalachian Basin. Earth Planet. Sci. Lett. 519, 182—-191.

doi:10.1016/5.epsl.2019.04.051

Johns, T.C., Gregory, J.M., Ingram, W.J., Johnson, C.E., Jones, A., Lowe, J.A., Mitchell, J.F.B.,
Roberts, D.L., Sexton, D.M.H., Stevenson, D.S., Tett, S.F.B., Woodage, M.J., 2003.
Anthropogenic climate change for 1860 to 2100 simulated with the HadCM3 model under

updated emissions scenarios. Clim. Dyn. 20, 583—-612. doi:10.1007/s00382-002-0296-y

Judd, E.J., Ivany, L.C., DeConto, R.M., Halberstadt, A.R.W., Miklus, N.M., Junium, C.K.,
Uveges, B.T., 2019. Seasonally resolved proxy data from the Antarctic Peninsula support a
heterogeneous middle Eocene Southern Ocean. Paleoceanogr. Paleoclimatology

2019PA003581. doi:10.1029/2019PA003581

Kay, J.E., Deser, C., Phillips, A., Mai, A., Hannay, C., Strand, G., Arblaster, J.M., Bates, S.C.,
Danabasoglu, G., Edwards, J., Holland, M., Kushner, P., Lamarque, J.-F., Lawrence, D.,
Lindsay, K., Middleton, A., Munoz, E., Neale, R., Oleson, K., Polvani, L., Vertenstein, M.,
2015. The Community Earth System Model (CESM) Large Ensemble Project: A
Community Resource for Studying Climate Change in the Presence of Internal Climate

Variability. Bull. Am. Meteorol. Soc. 96, 1333-1349. doi:10.1175/BAMS-D-13-00255.1

Kwon, Y.O., Alexander, M.A., Bond, N.A., Frankignoul, C., Nakamura, H., Qiu, B., Thompson,
L.A., 2010. Role of the gulf Stream and Kuroshio-Oyashio systems in large-scale
atmosphere-ocean interaction: A review. J. Clim. 23, 3249-328]1.

doi:10.1175/2010JCLI3343.1

51



LeGrande, A.N., Schmidt, G.A., 2006. Global gridded data set of the oxygen isotopic

composition in seawater. Geophys. Res. Lett. 33, L12604. doi:10.1029/2006GL026011

Lunt, D.J., Jones, T.D., Heinemann, M., Huber, M., LeGrande, A., Winguth, A., Loptson, C.,
Marotzke, J., Roberts, C.D., Tindall, J., Valdes, P., Winguth, C., 2012. A model-data
comparison for a multi-model ensemble of early Eocene atmosphere-ocean simulations:

EoMIP. Clim. Past 8, 1717-1736. doi:10.5194/cp-8-1717-2012

Ma, X., Jing, Z., Chang, P., Liu, X., Montuoro, R., Small, R.J., Bryan, F.O., Greatbatch, R.J.,
Brandt, P., Wu, D., Lin, X., Wu, L., 2016. Western boundary currents regulated by

interaction between ocean eddies and the atmosphere. Nature 535, 533.

Malevich, S.B., Vetter, L., Tierney, J.E., 2019. Global core-top calibration of  '* O in planktic
foraminifera to sea-surface temperature. Paleoceanogr. Paleoclimatology 2019PA003576.

doi:10.1029/2019PA003576

Montafiez, I.P., Osleger, D.J., Chen, J., Wortham, B.E., Stamm, R.G., Nemyrovska, T.I., Griffin,
J.M., Poletaev, V.I., Wardlaw, B.R., 2018. Carboniferous climate teleconnections archived
in coupled bioapatite & 18 O PO 4 and 87 St/ 86 Sr records from the epicontinental Donets

Basin, Ukraine. Earth Planet. Sci. Lett. 492, 89—101. doi:10.1016/j.epsl.2018.03.051

Miiller, R.D., Roest, W.R., Royer, J.-Y., Gahagan, L.M., Sclater, J.G., 1997. Digital isochrons of
the world’s ocean floor. J. Geophys. Res. Solid Earth 102, 3211-3214.

doi:10.1029/96jb01781

Roark, A., Flake, R., Grossman, E.L., Olszewski, T., Lebold, J., Thomas, D., Marcantonio, F.,
Miller, B., Raymond, A., Yancey, T., 2017. Brachiopod geochemical records from across

the Carboniferous seas of North America: Evidence for salinity gradients, stratification, and

52



circulation patterns. Palaecogeogr. Palacoclimatol. Palacoecol. 485, 136—153.

doi:10.1016/j.palaco.2017.06.009

Schouten, S., Hopmans, E.C., Sinninghe Damsté¢, J.S., 2004. The effect of maturity and
depositional redox conditions on archaeal tetraether lipid palacothermometry. Org.

Geochem. 35, 567-571. doi:10.1016/j.orggeochem.2004.01.012

Seager, R., Murtugudde, R., Naik, N., Clement, A., Gordon, N., Miller, J., 2003. Air—Sea
Interaction and the Seasonal Cycle of the Subtropical Anticyclones*. J. Clim. 16, 1948—

1966. do1:10.1175/1520-0442(2003)016<1948:AIATSC>2.0.CO;2

Sluijs, A., Schouten, S., Donders, T.H., Schoon, P.L., R6hl, U., Reichart, G.-J., Sangiorgi, F.,
Kim, J.-H., Sinninghe Damst¢, J.S., Brinkhuis, H., 2009. Warm and wet conditions in the

Arctic region during Eocene Thermal Maximum 2. Nat. Geosci. 2, 777.

Tappan, H., Loeblich, A.R., 1973. Evolution of the oceanic plankton. Earth-Science Rev. 9, 207—

240. doi:10.1016/0012-8252(73)90092-5

Tierney, J.E., Ivany, L.C., Bhattacharya, T., Huber, B.T., n.d. The future of past climate: review

summary. Science (80-. ).

Veizer, J., Prokoph, A., 2015. Temperatures and oxygen isotopic composition of Phanerozoic

oceans. Earth-Science Rev. 146, 92—-104. doi:10.1016/j.earscirev.2015.03.008

Zhu, J., Poulsen, C.J., Tierney, J.E., 2019. Simulation of Eocene extreme warmth and high

climate sensitivity through cloud feedbacks. Sci. Adv. 5, 1-10. doi:10.1126/sciadv.aax1874

53



Chapter 3:

The life and time of clams: Derivation of intra-annual growth rates from high-
resolution oxygen isotope profiles

Chapter 3 is published as:

Judd, E. J., Wilkinson, B. H., Ivany, L. C., 2018. The life and time of clams: Derivation of intra-
annual growth rates from high-resolution oxygen isotope profiles. Palacogeography,
palaeoclimatology, palacoecology 490, 70-83.

54



3.1 Abstract

The paired analysis of subannual microincrements and serially-sampled oxygen isotope data
affords insights into the physiological and environmental conditions controlling bivalve growth.
However, daily microincrements are faint or absent in many taxa, difficult or ambiguous to count
under the best conditions, and are often constrained to the earliest years of ontogeny, limiting the
practicality of intra-annual comparisons between growth rate and environmental parameters. We
present a computational approach to derive growth rates using only serially-sampled oxygen
isotope data, thereby allowing for broader application of bivalve growth rate studies. Variation
in the isotopic composition of shell carbonate along an ontogenetic sampling profile reflects
temporal variation in ambient water temperatures, while variation in the position of isotope
values in the distance domain reflects intra-annual variation in rates of shell accretion. Thus, the
shape of the isotope profile in distance space over a given year records the concomitant influence
of subannual variation in temperature (y-axis) and growth rate (x-axis). Presumption that annual
variation in temperature is sinusoidal allows for the determination of an intra-annual growth rate
function that best approximates observed '®Ocar data. The fidelity of the approach is affirmed
using synthetically generated isotope datasets and previously published isotope profiles. The
method offers a variety of applications to sclerochronologic studies. Using only oxygen isotope
values determined along an ontogenetic trajectory, the approach can be used to quantify spatial
and temporal patterns of intra-annual accretion within populations. Additionally, the model can
be applied to long time series such that year-to-year variations in the growth profiles can be used
to identify ontogenetic and climatic trends. While we focus here on isotope-distance records
from bivalve shell carbonate, this method is equally applicable to similar data from other

accretionary biogenic skeletal materials.
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3.2 Introduction

Subannual growth increments in the skeletons of organisms that grow by accretion can be used
to constrain both environmental and physiological conditions during ontogeny (Barker, 1964;
Davenport, 1938; Rhoads and Lutz, 1980). Microincrements form on a variety of time scales,
but most commonly reflect circatidal (e.g., Schone et al., 2002a), circalunidian (e.g., Miyaji et
al., 2010), or circadian (e.g., Chauvaud et al., 1998) rhythms. Growth increment widths and
counts reveal the timing of growth line formation, duration of the growing season, and growth
rate (e.g., Hallmann et al., 2009). Furthermore, comparison of growth rate profiles from multiple
years along an ontogenetic trajectory, or between spatially or temporally disparate populations
can elucidate the parameters controlling growth rate. For example, increment width profiles
have been used to identify latitudinal trends in the number of growing days per year (Tanabe and
Oba, 1988) and assess paleotidal regimes via the observed magnitude of diurnal inequality

(Ohno, 1989).

High-resolution stable oxygen (8'*Ocarb) and carbon (8'3Cearb) isotope analyses are frequently
employed in sclerochronologic studies and, when coupled with microincrement analyses, reveal
the effects of environmental conditions such as temperature and nutrient availability on growth
rate (e.g., Schone et al., 2003a). Additionally, they can provide valuable information on taxon-
specific physiological parameters, such as thermal thresholds (i.e., temperatures above or below
which the organism is too stressed to precipitate carbonate) and seasons of maximum and
minimum growth (e.g., Weidman et al., 1994). Such coupled studies show that intra-annual shell
growth often correlates with seasonal temperature variations (e.g., Cardoso et al., 2013; Jones
and Quitmyer, 1996), but can also vary with a range of other parameters including productivity

and nutrient availability (e.g., Witbaard et al., 2001), salinity (e.g., Koike, 1980), monsoons and
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typhoons (e.g., Schone et al., 2003b), tidal cycles (e.g., Ohno, 1989), ontogenetic age (e.g.,
Tanabe, 1988), and the timing of reproduction (e.g., Sato, 1995), as well as quasi-decadal

oscillations in one or more of these parameters (e.g., Lazareth et al., 20006).

Investigation of growth rates has practical applications that extend beyond the scope of
traditional sclerochronologic studies. Knowledge of environmental parameters that yield faster
or more continuous growth can provide valuable information to commercial fisheries, resulting
in better, more targeted management practices. Yearly-resolved chronologies based on widths of
annual bands are leading indicators of the long-term dynamics of climate change and associated
anthropogenic effects across a range of temporal and spatial scales (e.g., Black et al., 2016).
Growth rate data can also provide fundamental information to the emerging field of conservation
paleobiology (e.g., Dietl et al., 2015). By comparing increment width profiles from modern and
fossil taxa from the same species and setting, baseline growth rates can be established and
environmental changes that serve to either inhibit or promote the growth of organisms can be
identified (e.g., Steinhardt et al., 2016). Furthermore, inter-annual growth rate data have the
potential to shed light on environmental conditions in shallow and deep time paleoclimate
studies, such as the presence of quasi-periodic oscillations in paleocirculation or
paleotemperature (e.g., Ivany et al., 2011; Schone, 2013; Wanamaker et al., 2008). Lastly, such
data afford insights into physiological conditions in paleontological studies, such as the onset of
maturity or senescence via ontogenetic shifts in annual growth rate (e.g., Alvarez and Pérez,

2016).

While it is clear that subannual increment width analyses provide useful information not readily
obtained by geochemical data alone, such analyses are time-consuming, often involve the use of

toxic chemicals, and require fine-scale measurements that are interpretive and prone to human
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error (Karney et al., 2010; Wanamaker et al., 2009). Additionally, subannual bands are faint or
absent in many taxa, inhibiting the ubiquitous application of microincrement analyses.
Therefore, the reconstruction of subannual variation in growth rate from oxygen isotope profiles
alone would offer a significant advantage to those studying relationships between bivalve growth
and environment, theoretically producing more consistent and reliable constraints on the

environmental conditions and physiological processes that prevailed during shell growth.

Several intra-annual growth functions have arisen predominantly as secondary aspects of models
developed to address conversion of geochemical data from the distance domain into a continuous
time series (e.g., De Ridder et al., 2007; Goodwin et al., 2003; Miiller et al., 2015; Wilkinson and
Ivany, 2002). Additionally, attempts have been made to extrapolate intra-annual accretion rates
by temporally aligning isotope data to instrumental data (e.g., Yan et al., 2014). Currently,
however, the Mollusc Growth Function Generator (MoGroFunGen; Goodwin et al., 2009) is the
only growth model whose primary purpose is to mathematically quantify intra-annual growth
rate in accretionary organisms using sequential isotope data. The model fits temperature-
resolved oxygen isotopic data with a monotonic cubic spline, the first derivative of which results
in a daily growth function. This sophisticated approach reliably reconstructs daily increment
widths with high resolution, precision, and accuracy. However, the alignment of isotope data
into the time domain is dependent on high-resolution temperature measurements, limiting its
applicability to studies of modern specimens where such data are available. Additionally, the
accuracy achieved by using a complex high-order polynomial yields growth rate functions with

parameters that offer little interpretive utility.

Here, we present a new approach for quantifying subannual variation in the growth rate of

accretionary organisms that is based on deviations in the shape of oxygen isotope profiles
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(8"8Ocarp versus distance along a sampling transect) from the predicted sinusoidal variation in
temperature with the annual cycle. Although availability of temporally-resolved temperature
data allows for the alignment of growth rates in an absolute timeframe, the method does not
require these data, and can thus be applied to deep-time studies. Our approach generates an
annually-resolved growth rate function that defines the timing, duration, rate, and temperatures
of growth. Moreover, temporal alignment of isotope data is a secondary output of the model,
transforming data from the distance domain into time space and providing insight into the

climatological regime.

33 A model for bivalve shell growth derived from oxygen isotope data

The theoretical premise of the approach is based on the observation that qualitative aspects of the
shape of oxygen isotope profiles reflect the interplay between the timing and magnitude of
changes in both temperature and growth rate (e.g., Goodwin et al., 2003; Miiller et al., 2015).
Subannual variation in ambient water temperature controls the oxygen isotope composition of
accreted carbonate in the time domain, while subannual variation in accretion rate serves to
translate that pattern of compositional variation into the distance domain. Thus, deviations of
8'80cary data from a predicted sinusoidal temperature curve, when plotted versus distance, reflect
growth rate (Fig. 1). For example, the oxygen isotope profile in the distance domain for a
bivalve with a constant growth rate should be sinusoidal (Fig 1A, 1B). If, however, the bivalve
grew faster in winter than summer, the oxygen isotope profile would tend toward cuspate (Fig.
11, 1J) due to the greater amount of carbonate accreted during that season of growth. Provided
that numerical functions can adequately describe first-order annual variations in temperature and
growth rate, patterns of isotope variation along a well-sampled transect can be used to determine

the metrics of those equations, thus resulting in a growth rate function.
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3.3.1 Governing assumptions and equations

The approach we employ here is to iteratively optimize agreement between measured and
modelled 8'8Ocary values along a distance transect, where the latter is generated using a set of
input functions that describe annual variation in temperature and growth. In order to apply this
approach, it is necessary to demonstrate that the majority of inter-annual variation in temperature

and growth can be described with simple numerical functions.

Temperature function. — One of the primary assumptions of the growth model is that annual

temperature variations, and thus annual §'®Qcar variations, are sinusoidal. Wilkinson and Ivany
(2002) describe several examples where observed annual variations in both air and ocean
temperatures are well defined using a sinusoid and demonstrate that short-term deviations from
this signal (residuals) typically comprise Gaussian noise. Furthermore, sinusoidal temperature
variation is a theoretical expectation given that changes in ambient air and water temperature are
primarily driven by variations in solar insolation, which sinusoidally oscillate throughout the
year (e.g., Haney and Davies, 1976; Lando and Lando, 1977; Stine et al., 2009). There are some
settings in which seasonal temperature variations deviate from the predicted sinusoid; however,
they generally reflect unique oceanographic conditions. For example, temperature records from
regions of coastal upwelling can exhibit a left-skew (e.g., Breaker, 2005), while shallow seasonal
thermoclines in semi-enclosed basins can generate cuspate intra-annual temperature cycles (e.g.,
Schone et al., 2005b). However, such instances appear to be the exception rather than the rule,
and should not inhibit the application of this method to bivalves from most marine environments

(e.g., Kubota et al., 2017; Richaud et al., 2016; Yan et al., 2012).
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The parameters used to constrain the sine function (Tsine; Table 1) are amplitude (Tamp), period
(Tper), temporal phase (Tpha), and vertical position (Tpos). Amplitude is equivalent to the annual
range of temperatures and position is analogous to the mean annual temperature (MAT). While a
record that includes shorter term temperature fluctuations superimposed on the annual cycle
might be better described by a higher order polynomial (e.g., Goodwin et al., 2009), the
parameters constraining such a fit are not based on climatological principles and can
inadvertently fit the model to Gaussian noise. Therefore, the decreased goodness-of-fit when
using a sinusoid (as compared to a high order polynomial) is offset by decreased model
complexity, increased utility, and greater intuitive significance of parameters; hence, a sinusoidal
function can constrain first-order temperature conditions with greater confidence. For example,
the best-fit sinusoid to weekly resolved, interpolated sea surface temperature data from the coast
of Mauritania, NW Africa (Miiller et al., 2015; Reynolds et al., 2002) accounts for 83% of
observed temperature variations over the seven-year-long time series (Fig. 2A); residual data

consist of Gaussian noise with a standard deviation of ~1 °C (Fig. 2B).

Growth function. — In addition to describing sinusoidal seasonal change in temperature, a similar

understanding of variation in growth over the year is needed to estimate absolute growth rates
from stable isotope data arrayed in the distance domain. Inspection of several high-resolution
increment width profiles (Fig. 3, black lines; Goodwin et al., 2003, 2001; Hallmann et al., 2009;
Lorrain et al., 2004; Schone et al., 2003b) provides insight into the factors controlling daily
accretion rates and the parameters required to quantitatively constrain such variation with a
single function. Collectively, these data suggest that: (1) Daily rates of shell growth are highly
variable. Most short-term variations are related to diurnal and fortnightly tidal cycles, but can

also include differences in growth rate related to ephemeral changes in temperature and salinity.
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While any single growth function will likely be unable to capture this high frequency variation,
these short-term differences in growth impart only a small fraction of the annual variance in
growth rate. (2) Many bivalves do not grow their shells continuously throughout the year.
Biochecks (sensu Hall et al., 1974), or cessations in growth, which are interpreted as the result of
environmental and/or reproductive stress, are associated with the development of prominent
macroscopic growth bands. Thus, a growth rate function must be able to account for an extended
interval of zero growth. (3) Records of shell growth can exhibit patterns that are strongly
skewed. In some instances (e.g., Fig. 3E), increases in growth rate are more protracted in time
than decreases, while others (e.g., Fig. 3A, 3F, 3G) exhibit the opposite pattern. In order to
constrain this asymmetry, the growth function must incorporate a skewness parameter. (4)
Despite these caveats, most intra-annual growth rate data exhibit broadly similar patterns, though
the timing, duration, and intensity of seasonal growth and growth cessation vary considerably
with environmental setting and stage of ontogenetic development (Fig. 3). This suggests that, in
most cases, a single function can be used to describe the general pattern of accretion throughout

the year.

Such seasonal changes in accretion rate can also be mathematically characterized using a
sinusoidal function. Here, the defining parameters (Gsine; Table 1) are seasonal range of growth
rates (amplitude, Gamp), duration of growth variation (period, Gper), day of fastest growth within
the year (phase, Gpha), and mean annual growth rate (position, Gpos). Additionally, because
specimens can exhibit symmetrical growth over the season of accretion (e.g., Fig. 3D), or display
positive or negative skewness in growth rates about some maximum rate (e.g., Fig. 3E), the
growth rate sinusoid includes a skewness parameter (Gskw) that imposes differing degrees of

asymmetry on the growth curve. Because growth rate cannot be negative, any negative growth
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values are assumed to be zero, thereby accommodating the necessity for intervals of complete

growth cessation.

A skewed sinusoidal growth function cannot account for higher-frequency variation imposed by
tides, storms, or other environmental perturbations; however, average day-to-day differences in
band widths relative to the best-fit sinusoid generally comprise Gaussian noise. Though such an
approach serves to average shorter-term growth rate variations, it does capture first-order growth
attributes, such as maximum growth rate and number of growing days during any record of

annual accretion (Fig. 3, gray curves).

3.3.2 Model inputs

The required input values for the model are serially-sampled §'8Ocar, data and their associated
distances along the sampling (ontogenetic) trajectory. In the following examples, we convert
oxygen isotope values into temperatures using the empirically derived aragonite
paleotemperature equation of Grossman and Ku (1986), as later modified by Dettman et al.
(1999). Because 8'3Ocarb is dependent upon both the temperature and the oxygen isotopic
composition of the seawater (8'%0y) from which the carbonate is precipitated (Urey, 1948),
calculation of temperature requires knowledge or an assumption of §'80y. In all examples
considered here, we assume average normal marine conditions (8'%Ow = 0%o) unless otherwise
stated. The approach is only applicable to datasets where 6'%0,, is known, can be reasonably

assumed, or is presumed to be invariant over the year.

Optimal datasets should have a high sampling density, accurate distance measurements, and
come from taxa that grow over large portions of the year. Ideally, the spatial distribution of

samples should span nearly the full year of accreted growth, and the temperatures inferred from
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oxygen isotope values should capture a large portion of the observed seasonality (see below).
For accurate distance measurements, sampling should be conducted on a MicroMill or
comparable digital sampling platform that provides precise XY coordinates for each sample;
however, distances can also be determined a posteriori from a digital image of any set of
visually distinct sample traces using software such as ImagelJ (Schneider et al., 2012). The need
for distance data (or the knowledge that all samples are equally spaced) in order to apply this
approach supports a call to authors to publish such information accompanying their sequential

isotope analyses.

3.3.3 lteration procedure to yield a best-fit solution

The presumption of sinusoidal variation allows us to determine, from a stable isotope profile
collected in the distance domain, the parameters of the temperature (position, amplitude, and
phase) and growth sinusoids (position, amplitude, phase, and asymmetry) that best approximate
that isotope record in the time domain. The approach works by iteratively generating modeled
isotope profiles and then comparing those profiles with input §'8Qcarb values and distance
measurements. Here, we use the shuffled complex evolution method (Duan et al., 1992), an
iterative global optimization program, in order to converge upon the set of parameters that

minimizes the difference between the measured and modeled isotope profiles.

Temperature and growth sinusoid solutions are determined by holding Tper and Gper fixed at 365
days, Tpha aligned with the known or presumed date of maximum temperature, and iteratively
varying all other Tsine and Ggine parameters. Tiine relates time and temperature (and thus §'¥Ocar),
while Ggine relates time and growth rate, which can be summed to yield the full sampled transect

distance. Modeled isotope datasets are iteratively generated by extracting temperature values
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from the Tsine curve (which are converted to 8'8Ocary values) at the same distance values as the
input dataset. Optimal solutions are determined by minimizing, by least squares, the differences
between input and modelled isotope profiles. If the oxygen isotope profile spans multiple years
of growth, then each year is fit separately. Supplemental File 1 is a static Excel file that includes
the mathematical functions; MATLAB code to perform the above procedures is provided in

Supplemental File 2.

34 Synthetic systems

Before applying the model to measured isotope data from natural systems, we first validate the
approach and test its efficacy using simplified synthetic datasets where temperatures, growth
rates, and coeval isotope compositions are known. We then use these synthetic datasets to assess

the sensitivity of the model to the duration and timing of the growing season.

3.4.1 Validating the model

We begin by generating synthetic isotope profiles for bivalve shells grown at prescribed,
sinusoidally varying temperatures and skewed sinusoidal growth rates in order to investigate the
ability of the approach to recover known input parameters from idealized isotope transects.
Figure 4 illustrates two such examples, one of which (Fig. 4D, 4E, 4F) also incorporates
Gaussian noise into both input functions and a fortnightly (i.e., tidal) cycle into the growth rate
function to better simulate some of the noise inherent to real world data. In both cases, oxygen
isotope values are calculated at fixed intervals in the distance domain over a single year of
growth to yield synthetic sampled transects (Fig. 4A, 4D) from known input functions (Fig 4B,
4E). Outputs from both synthetic datasets yield estimates of intra-annual variation in

temperature and growth rate arrayed in time (Fig. 4C, 4F) that are virtually identical to those
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values employed in the generation of the original synthetic isotope profiles (Fig. 4B, 4E, Table
2). Particularly useful descriptors of the growth function derived from the output sine

parameters include the number of growing days and the maximum growth rate.

These examples demonstrate that this technique is able to recover input parameters from
synthetic sampled transects, but under what range of input conditions is this likely to remain
true? In order to assess model performance over a wide range of conditions, we create and
model 1,000 synthetic oxygen isotope profiles and then compare output solutions to input
parameters in the same manner illustrated above. Profiles were generated by randomly selecting
from a wide range of values for each of the Tsine and Gsine parameters, resulting in a suite of 1,000
unique combinations of growth and temperature input functions. The only constraint on
synthetic datasets is that they all come from input functions that simulate growth for at least 60%
of the year. Each synthetic isotope profile consists of 15 equally spaced samples in the distance
domain. Because the goal here is to identify those parameters most vulnerable to error, no noise

was introduced into the synthetic datasets.

When input values are plotted against modeled values, most comparisons fall on or very close to
the 1:1 line, indicating that the model is generally able to reproduce input functions over a wide
range of Tsine and Gsine parameters (Fig. 5). For temperature parameters, underestimation of Tamp
is the most frequent cause of mismatch (Fig. SA), while the skewness term for growth becomes
increasingly unreliable toward endmember values (Fig 5D). Maximum growth rate is robust
under nearly all circumstances (Fig. 5SF), however the duration of the growing season is
particularly difficult to recover (Fig. SE), being overestimated by more than one month in 10%
of model runs. The duration of the growing season is ultimately controlled by the value of the

output seasonal amplitude, suggesting that Tamp has a substantial impact on the fidelity of model
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results. If the seasonal range of temperatures is underestimated, growth is forced to occur over
longer portions of the year, thus overestimating the total number of growing days. In every case
where duration of the growing season is overestimated, Tamp is also underestimated. While
qualitative aspects of the growth function (e.g., timing of maximum growth) are still recovered
under these circumstances, the erroneous extension of the growing season can lead to spurious
interpretations of physiological parameters (e.g., threshold temperatures). Notwithstanding this
issue, the generally exceptional agreement between input and modeled values over a range of
conditions suggests that our approach can recover reliable information about intra-annual
variation in temperature and growth from isotope profiles provided that: 1) the presumption of
sinusoidal variation in temperature and growth rate holds true, and 2) that isotope data capture

most of the actual seasonal range of temperatures.

3.4.2 Model sensitivity: The impact of Tump

Results from the exercise above indicate that the duration of the growing season can be difficult
to constrain with confidence, with the degree of uncertainty dependent upon the accuracy of
modeled seasonal amplitude. The ability to recover Tamp relates to the range of temperatures
captured by shell growth during the year, which itself is determined by the relationship between
the timing of maximum temperature and maximum growth rates. Here we explore how these
variables interact and the conditions under which they are most likely to lead to error in model
outputs. The objective is to illustrate the potential for bias under the most idealized conditions so
as to bring to light the circumstances in which the model underperforms, and to offer some

strategies for circumventing problems where possible.
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Output Tamp values are largely dependent upon the range of isotope values preserved within the
sample transect, which in turn is primarily a function of the duration of the growing season and
the temporal phase shift of the growth function with respect to the temperature function. When
accretion occurs over large portions of the year, isotope datasets capture the majority of the
annual variation in temperature (Fig. 6). However, as the duration of the growing season
decreases, isotope-derived temperatures can increasingly underestimate the amplitude of
seasonality. This underestimation can be amplified or dampened depending on the temporal
phase shift of the growth function in comparison to the temperature function (i.e., the time
difference between the dates of maximum temperature and maximum growth rate; Fig. 6). Over
the same duration of growth, bivalves that experience growth cessations during a seasonal
extreme (i.e., a temporal phase shift of the growth function of 0 or |6| months) will consistently
record lower seasonal amplitudes than those with growth cessations during the fall or spring (i.e.,

temporal phase shift of the growth function of -3 or 3 months, respectively; Fig 6).

Further exploration into this issue using synthetic datasets generated under constant input
temperatures parameters but variable Gpha and Gamp (Which simulates accretion over varying
fractions of the year) values indicates that the probability of underestimating Tamp and
overestimating the duration of the growing season increases when the range of isotope-derived
temperatures accounts for less than 75% of the input seasonal amplitude. Note, however, that
these results stem from simplified and idealized datasets. In these synthetic examples, there is no
uncertainty in distance measurements nor in isotope values, and the isotope transects are not
subject to noise, time averaging, or other sampling biases intrinsic to real world data. Thus, it is
possible that in natural systems, Tamp could still be underestimated even if the isotope-derived

temperatures account for well over 75% of the known seasonal range.
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In cases where the isotope-derived amplitude of seasonality deviates significantly from the
known seasonal range, the model-data mismatch can be minimized by constraining the range of
potential Tamp and/or Tpos values. Setting a minimum value for Tamp limits the range of potential
output values over which the model will iterate and forces the model to incorporate a growth
cessation long enough to account for discrepancies between isotope-derived temperatures and the
known temperature range. Similarly, independent MAT data can be used to set bounds on the
potential values of Tpos. So long as growth captures at least one seasonal extreme, artificially
constraining the range of potential Tpos solutions will force the model to account for the missing
seasonal extreme, and thus increase the value of Tamp. When the range of temperature variation
is accurately constrained, our approach fully captures subannual variation in the rates of shell

accretion regardless of the relation between phases of temperature and growth rate.

In light of these insights, the range of isotope-derived temperatures within any sample transect
should be compared with available oceanographic/climatological data prior to the application of
the approach. In studies of Recent taxa, the range of temperatures derived from isotope data can
be compared with measured or interpolated temperature data, and if the former underestimates
the latter, a lower boundary on the possible solutions of Tamp can be set. Datasets reporting sea
surface temperatures (SST) and temperature at a variety of ocean depths are widely available
(e.g., Boyer et al., 2013) and useful in this regard. Whenever the temperature is unknown, mean
temperature inferred from the isotope values can be compared with MAT data from an
independent proxy (e.g., Mg/Ca, TEXss, clumped isotopes) or climate model. If proxy or model-
based MAT values are significantly different from isotope-derived mean temperatures, they can

be used to set upper and lower limits on Tpes. When the range of temperature variation and/or
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mean temperature values are constrained, the model can capture subannual variation in rates of

shell accretion regardless of relations between phases of temperature and growth rate variation.

3.5 Testing the model in natural systems

In order to test the fidelity of the approach in natural systems, we consider two published
examples in which isotope compositions from Recent bivalves are accompanied by both coeval
measured temperatures and growth rate data derived from measured microincrement widths

(Goodwin et al., 2001; Hallmann et al., 2009).

3.5.1 Natural system 1: Chione cortezi from the Gulf of California

The first dataset comes from the shallow, infaunal bivalve Chione cortezi (Goodwin et al., 2009,
2001; Schone et al., 2002b). Specimen IM11-A1L was live-collected in February of 2000 from
the margin of the Colorado River Delta in the Gulf of California (31°40°N, 114°41°W). Fifteen
8'8Qcary values arrayed in distance space constrain the last year of growth (February 1999 —
February 2000; Fig. 7A). Measured circalunidian increment widths, which indicate that growth
is restricted to the summer months, provide an excellent record of growth in time against which
to compare model results (Fig. 7B, thin black line). A sine curve fit to filtered mean
temperatures averaged from bihourly temperature logger data (Fig. 7B, dark gray curve) yield an
environmental MAT of 19.9 °C and a seasonal range of 18.0 °C, while isotope-derived
temperatures indicate a MAT of 23.55 °C and a seasonal range of 10.1 °C. Because the isotope-
derived temperatures clearly overestimate measured MAT while underestimating seasonal range,
indicating growth over only a portion of the year, we set a lower bound on Tamp of 16 °C. Based
on the best-fit sinusoid to observed temperature data, growth and temperature functions were

assigned Julian dates by presuming that maximum temperatures were reached on August 1.
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Modeled temperature and growth functions of the C. cortezi specimen are in excellent agreement
with observed curves (Fig. 7B, 7C). Output values from the growth function are consistent with
measured data at key growth intervals throughout the year (Table 3), particularly with respect to
the timing and duration of the growing season. Agreement between the model growth function
and the best-fit sinusoid through the measured increment width data (Table 3) suggests that
discrepancies in the timing and magnitude of maximum growth rate are likely a function of the
high-amplitude, high-frequency variations in the observed increment width data. An observed
late summer ephemeral growth check (arrow in Fig. 7B) is not accounted for by our approach.
Consequently, growth rate is slightly overestimated in the weeks immediately preceding the
check and slightly underestimated in the weeks immediately following. However, these
differences are minor and do not inhibit the interpretation of overall environmental and

physiological parameters controlling intra-annual growth.

3.5.2  Natural system 2: Saxidomus gigantean from Little Takli Island, Alaska

The second dataset comes from the intertidal butter clam Saxidomus gigantea (Hallmann et al.,
2009). Specimen GI1-LTI0907-A2L was live-collected on September 9, 2007 from Little Takli
Island, Alaska (58°03°N, 154°26°W). Twelve isotope samples constrain the third year of growth
(2005; Fig. 8A) and are accompanied by contemporaneous increment width measurements and
sea surface temperatures from the NOAA World Ocean Databas (Boyer et al., 2013; Fig. 8B).
We used a §'80y value of -3.0%o to account for observed freshwater influx (Hallmann et al.,
2009) and allow for a more direct comparison between the measured temperature values and the
modeled temperature function. Results were temporally aligned by presuming that maximum

temperatures occurred on July 26. In this example, we consider the growing season to occur
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when growth rates rise above 10 pm/day, the lowest reported growth rate from Hallmann et al.

(2009).

The growth curve derived from the oxygen isotope profile of S. gigantea is again in good
agreement with both the observed growth increments and the best-fit sinusoid to those
increments (Fig. 8C, Table 3), confirming the reliability of the approach. Results indicate that
growth began in the spring and increased rapidly before reaching a maximum in late spring-early
summer. Growth then gradually decreased into the fall before stopping in late November, for a
total of ~230 growing days. Growth occurred when temperatures exceeded ~6 °C. Maximum

growth rates were achieved approximately two months prior to maximum temperatures.

3.6 Applications of the model

Growth rates estimated from stable isotope profiles are in good agreement with those determined
from numbers and widths of ciraclunidian increments (Fig. 7, 8). The reliability of this approach
in both synthetic and natural systems suggests that the model can confidently be applied to
recover estimates of intra-annual variation in growth in cases where isotope data are all that exist
with which to constrain them. Below, we explore some of the many potential applications and

insights afforded by this approach.

3.6.1 Temporal alignment of temperature and growth rate

Notwithstanding the numerous advantages of increment width studies, their primary limitation is
the inherent disconnect between observed temperatures and growth profiles. While both
temperature and increment widths can be measured, it is difficult to accurately align the two
datasets, particularly when growth is not continuous throughout the year. In such cases, calendar
assignments of increment width measurements are often based on assumptions of physiological
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characteristics. For example, Schone et al. (2003b) temporally align observed increment widths
by phase shifting the profile such that temperatures are the same on the first and last day of
growth. While the assumption that temperature is the primary control on the initiation or
cessation of growth is often fair, employing such an assumption to the temporal alignment of the
increment width profile presupposes the existence of a constant temperature threshold. In doing

so, any further attempt to link temperature and growth becomes circular.

In contrast, the model presented here incorporates phase as a parameter of both the temperature
and growth functions. As a result, temporal alignment of the growth profile with respect to the
temperature sinusoid is an output, not an assumption. Because the model independently relates
temperature and growth, it can serve as an objective test for the existence of temperature-based
physiologic constraints on growth. Application of the model, in tandem with increment width
analysis, can help facilitate accurate temporal alignment of growth profiles, allowing for a more

robust comparison between observed temperature and growth parameters.

3.6.2  Environmental influences on spatial/geographic patterns of intra-annual shell growth

Data on widths and numbers of lunar daily growth increments demonstrate that many bivalves
exhibit pronounced intra-annual variation in rates of shell accretion, often including intervals of
complete growth cessation. Following intervals of no growth, increment widths typically
increase, reach some seasonal maxima, and then decrease until the next interval of dormancy
(Fig. 3). Skewed sinusoids fit to increment width profiles typically account for 70-80% of
observed variation in growth rate, and their parameters quantify the net duration, maximum rate,
and asymmetry of growth (Table 4). Sinusoids fit directly to increment width data produce a

quantitative understanding of the parameters that control changes in annual accretion and
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illustrate how this approach, when applied to isotope profiles alone, can yield quantitative
assessments of growth as arrayed in time or space. For an example, the three ontogenetic series
in Fig. 3 (E-G, each comprising four years of growth) all exhibit a decrease in the net amount of
shell accreted with age, but the degree to which that decrease is due to lower rates or shorter
growing seasons is not apparent on the basis of visual inspection alone. However, a best-fit
sinusoid to the growth profile clearly shows that the decrease in annual increment widths of S.
gigantea (Fig. 3E) is almost entirely due to a reduction in accretion rate over a nearly constant
number of growing days per year, while in the case of C. cortezi, the decrease in annual

increment width is equally related to reductions in growth rates and annual durations (Table 4).

Quantitative assessment of the parameters responsible for differences in annual shell growth
applied to populations arrayed in space enables attribution to correlated environmental variables.
Sato (1997), for example, reports variation in daily increment formation during the third year of
growth for 18 specimens of Phacosoma japonicum off the coast of northern and southern Japan
(Fig. 9). Visual inspection is sufficient to show that shells in the northern population grew
rapidly in late spring and summer while those from the two southern populations grew more
slowly over more of the year. Differing skewness between the records has been related to
seasonal changes in phytoplankton abundance (Sato, 1997). Determination of best-fit sinusoids
to these data allows for a quantification of these generalizations. Although the widths of the
third annual growth increment are similar across all three sites (Fig. 10A), the similarity is
brought about by a pronounced inverse relationship between the duration of shell accretion and
the widths of microincrements within the year (Fig. 10B). Moving south from northern
Hakodate Bay (41.8 °N) to Ariake (33.0 °N) and Kagoshima (31.4 °N) Bays, the duration of

intra-annual accretion progressively increases and the widths of microincrements progressively
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decrease. These changes correlate with latitudinal variations in MAT and the annual range of
temperatures (Fig. 10C). While this example does not explicitly apply the model to stable
isotope data, we include it to illustrate how mathematical quantification of intra-annual shell
growth using sinusoidal functions allows for a more direct comparison of the timing and
magnitude of growth rate variations between individuals and across populations. Thus,
application of this model to serially sampled isotope datasets can answer first-order questions
about the primary controls on subannual growth rate even in taxa where daily growth increments

are absent or unavailable.

3.6.3 Examination of intra-annual growth patterns through ontogeny

Many authors have discussed the value of long time series of isotope data for revealing temporal
patterns in climate variables at a given location (e.g., Wanamaker et al., 2011). Derivation of
intra-annual growth parameters from those same stable isotope profiles would allow for a
rigorous numerical analysis of the timing, rate, and duration of growth over time, as well as how
growth parameters relate to associated temperature variables. Those variables can then be
related back to environmental factors and interpreted in the context of physiology. Furthermore,
modeling several successive years of growth can be used to determine whether those variables
remain stationary, change through ontogeny, or vary with prescribed periodicities (e.g., El Nifio

Southern Oscillation, North Atlantic Oscillation).

As an illustration, we apply the approach to the longest and most complete isotope transect yet
obtained from any bivalve, a 374-year-old specimen of the long-lived North Atlantic bivalve
Arctica islandica (Schone et al., 2005a). The ‘Methuselah clam’ was live-collected in July of

1868 from shallow (<30 m) marine water off the coast of Iceland. Ontogenetic years 3 through
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40 were sampled, resulting in 1,051 stable isotope analyses spanning 38 complete years of
growth from 1495 to 1532 CE (Fig. 11A; Schone et al., 2005a). As noted by Schone et al.
(2005a), isotope profiles over each annual cycle are similar in form, defined by a saw-tooth-
shaped profile that shifts abruptly from depleted (summer) values to more enriched (winter)
values, then moves gradually to the next depleted value. The strongly skewed shape of the
annual 3'30 profiles and the observation that growth bands typically occur within the cooling
limb rather than at isotopic extremes (Fig. 11A) suggests that the shell grew slowly or not at all
during the fall and most rapidly during the spring, and that growth captures both seasonal

extremes.

We model temperature and growth rates for the 38 years of published stable isotope data. Years
were delineated by successive isotopic extremes and the dataset was modeled twice - once with
years demarcated by the most depleted values (Fig. 11A, open circles) and once with the years
demarcated at the most enriched values (Fig. 11A, filled circles), resulting in 75 unique sets of
output functions. Results were temporally aligned by assuming that maximum temperatures
were reached on September 1. The modeled temperature functions yield a mean annual
temperature of 6.3 + 0.4 °C (Fig. 12A), virtually identical to the average isotope-derived
temperature (6.3 °C), though cooler than the measured MAT in the region (7.4 = 0.2 °C; Boyer et
al., 2013; Smith and Reynolds, 2003). Mean seasonal temperature range is 1.6 £ 0.5 °C (Fig.
12B), similar to the range of values captured in the isotope data but somewhat underestimating
the average SST range of 4.4 °C as reconstructed by Smith and Reynolds (2003). However, the
attenuation of seasonal amplitude with increasing water depth (Wilkinson and Ivany, 2002)
predicts that seasonal variation where this shell grew was reduced in comparison to that at the

surface, particularly with respect to summer temperatures. In fact, temperature measurements
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over a range of depths for sites off the coast of Iceland exhibit a 3.5 °C average decrease in
amplitude from the sea surface to a depth of 30 m (Boyer et al., 2013). The reduced seasonal
range and somewhat lower MAT at depth in comparison to the surface are therefore predicted by

oceanographic data, reflected in shell isotope data, and fully captured by modeled results.

Growth parameters for each of the 75 model runs reveal similar patterns of accretion (e.g., Fig.
11B, 11C). Growth begins in late February or early March and ceases sometime between late
November and mid-December, for an average of 318 days of growth. Maximum growth rates
are achieved between June and July, with a mean date of maximum growth of June 19 + 68 days
(Fig. 12C). These results are in excellent agreement with observed patterns of the timing and
duration of intra-annual growth in modern North Atlantic A. islandica specimens (Ballesta et al.,
2017). Analysis of yearly statistics through time can be used to identify temporal trends in
growth parameters, in this case illustrating that the timing, rate, and duration of annual growth
are consistent through this portion of ontogeny (Fig 12D). Furthermore, provided a long enough
time series, Fast Fourier Transform (FFT) analysis can be used to identify potential periodic
variations in growth parameters themselves, similar to that conducted by Schone and colleagues

(2005a) on seasonal extremes in isotope values in the Methuselah dataset.

Finally, relating growth parameters to environmental and annual increment width data can
provide additional insights into the causes of changes in inter-annual growth rate through
ontogeny. Schone et al. (2005a) found a statistically significant correlation between maximum
annual isotope-derived temperatures and residual annual increment width in the Methuselah
clam, a finding we can reproduce with the model-derived seasonal range (R?> = 0.27; p < 0.001).
Because annual increment widths are determined by some combination of the duration and rate

of shell accretion over the growing season, both of which are estimated by this approach, model

77



outputs are able to deconvolve these two influences, something that Schone and colleagues were
unable to address in their original work. In this case, annual increment widths positively
correlate with maximum annual growth rates (R? = 0.81; p <« 0.001), but are unrelated to the
number of growing days in the year (R?> = 0.04; p = 0.09), indicating that year-to-year variations
in annual increment width are brought about by changes in the rate, not the duration, of intra-
annual growth. Pinpointing the mechanisms responsible for deviations in annual increment

widths further illustrates how this approach can enrich studies of variation in growth over time.

3.7 Conclusions

We present a new model for quantifying intra-annual variations in accretion rate of bivalve shells
based solely on oxygen isotope profiles arrayed in space. Comparison of output temperature and
growth functions with a variety of synthetic and natural datasets confirm the fidelity of the
approach. Veracity of results is optimized when constraints on the minimum amplitude of
seasonality are set prior to running the model, particularly when one of the seasonal extremes is
absent from the isotope profile. This methodology has a variety of practical applications,
including quantifying differences in patterns of intra-annual growth over geographic regions and
throughout ontogeny. When applied in tandem with increment width measurements, model
results can be used to facilitate accurate calendar alignment of the observed increment widths.
Furthermore, the approach can be applied to long time series in which increment width
measurement would be impractical or infeasible to attain; temporal variations in the growth
profiles can be used to identify ontogenetic trends and/or short-term climate oscillations.
Additionally, though all of the model applications presented here utilize data from bivalves, the
method is equally applicable to isotope profiles from other accretionary organisms, such as fish

otoliths, corals, or other mollusks. This model offers a number of advantages over previous
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approaches to assess intra-annual variation in bivalve shell growth. Its application to new and
existing stable isotope profiles in the distance domain will allow for a more sophisticated and

nuanced evaluation of the patterns in and controls on shell growth in space and through time.
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Figure 3.1. Dependence of spatial variation in isotope composition (right column, black lines) on
secular variation (left column) in temperature (light gray lines) and growth rate (dark gray lines).
All examples assume a sinusoidal temperature variation of 15 + 5 °C with maximum temperature
on July 1, and represent one year and one cm of accretion. Annual changes in growth rates range

from invariant (A) to sinusoidal variation, with phase shifts ranging from maxima in the spring
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(C), summer (E), fall (G), and winter (I). Spatial distribution of §18Ocarb resulting from these
differences in growth rate result in sinusoidal (B), left-skewed (D), platykurtic (F), right-skewed

(H), and leptokurtic (J) profile shapes.
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Figure 3.2. Example of sinusoidal temperature variation in nature. A) Secular variation in seven
years of weekly resolved sea surface temperature (SST) data (open circles) from coastal
Mauritania, NW Africa (Miiller et al., 2015; Reynolds et al., 2002), fit with a sinusoid (thick gray
line). B) Histogram of residuals from sine fit. Deviations from sinusoidal variation comprise

Gaussian noise, centered at ~0oC, with a standard deviation of ~1°C.
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Figure 3.3. Examples of intra-annual variation in growth rate from widths of daily growth bands
(thin black lines, published data), with best fit skewed sinusoid functions (thick dark gray lines).
Light gray bands span the month of June in each year, for comparison. A. Chione cortezi from
the Gulf of California, USA (Goodwin et al., 2001; specimen IM11-A2L). B. Phacosoma
japonicum from Sato Inland Sea, Japan (Schone et al., 2003b; specimen SI7-A2). C. Saxidomus
gigantea from British Columbia, Canada (Hallmann et al., 2009; specimen DeRt-1-0787-A3L).
D. Saxidomus gigantea from British Columbia, Canada (Hallmann et al., 2009; specimen DeRt-
1-0188-A15L). E. Four years of growth of Saxidomus gigantea from British Columbia, Canada
(Hallmann et al., 2009; specimen DeRt-1-0188-A15L). F. Four years of growth of Pecten
maximus from the Bay of Brest, France (Lorrain et al., 2004; specimen N). G. Four years of
growth of Chione cortezi from the Gulf of California, USA (Goodwin et al., 2003; specimen IP1-

AIR).
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Figure 3.4. Two synthetic examples of the recovery of input temperature and growth curves

Time

from evenly spaced geochemical data sampled in distance space over one year of accretion. The
synthetic isotope datasets (A and D) are derived from prescribed sinusoidal variation in

dark gray lines) and skewed sinusoidal variation in growth rate (B and E;

temperature (B and E;

light gray line). Black points on temperature curve in panels C and F indicate the temporal

placement of samples. In the second example (D-F), the input growth function is superimposed

with a fortnightly tidal cycle, and Gaussian Noise is added to both input functions. Modeled

determined only from the isotope datasets in A and D, are in excellent

b

solutions (C and F)

agreement with the input functions originally used to generate those isotope data.
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Figure 3.6. Graphical representation of the percent of seasonal range available to be recorded in
bivalve shells given varying temporal phase shifts between temperature and growth and duration
of growing seasons. There is a higher probability of recovering the full amplitude of seasonality
if minimum growth occurs in the fall or spring (i.e., temporal phase shift of -3 or 3 months,
respectively). Bivalves that experience growth cessations during peak winter or summer
temperatures (i.e., temporal phase shift of 0 or |6| months, respectively) are constrained to record
a lower seasonal range. Note that these curves reflect the seasonal range that would be recorded
under idealized conditions; an actual sampled transect through carbonate recording these
conditions is subject to time averaging, as well as a host of other sampling biases, which could

further attenuate the predicted signal.
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Figure 3.7. Chione cortezi from the northern Gulf of California, USA (Goodwin et al., 2001;

specimen IM11-A1L). A. Stable isotope compositions (open points) and best-fit isotope profile
calculated from model temperature and growth functions. B. Average daily measured
temperature (gray points) fit with a temperature sinusoid (dark gray curve) and measured
circalunidian increment widths (black lines) fit with a growth sinusoid (light gray curve). Arrow
marks a summer growth cessation. C. Modeled temperature (dark gray curve) and growth rate
(light gray curve) functions, derived only from the data in panel A. Note the agreement between

observed increment width profile and the modeled growth curve.
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Figure 3.8. Saxidomus gigantea from Little Takli Island, Alaska (Hallmann et al., 2009;

specimen GI1-LTI0907-A2L). A. Stable isotope compositions (open points) and best-fit isotope
profile calculated from model temperature and growth functions for growth in 2005. B. NOAA
sea surface temperatures (gray points) fit with a temperature sinusoid (dark gray curve) and
measured lunar daily increment widths (black lines) fit with a growth sinusoid (light gray curve).
C. Modeled temperature (dark gray curve) and growth rate (light gray curve) functions derived

from the isotope data in panel A.
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Figure 3.9. Measured (light gray lines) and modeled (dark gray lines) microincrement widths

from the third ontogenetic year of 18 specimens of Phacosoma japonicum collected Hakodate
Bay, Japan (A), Ariake, Japan (B), and Kagoshima Bay, Japan (C) (data from Sato, 1997). Open
points locate position of maximum model growth for each specimen. Note that moving from
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of growing days increases and growth profiles become more strongly right skewed.
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Tables

Table 3.1 Input parameters for both the temperature (Tsine) and growth (Gsine) functions. See
Supplemental Materials for equations.

Parameter

Explanation

Temp. Sinusoid

Tamp

Tper

Tpha

Tpos

amplitude; annual range of temperatures

period; duration of temperatures under consideration (generally fixed at 365 days)

phase; day of the year with the warmest temperature

position; mean annual temperature

Growth Sinusoid

Gamp
Gper
Gpha
Gpos

Gskw

amplitude; annual range of growth rate

period; duration of growth under consideration (generally fixed at 365 days)
phase; day of the year with maximum growth

position; mean annual growth rate (not accounting for growth cessations)

skewness; measure of asymmetry of growth throughout the year
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Table 3.2. Comparison of input and modeled growth parameters for two synthetic datasets (Fig.

4).
Example 1 Example 2
(Fig. 4A — 4C) (Fig. 4D — 4F)
Input Modeled Input Modeled

First day of growth 24 Mar 24 Mar 14 Mar 14 Mar
Last day of growth 10 Dec 10 Dec 19 Dec 31 Dec
Date of maximum growth 10 Jun 10 Jun 06 Sep 25 Aug
Duration of growth (days) 262 262 275 293
Mean non-zero growth rate (um/day) 85 85 105 98
Maximum daily growth rate (um/day) 143 142 202 171
Temp. on max day of growth ( °C) 22.0 22.0 12.5 12.9
Temp. at onset of growth (°C) 13.9 13.9 8.2 8.3
Temp. at offset of growth (°C) 8.0 8.0 4.8 4.8
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Table 3.3. Comparison of observed and modeled growth parameters for two natural system

clams (Fig. 7, 8).

C. cortezi

Gulf of California, USA

IMI1-AIL

(Goodwin et al., 2001)

S. gigantea
Little Takli Island,
Alaska, USA
GI1-LTI0907-A2L
(Hallmann et al., 2009)

Observed! Sine fit? Modeled Sine fit? Modeled
First day of growth 01 Apr 24 Mar 09 Apr 08 Apr* 30 Mar*
Last day of growth 26 Nov 20 Nov 30 Nov 23 Nov* 19 Nov*
Date of maximum growth 25 Jun 17 May 13 May 04 Jun 28 May
Duration of growth (days) 240 210 236 226% 2354
Maximum daily growth (um) 201 110 120 36 34
Temp. on day of max. growth (°C) 21 -26° 25 22.9 11 11
Growth rate asymmetry (Gjw) B 26 15 25 25
Ave. non-zero daily growth (um) - 39 73 184 254
Lower temp. threshold ( °C) 16.7-173 16 —22 16 —-18 5-74 6*

"Values from Goodwin et al. (2009).

2Based on best-fit sinusoid to measured increment width profile (light gray curves in Fig. 7B, 8B).

3Combined range from Goodwin et al. (2001) and Schone et al. (2002a).

“Values indicate where daily growth fell below 10 pm (lowest reported increment width from Hallmann et al.,

2009).
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Seasonally resolved proxy data from the Antarctic Peninsula support a
heterogeneous middle Eocene Southern Ocean
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4.1 Abstract

Understanding conditions at both global and local scales during the greenhouse climate of the
Eocene Epoch is critical for making accurate predictions in our rapidly warming world. Despite
the wealth of proxy data and modeling studies, fundamental aspects of the climate system still
remain uncertain. For example, accurate austral high-latitude temperatures are necessary to
understand the evolution of temperatures during the lead-up to Antarctic glaciation and
determine the meridional temperature gradient during greenhouse warmth, yet records are few
and disparate. Here we present seasonally resolved temperature and precipitation data from the
latest Lutetian (~42 Ma) from the eastern Antarctic Peninsula. Oxygen isotopes from bivalves
indicate a mean temperature of 13.1°C and a seasonal range of 8.0°C, slightly (<1°C) more
seasonal than modelled temperatures from high-obliquity simulations. Carbon isotopes from
driftwood suggest that summer accounts for just over half of annual precipitation. When
compared with other austral high-latitude records, the data are consistent with a zonally
heterogeneous middle Eocene Southern Ocean. Similar longitudinal variability is observed in the
modern boreal high-latitudes, where landmasses subdivide the ocean, subjecting basins to their
own distinct circulation patterns and coastal processes. With closed Drake and Tasman passages,
the middle Eocene Southern Ocean would also have been noncontiguous, resulting in larger
variability of sea surface temperatures along individual zonal bands than today. This
interpretation resolves inconsistencies among existing high-austral proxy records, and suggests
that the large seasonal range of temperatures may be indicative of regional-scale circulation

patterns along the peninsula not captured by low resolution climate simulations.

106



4.2 Introduction

As climate continues to warm, it becomes increasingly important to make accurate predictions
about the climatic conditions we can expect in the future. One of the most productive reservoirs
of information in this regard is the rich paleoclimate archive from Earth’s deep past. Recent
modelling studies predict that by 2150 CE, little more than 100 years from now, the greenhouse
climate of the Eocene Epoch (~56-34 Ma) will offer one of the best analogs for the conditions
anticipated over much of Earth’s surface (Burke et al., 2018). For this reason, the Eocene, which
records the transition from the warmest temperatures of the Cenozoic to the onset of Southern
Hemisphere glaciation (Zachos et al., 2008), has received considerable attention. The majority of
studies have focused on climate extremes recorded early in the epoch (i.e., the early Eocene
hyperthermals) and at its close (i.e., the Eocene-Oligocene transition), but here we focus in on
the middle Eocene to better understand climate conditions and the mechanisms maintaining them
during this comparatively stable, intermediate time, particularly in the climatically sensitive

austral high latitudes.

Mean annual temperature (MAT) data are the conventional currency for comparing climates in
Earth’s past. These data are widely available, often globally synchronized, and provide
invaluable information related to large-scale temporal and spatial patterns. Seasonally resolved
records, however, are ultimately required to fully understand the climatic conditions of a given
location in deep time. While these records are uncommon, even rare snapshots can contextualize
existing estimates of MAT, as two regions with the same mean temperature can experience
dramatically different seasonal ranges (e.g., Hirahara et al., 2014). The additional perspective of
mean annual range of temperature (MART) and seasonal variation in precipitation regime can

identify important differences between regions and illuminate the local and regional processes
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driving those differences (Hansen et al., 2012, 1988; Marshall et al., 2006). In these contexts,
seasonally resolved data overall can provide significant insights into the hydrologic cycle
(Portmann et al., 2009; Trenberth and Shea, 2005), the biogeographic distributions of organisms
(Portner, 2001; Portner et al., 2007), the reliability of climate models (Gasson et al., 2014), and
even climate sensitivity (Knutti et al., 2006), and are therefore extremely valuable in the

reconstructions of ancient climate.

Seasonally resolved proxy data from Antarctica during the Eocene can bring much greater clarity
to the climate conditions that prevailed in the warm and largely ice-free polar world and the
means by which the climate system evolved during the lead-up to ice sheet growth. Recent
studies have suggested the presence of marine-terminating ice in parts of Antarctica as early as
the middle-late Eocene (Carter et al., 2016; Gulick et al., 2017). Summer temperatures are the
primary control on the inception and expansion of glacial ice; thus, seasonally resolved
temperature data from the austral high-latitudes are critical for evaluating this hypothesis.
Equally obscure is the high-austral paleoprecipitation regime. Both proxy and model-based
studies indicate intensification of the hydrologic cycle during greenhouse conditions (Carmichael
et al., 2016; Feakins et al., 2012; Huber and Goldner, 2012), however the seasonal phasing of
precipitation patterns in the high-latitudes remains enigmatic. Recent evidence suggests a highly
seasonal, summertime-dominated precipitation regime in both the Antarctic (Jacques et al., 2014)
and Arctic (Schubert et al., 2012), akin to monsoons. Modern monsoons are restricted to low
latitudes, so the potential for their presence in polar regions during greenhouse climates requires

a significant departure from the present-day climate system and warrants further investigation.

Here, we present a robust assessment of seasonal climate conditions on the Antarctic Peninsula

during the latest Lutetian (~42 Ma) using subannually resolved accretionary archives from the La
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Meseta Formation, Seymour Island, Antarctica. Oxygen isotope analyses of serially sampled
fossil bivalves reveal the annual temperature cycle in nearshore Antarctic waters and carbon
isotope analyses of serially sampled organic carbon from fossil driftwood provide insights into
the seasonal precipitation regime, both of which are evaluated using a suite of global climate
model (GCM) simulations. We explore our results in the context of existing proxy data from
other middle Eocene austral high-latitude sites, modern sea-surface temperature (SST) data, and
dynamic coastal processes that can serve to inflate or deflate the seasonal temperature range
above the zonal mean value. This broad integrative approach enables a better understanding of
the climatic factors at play across the continent during this interval of transition between early

Eocene global warmth and Eocene-Oligocene growth of significant ice sheets.

4.3 Materials and methods

4.3.1 Geologic Setting

Seymour Island, Antarctica (~64°S, 54°W), is located approximately 100 km east of the
Antarctic Peninsula (Fig. 1). Outcropping on the northeastern third of the island, Eocene marine
sediments comprising the La Meseta Formation (Elliot and Trautman, 1982) accumulated on the
shelf at a paleolatitude of ~70°S (van Hinsbergen et al., 2015). The formation consists of poorly
consolidated sandstones, mudstones, and shell beds interpreted to represent deposition in an
incised valley estuary (Porebski, 1995). Specimens analyzed in the current study were collected
from shell beds in the stratigraphic subdivision known as Telm 5 (Sadler, 1988). This unit is
highly fossiliferous, with exceptional preservation of diverse marine fauna (Stilwell and
Zinsmeister, 1992) including articulated bivalves and mummified driftwood, presumably

originating from the nearby peninsular coast. Dinoflagellate biostratigraphy of the unit is
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consistent with a latest Lutetian age (~42.0 — 41.5 Ma; Douglas et al., 2014), just preceding the
opening of the Drake Passage (Scher and Martin, 2006) and the short-lived warming of the

middle Eocene climatic optimum (Bohaty et al., 2009; Bohaty and Zachos, 2003).

4.3.2  Sea surface temperature estimates from fossil bivalves

Eight specimens of fossil bivalves belonging to the genera Cucullaea and Retrotapes (formerly
Eurhomalea, Alvarez and Pérez, 2016) were serially (i.e., sequentially) sampled at high
spatial/temporal resolution across growth increments to constrain intra-annual temperature
variation during the middle Eocene. Specimens come from four horizons spanning the
stratigraphic extent of Telm 5 (Fig. 1). X-Ray diffraction (XRD) and trace element analyses were
performed on samples of each shell to evaluate preservation of the original aragonite mineralogy.
Pristine specimens were incrementally sampled for stable isotopes on either the cleaned exterior
surface or a polished section through the axis of maximum growth (Supplemental Tables S1 and
S2) using an ESI/New Wave/Merchantek MicroMill. A total of 49 years of growth were sampled
at an average resolution of 8.5 samples per year. Years were initially recognized by sculptured
growth lines on the exterior or dark growth bands on the interior of the shells (Jones, 1980), and
subsequently confirmed to be annual with cyclic variation in isotope values. Samples were
analyzed for their stable oxygen (8'®Ocarb) and carbon (8'*Cearp) isotopic compositions using a
Finnegan MAT 251 or 253 mass spectrometer coupled to a Kiel automated carbonate preparation
device. Data are reported relative the Vienna PeeDee Belemnite (VPDB) standard and were
corrected using international reference materials NBS-18 and NBS-19. Average precision is

better than 0.04%o.
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To account for biases related to variable intra-annual growth rates, oxygen isotope profiles from
discrete years of data were transformed from the distance into the time domain using the bivalve
growth model of Judd et al. (2017). This procedure facilitates climatological analysis by
permitting all samples from a given horizon to be pooled into a single, densely sampled, average
annual cycle that can be fit with a sinusoid and associated error envelope (Supplemental Table
S3). Temperatures were calculated using the empirically derived biogenic aragonite
paleotemperature equation of Grossman and Ku (1986) modified for SMOW (Dettman et al.,
1999), using clumped isotope-derived estimates of the oxygen isotopic composition of seawater

(8'8Oseawater) from shells of the same taxa collected within Telm 5 (Douglas et al., 2014).

4.3.3 Precipitation of seasonality from fossil driftwood

Fossil driftwood specimens come from a single horizon approximately midway through Telm 5
(Fig. 1), and stratigraphically between Horizons 2 and 3. Two thick sections of mummitfied
wood, cut perpendicular to the growth axis, were sampled by hand using a razor blade across 8
years of growth, with an average resolution of 17 samples per annual growth ring. Samples were
acidified with 3M HCI to remove secondary carbonate, then rinsed, dried, and weighed into pure
tin capsules. Samples were analyzed for 6'3C of organic matter (3'3Corg) using an IsoPrime
Elementar Cube combustion autosampler coupled to an IsoPrime 100 Stable Isotope Ratio Mass
Spectrometer. Data are normalized to the VPDB scale (Coplen et al., 2006) using international

reference materials NIST 1547 and NIST 8542.

We calculate the ratio of summertime to wintertime precipitation from the seasonal variability in

8!3Corg using the equation of Schubert and Jahren (2011):

P, _ A8 Cpeas—468'3Cco,-0.73
Ln( /Pz) = — (eq. 4.1)
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where P1/P; is the ratio of summertime to wintertime precipitation, A8'3Cueas is the average
difference between the maximum isotope value of a given year and the minimum value from the
preceding year, and A§'*Ccoy is the inferred intra-annual variation in the carbon isotopic
composition of atmospheric carbon dioxide. This equation was empirically derived using
globally distributed modern isotope and environmental data (Schubert and Jahren, 2011), and has
been previously applied to high-latitude Eocene specimens (Schubert et al., 2012). As there is
thus far no reliable method through which to estimate the A3'*Ccoz value in the geologic past, we
have opted to use the modern value of 0.05%o, which provides a minimum estimate of the
seasonal precipitation ratio (see results below). Here, summer and winter are defined as six-
month blocks spanning November through April and May through October, respectively, in the

southern hemisphere.

4.3.4 GENESIS climate model simulations

In order to constrain the conditions required to produce the seasonal patterns observed in our
proxy data and to better understand the seasonal response to changing baseline conditions in this
region, we ran multiple climate simulations using the Genesis 3.0 GCM (Alder et al., 2011) with
a computationally efficient slab-ocean/sea ice component rather than an optional full depth ocean
model, coupled to the BIOME4 equilibrium vegetation model (Kaplan, 2003). Each simulation
was run for 50 years with a middle-late Eocene paleogeography (Feakins et al., 2014) and a
range of pCO,, ice volume, and orbital parameters; results reflect an average of the last ten years
of each simulation, with errors based on the one sigma standard deviation of the last decade. A
summary of model configurations can be found in Supplemental Table S4. The surface model
has a spatial resolution of 2°x 2°; mean monthly SSTs were extracted at the paleolocation of

Seymour Island at ~70.8°S, 69.4°W (Supplemental Fig. S1). Once the parameters that best
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approximate proxy-based seasonal temperatures are identified, we assess the compatibility of the
fossil wood analyses with the modelled mean monthly precipitation rate. The 18-layer
atmosphere has a spatial resolution of ~3.75 ° x 3.75°; onshore precipitation values were
extracted from the land just west of the Seymour Island site (~70.9°S, 73.9°W; Supplemental Fig.

S1).

4.4 Results

4.4.1 Seasonal temperature analysis

All shells retain their original aragonitic mineralogy, and trace element concentrations are
consistent with values from modern aragonitic bivalves (Supplemental Fig. S2; Morrison and
Brand, 1986), indicating that shells have not undergone diagenetic alteration and that stable
isotope values therefore reflect original depositional conditions. Individual isotope profiles
exhibit consistent high amplitude cyclicity, coincident with external sculpturing and internal
growth bands, and thus are confirmed to be annual (Fig. 2a). When taken as a whole, oxygen
isotope data show a gradual depletion through time over the four horizons sampled (Fig. 2b),
which, if reflective solely of changes in temperature, suggests a warming trend of about 2°C.
However, clumped isotope-derived estimates of 8'®Oscawater from shells in the stratigraphically
lowest and highest horizons (Douglas et al., 2014) indicate that the local seawater value was also
decreasing through this interval, from -1.22 to -1.71%o. Assuming a constant linear depletion of
8'8Oscawater across all four horizons, mean paleotemperatures from best-fit sinusoids through the
isotope data overlap, with MAT for each of the 4 horizons ranging between 12.5 and 13.7°C.
MART inferred from the sinusoidal fits ranges between 7.6 and 8.3°C, with the exception of the

lowermost horizon (amplitude of 4.9°C). These latter data come from a single Cucullaea
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specimen sampled in cross section later in ontogeny (Buick and Ivany, 2004) and are likely time
averaged due to the comparatively compressed growth increments. Thus, while the attenuated

seasonal range could represent a true climate signal, it is more likely a sampling bias.

Similarity in MAT across the four horizons suggests that all sampled shells record similar
climatic conditions. This consistency permits us to pool all temporally aligned isotope data and
overlay them on the same one-year cycle to constrain the seasonal temperature regime of the
latest Lutetian. A best-fit sinusoid through Horizons 2 — 4 yields a MAT of 13.1°C with a MART
of 8.0°C (Fig. 3, solid black line; R? = 0.69, p « 0.001). Including Horizon 1 in the composite
dataset has little impact on MAT (13.2°C), however the inferred MART is reduced to 7.2°C (Fig.

3, solid gray line; R? = 0.65, p < 0.001).

The climate model simulation that best approximates the middle Eocene proxy data is forced
with 2,000 ppm pCO,, no Antarctic ice sheet, and high obliquity (24.5°). The resulting annual
SST cycle in the vicinity of Seymour Island has a MAT of 12.6 £ 0.2 °C and a MART of 7.3+
0.6 °C, falling entirely within the 95% confidence interval of the proxy-derived seasonal curve
(Fig. 3, dashed gray line). Linear regression between the sine-fit, proxy-derived, mean monthly
temperatures and modelled mean monthly temperatures defines a significant relationship (R =
0.95, p «<0.001) with a slope of 0.90. Of note, proxy-based estimated of middle Eocene pCO»
indicate substantially lower concentrations than those employed here (e.g., Maxbauer et al.,
2014). GCM simulations routinely require unrealistically high pCO- in order to match proxy data
(e.g., Huber and Caballero, 2011; Lunt et al., 2012), particularly those with relatively low
climate sensitivity, such as GENESIS (Gasson et al., 2014), and are not necessarily geologically

significant.
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4.4.2  Seasonal precipitation analysis

Thin sections indicate that the fossil driftwood most likely belongs to the genus
Eucryphiaceoxylon (Fig. 4a,b; Poole et al., 2003), and the sinusoidal pattern of the organic
carbon isotope profiles are consistent with an evergreen species (Fig. 4c; Schubert and Jahren,
2011). Isotope values exhibit low amplitude annual cyclicity with an average A8'*Cmeas 0 0.57 £
0.14%o (1o; Supplemental Table S5). Using eq. 4.1, with a A8'*Cco2 value of 0.05%o results in a
P1/P2 value of 1.31, indicating that the six-month summer was 1.31 times rainier than the six-
month winter, accounting for approximately 57 + 4% of all annual precipitation. These results
suggest a slightly more seasonal precipitation regime than that reconstructed by the climate
model simulation most consistent with proxy temperature data, which predicts that the six-month
summer accounts for approximately 49 + 6% of all annual precipitation, with a mean annual
precipitation (MAP) of 885 £ 73 mm and an average summer daily precipitation rate of 2.4 + 0.4
mm/day. Combining modelled MAP with the proxy-derived P1/P; values, results in ~505 mm of
summer precipitation, and ~380 mm of winter precipitation, in good agreement with the

modelled values of ~435 mm and 450 mm, respectively.

The largest source of uncertainty in the proxy-based precipitation estimate comes from the
assumption of a similar-to-modern A3'*Ccoo. Today, this value is low (0.05%o) and invariant
over most of the Southern Hemisphere due largely to the lower and less vegetated land area,
limiting the potential range of variation imparted by seasonal fluctuations in photosynthesis and
respiration. The Southern Hemisphere A8'*Ccoz could have been higher during the warmer and
presumably greener Eocene, which would increase the estimated summertime to wintertime
precipitation ratio. However, overlap in the one sigma error between the proxy-derived and

modelled ratio of summer-to-winter precipitation suggests that we have not underestimated this
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value. Previous estimates of MAP from Seymour Island using coexistence analysis and (733
mm; Poole et al., 2005) and CLAMP (Climate Leaf Analysis Multivariate Program; Wolfe,
1993) analysis (1534 mm; Francis et al., 2008) bracket our results, lending further confidence to

the fidelity of the model prediction.

4.5 Discussion

Austral high-latitude paleoclimate data play a critical role in helping to understand both climatic
conditions during greenhouse intervals and the evolution of Earth’s climate into an icehouse.
Reconstructions of high-latitude conditions are requisite to defining latitudinal temperature
gradients and the impact of polar amplification under varying climate regimes, yet they remain
frustratingly difficult to reproduce with climate models. For these reasons, a number of Eocene
proxy studies have focused on the polar regions, constraining temperature (e.g., Burgess et al.,
2008; Douglas et al., 2014; Hollis et al., 2012), precipitation (e.g., Feakins et al., 2014; Jacques
et al., 2014; Poole et al., 2005), ice sheet history (e.g., Carter et al., 2017; Galeotti et al., 2016;
Gulick et al., 2017), and the tectonic opening of ocean gateways and Southern Ocean circulation
(e.g., Livermore et al., 2007; Scher and Martin, 2006; Stickley et al., 2004). Despite the wealth
of existing data, a variety of factors including fidelity of proxy calibration, inconsistency among
proxies, data-model mismatches, and age uncertainties, have hindered a straightforward

interpretation of Eocene Antarctic climates.

The proxy data presented here indicate that latest Lutetian nearshore Antarctic Peninsula water
temperatures were warm and seasonal and that the onshore paleoprecipitation regime was fairly
equable, with just over half the annual rainfall occurring in the (six-month) summer. While

internally consistent, these data do not always agree with those derived from other proxies and
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regions on the continent. In the following discussion, we attempt to resolve these differences
within a single framework. We address the fidelity of, and possible sources of uncertainty in both
our proxy data and model results, and compare our findings with other coeval austral high-

latitude proxy data to produce a coherent picture of middle Eocene Antarctic climatic conditions.

4.5.1 Assessing the fidelity of the proxy data and climate model

Temperature. Sine-fit, isotope-derived MAT (~13°C) is in good agreement with estimates of
MAT from clumped isotopes (12.6°C; Douglas et al., 2014), TEX% (15.4°C; Douglas et al.,
2014), and bulk oxygen isotope analyses of Telm 5 carbonates (~10—-14.5°C; Dutton et al., 2002;
Ivany et al., 2008 and references therein). The seasonal SST data are more difficult to
contextualize, as there are few data with which to compare our findings. Despite the highly
seasonal air temperatures observed on the Antarctic continent in the modern world, the austral
high-latitudes exhibit exceedingly low-amplitude variability in SSTs (see Fig. 5; Hirahara et al.,
2014). Winter temperatures are constrained by the freezing point of seawater, and summer
temperatures rarely warm much above freezing, as the Antarctic Circumpolar Current limits the
transport of equatorial-derived water south of the Polar Front, and waters are further kept cool in
the summer due to latent heat loss from melting sea ice. Therefore, under greenhouse conditions
where thermal thresholds no longer restrict temperature variability and there is little or no
seasonal sea ice, the amplitude of seasonal SST variability should increase, as is observed in our
proxy data. The climate model is, however, only able to approximate the proxy-derived MART
(~8°C) when forced with a high obliquity orbital configuration, which maximizes the difference

between winter and summer insolation.
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Is the seasonal range overestimated by the proxy data, or underestimated by the climate model?
The sampled horizons from the La Meseta Formation span several hundred thousand years
(Douglas et al., 2014), so unless deposition of the shell beds themselves is governed by
Milankovitch-controlled processes, it is unlikely that shells from each horizon coincidentally
come from an interval of high obliquity. Nor is it likely that the composite proxy dataset
overestimates the intra-annual variability of §'®Ocam, for several reasons. First, data are averaged
over more than 30 discrete sampled years, providing a true climatological mean but potentially
underestimating shorter-term temporal variability. Second, although care was taken to maximize
the spatial/temporal resolution while sampling, time-averaging is inevitable given the slow
growth of the sampled taxa (Moss et al., 2017), particularly during summers when the rate of
shell accretion decreases (Buick and Ivany, 2004). Third, bivalves are benthic organisms and the
seasonal range of water temperature attenuates with depth (Prandle and Lane, 1995). Proxy data

are therefore more likely to underestimate the seasonal range of surface water temperatures.

While the observed intra-annual §'8Ocar variation is conservative, several other factors,
independent of true temperature seasonality, could serve to increase this value on the Antarctic
Peninsula locally or regionally. High volumes of isotopically depleted seasonal (summertime)
runoff could artificially inflate the range of nearshore §'®Oseawater values and hence skew the
perceived MART (e.g., Keating-Bitonti et al., 2011). This is unlikely, however, given that
driftwood analyses and modelled precipitation results both suggest a fairly equable intra-annual
precipitation pattern. Seasonal runoff of meltwater from alpine glaciers would similarly serve to
increase the inferred MART. Tillites on King George Island dated to the middle Eocene provide

evidence for alpine glaciers (Birkenmajer et al., 2005), however age control is poor and the
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potential extent of glaciers and their drainage pattern on the eastern side of the peninsula is

unconstrained.

If the 8'8Ocary range truly reflects temperature seasonality, it is nevertheless possible that this
range does not reflect typical open shelf conditions. Shallow protected water in a semi-confined
inner estuary channel, as suggested for the La Meseta Formation (Marenssi et al., 2002), could
experience a larger range of temperatures than the adjacent open shoreface due to the
combination of summer warming and restricted circulation. However, sedimentological studies
suggesting deposition in a marine-flushed, tide-dominated estuary mouth (Porebski, 1995), and
the high molluscan biodiversity (Stilwell and Zinsmeister, 1992) and persistent occurrence of
stenohaline organisms such as brachiopods (Ager, 1967; Aronson et al., 2009) imply normal
marine salinity and hence a well-mixed environment during the times of shell precipitation. Our
data therefore likely capture at least a minimum estimate of the real seasonal temperature range

on the middle Eocene Antarctic shelf.

Errors associated with highly parameterized model physics could partially resolve the
discrepancy between proxy-derived and modelled seasonal SST ranges. As a first-order
approximation, seasonality is controlled by intra-annual variations in solar insolation and should
therefore correlate with latitude. However, atmospheric and oceanic circulation patterns also play
a role, modifying the otherwise-anticipated zonal patterns (e.g., Gill and Niller, 1973; Glorioso,
1987; Marshall et al., 2006), particularly in nearshore environments (e.g., Hirahara et al., 2014).
The GCM uses a slab ocean, which captures fundamental zonal SST trends, but doesn’t resolve
vertical water column structure or ocean dynamics, such as coastal currents, regions of ocean
downwelling and upwelling, and localized eddies that could be influential at our nearshore

location. Thus, the higher seasonal range reconstructed from the proxy data could be related to a
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regional oceanographic effect not captured by the model. This is discussed further in Section

4.2.3, below in the context of potential modern analogs.

Precipitation. Using a six-month seasonal delineation (Schubert and Jahren, 2011), the climate
model predicts essentially equal ‘summer’ and ‘winter’ precipitation, in good agreement with the
proxy data from fossil wood. However, when model output is viewed as a time series, annual
cyclicity is apparent (Fig. 4d), with maximum rainfall rates occurring in the late summer and
autumn, suggesting that partitioning into the pre-defined six-month ‘summer’ and ‘winter’

blocks gives the illusion of more equable seasonal precipitation.

The seasonality of rainfall near the poles in greenhouse climates is still an open question, with
some studies suggesting ever-wet conditions (Poole et al., 2005; West et al., 2015) and others
finding highly seasonal summer precipitation patterns (Jacques et al., 2014; Schubert et al.,
2012). These latter studies meet the definition of monsoon proposed by Zhang and Wang,
(2008), with summer rainfall rates > 3 mm/day and more than 55% of precipitation occurring in
the five-month summer (NDJFM in the Southern Hemisphere). Results from Seymour Island are
somewhat ambiguous in this context. Model output suggests the five-month summer as defined
above accounts for only 38 + 5% of annual precipitation, much lower than the 60% inferred from
CLAMP analysis of early-middle Eocene floras on King George Island to the west of the
Antarctic Peninsula (Jacques et al., 2014), and certainly well below the threshold for a
monsoonal regime. Further, modelled rainfall rates in the three rainiest months (MAM; 3.1 £0.8
mm/day) rise just to the threshold characteristic of ‘monsoons’, but are significantly less than the
>6 mm/day inferred for the five-month summer on King George Island (Jacques et al., 2014).
While models frequently underestimate high-latitude precipitation during warm climates

(Carmichael et al., 2016), and it is plausible that Southern Hemisphere seasonal A3'3Cco2 was
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higher during the Eocene (thereby increasing the Pi/P> ratio), neither the proxy nor the model

results provide compelling evidence in favor of a monsoonal precipitation regime.

The slightly older and hence warmer King George Island data could reflect wetter and more
seasonal conditions that had moderated by the time of deposition of Telm 5. This interpretation is
consistent with clay mineral assemblage data from the La Meseta Formation suggesting a
transition within the underlying Telm 3 (mid Lutetian; Douglas et al., 2014) from wet, strongly
seasonal conditions to wet, non-seasonal conditions (Dingle et al., 1998). Alternatively, the
discrepancy between seasonal precipitation regimes on either side of the peninsula could be
explained by an orographic effect from westerly subtropical-derived air masses moving across

the peninsular mountains.

4.5.2  Seymour Island in the context of existing paleoclimate data

Ice sheet evolution. An extensive West Antarctic Ice Sheet was not established until the Eocene-

Oligocene Transition (~34 Ma; Sorlien et al., 2007; Wilson et al., 2013), with the first evidence
for a marine terminating ice sheet dated at ~32.8 Ma (Galeotti et al., 2016). However, recent
studies indicate marine terminating ice along the Sabrina Coast by the middle Eocene (Gulick et
al., 2017), and along the southern Weddell Sea embayment by the late Eocene (Carter et al.,
2016). Seasonally-resolved proxy data from this study estimate winter SSTs near 9°C and
summer SSTs around 17°C, indicating that the eastern peninsula was far too warm to support
significant ice accumulation at low elevation during the latest Lutetian. Given that water on the
east side of the peninsula likely originated farther south in the Weddell Sea, it is unlikely that
land-based ice could survive in proximity to the coast there at this time. The presence of marine-

terminating glaciers along the Sabrina coast (Gulick et al., 2017), at a slightly lower latitude and
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on the opposite side of the Antarctic continent, is difficult to reconcile with the proxy data
presented here. Modelled temperatures in this region are also too warm and seasonal to allow for
substantial ice growth or even sustain seasonal sea ice, and thus would have required rapid
delivery of ice from significantly higher and colder elevations, or large zonal temperature

variability not captured by the climate model.

Zonal heterogeneity in temperature and precipitation. Although there are a wealth of

paleotemperature data from the austral high-latitudes (e.g., Bijl et al., 2009; Burgess et al., 2008;
Douglas et al., 2014; Hollis et al., 2012), estimates from different sectors of the Southern Ocean
are not always in agreement with each other. Past studies have attempted to resolve the apparent
discrepancy by applying a multiproxy approach to identify systematic offsets between proxies at
single localities (e.g., Hollis et al., 2012), and the same proxy to multiple sites to minimize
differences due to proxy biases or uncertainties (e.g., Douglas et al., 2014). Despite this, proxy
data still indicate substantially warmer conditions during the middle Eocene in the southwestern
Pacific (i.e., the Ross Sea) than the southeastern Atlantic (i.e., the Weddell Sea). Douglas et al.
(2014) propose that such zonal variability is a real feature of the climate system, arguing that the
differences in MAT are best explained by an ocean circulation pattern with higher ocean heat
transport in the Pacific Ocean and deep-water formation in the Ross Sea. However, in a paper
introducing a new paleolatitude calculator based on detailed plate reconstructions and updated
paleomagnetic reference frames, Van Hinsbergen et al. (2015) dispute this hypothesis,
suggesting instead that by using corrected paleolatitudes, the high-austral data are latitudinally

disparate enough to negate the need for such an explanation.

Despite using the adjusted paleolatitudes (Van Hinsbergen et al., 2015), SST estimates from the

Ross Sea region remain warmer than values predicted by the climate model simulation that best
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captures our proxy data (Supplemental Fig. S3). Conversely, though no SST estimates exist for
the southern Indian Ocean, the presence of a marine terminating ice along the Sabrina Coast
seems to necessitate cold temperatures. Therefore, the existing proxy data best support the
previously proposed hypothesis for a heterogenous Southern Ocean with respect to SST. While
the presence of a fully-developed Antarctic Circumpolar Current (ACC) precludes large-scale
heterogeneity in the modern Southern Ocean, such zonal variability is observed in the modern
northern hemisphere high-latitudes, where water masses are not fully contiguous (Fig. 5). Here,
MAT and MART values exhibit little dependence on latitude, but rather vary regionally in
response to basin dynamics and local coastal properties. Thus, regardless of the climate state, in a
world with subdivided Southern Ocean basins, increased zonal heterogeneity is expected. In the
absence of open Drake and Tasman passages, such a continental configuration would have
characterized the middle Eocene Southern Ocean, allowing for regional differentiation of

temperature and precipitation patterns in different sub-basins, around the zonal mean.

Under this interpretation, the existing proxy data begin to form a more cohesive story. The Ross
Sea would have been kept warm by enhanced Pacific Ocean heat transport, rapid circulation in a
small basin, and mixing with subtropical currents (Bijl et al., 2009; Douglas et al., 2014). The
warmer climate in this basin would also promote higher precipitation rates, consistent with the
proposed monsoonal precipitation regime on the western side of the Antarctic Peninsula (Jacques
et al., 2014). The Weddell Sea would be cooler than the Ross Sea due to its more polar extent
and longer residence time of water along the Antarctic coastline, however peninsular
temperatures could be kept warmer and more seasonal than the rest of the basin due to the
southern extension of South Atlantic branch currents or geostrophic frictional flow of warm Ross

Sea water across a shallow Drake Passage (see discussion below). The peninsular mountains
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would create an orographic effect, with lower overall MAP on the east coast and different

seasonal phasing of precipitation, again consistent with proxy data.

It should be noted that we are explicitly not invoking changes in ocean surface circulation as a
driver for Antarctic cooling during the Eocene. Climate model simulations have already
highlighted the importance of pCO- in Eocene cooling and the inception of the Antarctic Ice
Sheet (e.g., DeConto and Pollard, 2003; Huber and Nof, 2006). However, regardless of the
controls on the zonal mean itself, the configuration of land masses and surface currents
surrounding Antarctica must play a dominant role in governing the magnitude of variance around

the zonal mean, particularly in coastal settings.

4.5.3 Modern analog for the eastern Antarctic Peninsula

If the proposed hypothesis for zonal temperature heterogeneity is correct, then the higher
amplitude of seasonal variability recorded by proxy data when compared with modelled SSTs is
most likely a function of circulation patterns and coastal dynamics. In the modern ocean, only
one Southern Hemisphere location exhibits an annual temperature cycle comparable to that
inferred for the Eocene eastern Antarctic Peninsula: nearshore waters off the coast of Argentina
(~39-42°S). Here, MAT and MART are within 1°C of the proxy data, and onshore precipitation
patterns, both in terms of MAP and seasonal phasing, are similar to those inferred from the
combined proxy and model results (Fig. 6; Hirahara et al., 2014; Schneider et al., 2015), making
this site a good analog for the climate of Seymour Island during the latest Lutetian. This region
lies within the confluence system of the subtropical Brazil Current and the subpolar Malvinas
(Falkland) Current (Severov et al., 2012). Interestingly, the position of this confluence oscillates

seasonally such that warm equatorial water is delivered during the summer and cold polar water
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dominates during the winter (Wainer et al., 2000), increasing the seasonal range of temperatures
well above the anticipated zonal MART (Hirahara et al., 2014). A similar phenomenon could
have characterized the east coast of the middle Eocene peninsular region. Tremblin et al. (2016)
hypothesize that during the middle Eocene, in the absence of the Antarctic Circumpolar Current
and with a closed Drake Passage, the South Atlantic Gyre extended farther south. This
interpretation hints at the possibility that an associated branch current or, alternatively, frictional
flow of equatorial-derived water across a shallow Drake Passage, could have extended down the
northeastern margin of the Antarctic Peninsula where it met cooler, north-flowing waters from
the proto-Weddell Gyre. Thus, a current configuration similar to the Brazil-Malvinas Confluence
may have existed this region during the Eocene, seasonally oscillating and inflating seasonal
range beyond that expected for that latitude, however high-resolution, eddy-resolved modelling

studies are required to test this hypothesis.

Implications for determining meridional temperature gradients. Our data, evaluated in the

context of existing austral high latitude proxy records, are consistent with the hypothesis of
middle Eocene zonal heterogeneity in SSTs (Douglas et al., 2014). This interpretation has broad
implications for determining the pole-to-equator temperature gradient, one of the most enigmatic
yet critically important variables needed to constrain and understand greenhouse climate
conditions. The majority of middle Eocene SST proxy records come from nearshore
environments (e.g., Bijl et al., 2009; Burgess et al., 2008; Douglas et al., 2014; Hollis et al.,
2012). Observation of modern SST variability (Fig. 5) indicates that proximity to a coastline,
particularly in separated basins (i.e., the modern northern hemisphere), correlates with significant
deviations from the zonal mean. In isolation, most proxy-based estimates of MAT and MART

are therefore unlikely to be representative of the true zonal average. This implies that
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paleolongitude, paleogeography, oceanic circulation, bathymetry, and distance from a coastline
must be considered when estimating the fit of proxy data to modelled meridional temperature

gradients.

4.6 Conclusions

Seasonally resolved temperature and precipitation data from the northeastern coast of the
Antarctic Peninsula offer a detailed picture of climate conditions during the late-middle Eocene.
The amplitude of the reconstructed annual SST cycle exceeds predictions from a model, even
when forced with high obliquity, and paleoprecipitation data indicate equable annual phasing
despite evidence for monsoonal precipitation on the western side of the peninsula. These
discrepancies imply that some aspect of the climate system is not captured by the GCM. We
argue that our proxy records are best explained by zonally variable MAT and MART values in
the middle Eocene Southern Ocean, a phenomenon observed in the modern boreal high latitudes
where continents subdivide the ocean basins. With closed or shallow Drake and Tasman
passages, the middle Eocene austral high-latitude oceans would also have been noncontiguous,
and thus should likewise have exhibited a broader distribution of MAT and MART values along
individual zonal bands than today. With the additional insight from MART reconstructions,
Eocene coastal dynamics in the context of modern analogs suggests that the eastern margin of
the middle Eocene Antarctic Peninsula may have been kept warmer than the rest of the Weddell
basin by a subtropical derived branch current, from either the South Atlantic gyre or frictional
flow across a shallow Drake Passage. This interpretation reconciles inconsistencies among
existing proxy records of both temperature and precipitation, and allows for a more holistic

evaluation of the conditions prevailing around Antarctica at the time. It also cautions against
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fitting meridional temperature gradients to single estimates of SST from nearshore environments,

as they likely deviate from the true zonal mean.
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Figure 4.1. Site map. A. Location of Seymour Island in the context of the Antarctic continent. B.
Enlarged view of Seymour Island. Dark gray denotes the surface extent of the Eocene La Meseta
Formation, while the white band highlights the aerial extent of the latest Lutetian Telm 5
sediments. Fossil bivalve collection locations are marked with stars and the fossil driftwood site

is marked with a circle.
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Figure 4.2. Summary of high-resolution oxygen isotope data from fossil bivalves. A. Example
isotope profile from a Horizon 4 Cucullaea specimen (ID: 03-600-C2), plotted versus sampling
distance. Points indicate discrete samples and the gray lines denote the placement of growth
bands. Note that growth bands generally correspond with enriched values, indicating that growth
slowed during the late fall to winter season. B. Summary of all isotope values from sequentially
sampled shells plotted as a function of horizon, where Horizon 1 is stratigraphically lowest.
Points depict discrete isotope measurements. Outlined boxes and horizontal lines depict the
amplitude (range) and position (mean), respectively, of the sinusoidal fit to the stack of
temporally aligned data from each horizon.

129



[ 1 ,
ook :H o, ==Fit (Hor. 2-4) ® o,
... © Hor 3 —Fit(Hor. 1-4) ® <
e @ Hor 4 ==GENESIS model o 8
O
_
15
=
o
)
Q
510
|_
5L | ®e | ]
summer autumn winter spring summer

Figure 4.3. Summary of proxy- and model-derived seasonal temperature data. Isotope-derived
temperature estimates (colored points) positioned on the annual cycle (Judd et al., 2017) were
calculated using '®Oseawater from Douglas et al. (2014) and fit with a sinusoid to characterize the
seasonal climate regime. The best-fit sinusoid through Horizons 2 — 4 (thick black line) suggests
a MAT of 13.1°C and a MART of 8.0°C. The modelled seasonal regime (dashed gray line) falls

entirely within the 95% confidence interval (gray band) of proxy-derived temperatures.
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Figure 4.4. Summary of proxy and model-based precipitation data. A. Transverse thin section of
sampled wood, showing annual tree rings. B. Longitudinal thin section of sampled wood. C.
Two-year-long example record of organic carbon isotope measurements from fossil wood, used
to calculate seasonality of paleoprecipitation. D. Modelled mean monthly precipitation rates
(black line), with a 95% confidence interval. The dashed horizontal line denotes the five-month
(NDJFM) cutoff threshold for a monsoonal precipitation regime, as defined by Zhang and Wang
(2008). The orange and red bands indicate the six-month summer and winter periods,

respectively, as defined Schubert and Jahren (2011).
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Figure 4.5. Comparison of modern boreal (50 — 75°N) and austral (50 — 75°S) high latitude MAT
(A) and MART (B), and their respective frequency distributions (C, D). Data come from

Hirahara et al. (2014).
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Figure 4.6. Comparison of proxy- and model-derived estimates of Eocene Antarctic climate with
modern values (data come from Hirahara et al., 2014; Schneider et al., 2015). Terrestrial
environments are colored based on the modern percent of annual precipitation that occurs during
the six-month summer period, where white regions (black box on color-scale) indicate locations
within =10 of the Eocene proxy value. Marine environments are colored based the modern MAT,
where white regions indicate locations within +1°C of the Eocene proxy value. Light gray
regions are where MAP falls within =1c of the model value in the terrestrial environment or
MART falls within £1°C of the proxy value in the marine environments. Modern analog
locations are in dark gray, where modern precipitation values, both in terms of percent summer
precipitation and MAP, fall within £1c of the Eocene estimates or where modern SST values,

both in terms of MAT and MART, fall within £1°C of Eocene estimates.
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Figure S1. Paleogeography used in the GCM simulations. A. Southern hemisphere projection. B.

Enlarged view of the locations from which SST and precipitation were estimated.
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Figure S2: Box plots of trace element data used to assess potential diagenetic alteration. Light
gray bands indicate the range of modern aragonitic bivalves for each element, as reported by
Morrison and Brand (1986). Trace element analyses were performed on all eight shells from
which isotope transects were generated, and in all cases fall within the range of unaltered

aragonitic values.
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Figure S3. Comparison between proxy-derived and modelled sea surface temperature estimates
for austral high-latitude Eocene sites, with inset map showing the paleogeographic location of
each site. Data come from Bijl et al. (2009), Burgess et al. (2008), Hollis et al. (2009), and
Houben (2012), using updated paleolatitudes from Van Hinsbergen et al. (2015). With the
exception of the Seymour Island data, presented here, all data reflect TEX3gs-derived SST values,
calibrated to TEXEL . Comparison between measured SST and modelled MAT are shown by the
full opacity points. To address the potential summertime bias of TEXge-derived SSTs (e.g., Bijl
et al., 2009), the transparent points reflect comparison between measured SST and an average of
the three warmest modelled months. Measured SST is routinely warmer than modelled values,
even when compared with summer temperatures, indicating true heterogeneity not captured by
the model.
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Table S2. Raw oxygen isotope data from serially sampled bivalves, by horizon and shell ID.

Horizon Shell ID Sample No. Distance (mm) 3'%0 (VPDB)
1 01-43-C3* 1 0.611 -0.02
2 0.709 0.75
3 0.805 0.95
4 0.899 0.93
5 0.997 0.77
6 1.092 0.69
7 1.190 0.87
8 1.285 0.92
9 1.381 1.27
10 1.478 0.92
11 1.574 0.81
12 1.671 0.56
13 1.767 0.88
14 1.886 0.22
15 2.002 0.64
16 2.122 0.97
17 2.240 0.71
18 2.356 0.77
19 2.473 0.93
20 2.591 1.05
21 2.709 1.07
22 2.826 1.07
23 2.945 0.93
24 3.060 0.63
25 3.192 0.20
26 3.323 0.57
27 3.454 0.90
28 3.610 1.16
29 3.761 0.98
30 3915 0.80
31 4.071 0.79
32 4.223 0.83
33 4,375 0.67
34 4.529 0.41
35 4.665 0.15
36 4.787 -0.09
37 4.905 0.37
38 5.025 0.91
39 5.145 1.05
40 5.267 0.57
41 5.384 0.99
42 5.506 1.09
43 5.627 0.86
44 5.746 0.83
45 5.866 0.57
46 5.987 0.23
47 6.106 0.40
48 6.250 0.68
49 6.397 0.96
50 6.543 0.64
51 6.686 0.70
52 6.830 0.74
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Horizon Shell ID Sample No. Distance (mm) 8'%0 (VPDB)

53 6.976 0.85
54 7.119 0.63
55 7.265 0.13
56 7.410 1.04
57 7.544 1.02
58 7.680 0.77
59 7.812 0.84
60 7.948 0.93
61 8.083 0.85
62 8.217 0.59
63 8.318 0.42
64 8.423 0.32
65 8.526 0.04
66 8.629 0.60
67 8.744 0.86
68 8.850 0.77
69 8.959 0.73
70 9.066 0.50
71 9.171 0.62
72 9.280 0.24
73 9.386 0.08
74 9.491 0.79
75 9.656 1.00
76 9.816 0.76
77 9.977 0.26
78 10.137 0.68
79 10.300 0.83
80 10.458 0.46
81 10.580 0.12
82 10.695 0.53
83 10.826 1.00
84 10.974 0.64
85 11.114 1.07
86 11.263 1.02
87 11.410 1.04
88 11.552 0.96
89 11.700 0.59
90 11.845 0.79
91 11.989 1.19
92 12.133 1.17
93 12.279 0.87
94 12.425 0.63
95 12.570 0.80
96 12.693 0.66
97 12.811 0.70
98 12.928 0.86
99 13.050 0.73
100 13.172 -0.17
101 13.290 0.52
102 13.412 1.12
103 13.532 0.68
104 13.666 0.64
105 13.798 0.94
106 13.932 0.36
107 14.066 0.64
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Horizon Shell ID Sample No. Distance (mm) 330 (VPDB)

108 14.201 1.24
109 14.333 1.11
110 14.468 0.33
111 14.601 0.04
112 14.734 0.56
113 14.869 1.04
114 15.004 0.83
115 15.119 1.06
116 15.235 0.22
117 15.351 -0.10
118 15.467 0.76
119 15.581 0.90
120 15.698 0.98
121 15.816 1.03
122 15.930 0.82
123 16.035 0.50
2 01-77-E1 1 0.000 -1.14
2 0.331 0.37
3 0.573 0.24
4 0.809 1.19
5 1.041 0.82
6 1.267 1.56
7 1.493 0.94
8 1.730 1.93
9 1.956 1.36
10 2.181 1.96
11 2.400 1.78
12 2.503 1.72
13 2.616 1.46
14 2.754 1.30
15 2.888 1.48
16 3.014 1.43
17 3.136 1.12
18 3.257 1.01
19 3.375 0.98
20 3.499 1.00
21 3.625 0.96
22 3.756 1.05
23 3.876 1.49
24 3.994 1.28
25 4.114 1.23
26 4.232 1.13
27 4351 1.36
28 4.470 1.00
29 4.593 0.87
30 4.712 0.83
31 4.843 0.57
32 5.083 0.59
33 5312 0.27
34 5.598 -0.65
35 5.909 0.41
36 6.172 -0.06
37 6.461 0.28
38 6.721 0.68
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Horizon Shell ID Sample No. Distance (mm) 3'%0 (VPDB)

39 7.014 0.77
40 7.284 1.09
41 7.544 0.70
42 7.816 -0.28
43 8.070 -0.30
44 8.335 0.34
45 8.846 0.50
46 9.135 0.16
47 9.549 0.14
48 9.712 0.09
49 9.874 0.11
50 10.063 0.60
51 10.248 0.58
52 10.414 0.29
53 10.577 0.19
54 10.739 0.14
55 10.898 0.30
56 11.058 0.26
57 11.387 0.33
01-77-E2 1 0.000 1.03
2 0.284 0.96
3 0.754 1.11
4 1.029 0.94
5 1.298 0.95
6 1.575 1.13
7 1.862 1.02
8 2.153 L.11
9 2.573 0.99
10 2.822 0.93
11 3.075 0.21
12 3.332 0.84
13 3.582 1.21
14 3.833 1.05
15 4.086 1.19
16 4.346 1.35
17 4.609 1.10
18 4.872 1.30
19 5.145 1.10
20 5.481 1.32
21 5919 1.26
22 6.204 0.76
23 6.482 1.34
24 6.770 1.11
25 7.084 0.45
26 7.382 0.32
27 7.660 0.95
28 8.072 1.07
29 8.472 0.72
30 8.756 1.40
31 9.094 1.48
32 9.568 1.08
33 9.842 1.38
34 10.116 1.35
35 10.399 1.44
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Horizon Shell ID Sample No. Distance (mm) 380 (VPDB)

36 10.690 1.15
01-77-E4 1 0.000 -0.04
2 0.281 0.64
3 0.564 1.50
4 0.708 1.51
5 1.128 1.57
6 1.410 1.32
7 1.693 1.01
8 2.119 0.36
9 2.380 0.01
10 2.693 -0.31
11 2.852 -0.75
12 2.994 -1.60
13 3.127 -0.20
14 3.255 0.43
15 3.507 0.37
16 3.734 0.29
17 3.962 0.37
18 4.189 0.44
19 4418 -0.07
20 4.646 -0.38
21 5.046 -0.61
22 5.343 -0.46
23 5.651 -0.44
24 5.951 -0.45
25 6.207 -0.08
26 6.454 0.01
27 6.701 0.00
28 6.957 0.67
3 01-29-C1 1 0.000 0.17
2 0.477 1.27
3 0.835 1.19
4 1.048 1.12
5 1.262 0.85
6 1.575 0.91
7 1.863 0.82
8 2.174 0.47
9 2.502 0.19
10 2.812 0.71
11 3.109 0.92
12 3.303 0.77
13 3.978 0.47
14 4263 0.03
15 4.614 -1.70
16 4.941 -1.47
17 5.773 -0.40
18 6.074 0.37
19 6.606 0.68
20 7.109 0.69
21 7.442 0.85
22 7.824 0.83
23 8.223 0.84
24 8.615 0.51
25 8.978 0.36
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Horizon Shell ID Sample No. Distance (mm) 330 (VPDB)

26 9.247 0.81
27 9.429 0.92
28 9.667 0.90
29 9.893 1.18
30 10.059 1.12
31 10.249 1.09
32 10.615 0.39
33 11.034 -0.11
34 11.244 0.63
35 11.406 0.73
36 11.577 0.71
37 11.755 0.52
38 12.127 -0.07
39 12.318 0.11
40 12.523 0.39
41 12.895 0.67
42 13.634 0.35
43 14.012 0.07
44 14.309 -0.36
45 14.750 -0.45
46 14.980 -0.30
47 15.211 0.14
48 15.490 -0.23
49 15.776 -0.74
50 15.978 -0.71
51 16.175 -0.33
52 16.304 -0.22
53 16.484 0.09
54 16.691 0.18
55 16.914 0.59
56 17.137 0.46
57 17.360 0.02
58 17.514 0.23
59 17.835 -0.68
60 18.189 -0.86
01-106-E1 1 0.000 -0.28
2 0.134 -0.39
3 0.271 -0.14
4 0.409 -0.65
5 0.546 -0.06
6 0.679 0.67
7 0.886 0.56
8 1.159 -0.18
9 1.432 -1.57
10 1.708 -0.93
11 1.973 -0.68
12 2.246 -0.92
13 2.554 -0.96
14 2.825 -0.61
15 3.105 -0.96
16 3.372 -0.92
17 3.640 -0.74
18 3.909 0.32
19 4.176 -0.02
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Horizon Shell ID Sample No. Distance (mm) 380 (VPDB)

20 6.110 -0.07
21 6.590 0.69
22 6.950 0.94
23 7.310 0.98
24 7.670 0.78
25 8.390 0.72
26 8.750 0.42
27 9.110 -0.15
28 9.650 -0.11
03-600-C2 1 0.000 -0.69
2 0.340 -0.78
3 0.510 -0.38
4 0.680 0.41
5 0.850 0.39
6 1.020 0.49
7 1.190 0.55
8 1.360 0.57
9 1.530 -0.79
10 1.740 -1.09
11 1.940 -0.73
12 2.150 -0.71
13 2.360 -0.03
14 2.570 0.11
15 2.780 0.04
16 2.990 0.25
17 3.200 0.28
18 3.410 -0.84
19 3.760 -1.50
20 4.100 -0.80
21 4.440 -0.52
22 4.780 0.39
23 5.120 -0.02
24 5.460 0.31
25 5.800 0.45
26 6.140 0.32
27 6.490 -0.92
28 6.730 -0.98
29 6.980 -1.31
30 7.220 0.02
31 7.470 0.27
32 7.710 -0.34
33 7.960 -0.30
34 8.450 -0.53
35 8.700 0.23
36 9.350 -0.99
37 9.570 -0.89
38 9.790 0.41
39 10.010 0.62
40 10.220 0.66
41 10.440 0.81
42 10.660 -0.65

" Data from Buick and Ivany (2004)
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Table S3. Summary of best fit sines through temporally aligned proxy data by horizon.

Horizon Nishen MAT MART R?

(Nsamples) (Tpos) (Tamp)

1 1 (123) 4.9 13.1 0.59
2 3 (121) 7.7 12.5 0.67
3 2 (104) 7.6 13.3 0.65
4 2 (70) 8.4 13.7 0.70
All 9 (418) 7.2 13.3 0.65
2-4 8 (295) 8.0 13.1 0.69
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Table S4. Summary of all GCM simulation parameters.

SIMULATION CONFIGURATION

MODEL ID ice pCO2  obliquity eccentricity precession
sheet (ppm)  (degrees) (degrees)
LENO2000H none 2000 24.5 0 0
LENO1500H none 1500 24.5 0 0
LEMED750L medium 750 22 0 0
LEMEDI500L medium 1500 22 0 0
LEMEDI1500M medium 1500 22 0.06 270
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Table S5. Summary of fossil driftwood analyses

Specimen Year SI::I){p(;zs A\(fi.r:/o AdCorg P1/P2 p():chil;)l;:;I:ieJn
01-48-W2 1 17 52.9 0.63 1.20 55

2 12 50.2 0.76 1.03 51

3 18 49.4 0.49 1.43 59
01-48-W6 1 16 53.0 0.72 1.08 52

2 29 49.9 0.54 1.34 57

3 12 51.1 0.43 1.54 61

4 16 47.0 0.34 1.70 63

5 19 53.0 0.59 1.26 56
Average: 17.4 50.8 0.56 1.31 57
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Chapter 5:

Late Eocene reduction in summer ocean temperatures drives cooling on the Antarctic
Peninsula
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5.1 Abstract

Austral high-latitude paleoclimate data from the Eocene are integral to understanding conditions
during the evolution of Earth’s climate into an icehouse. However, records of mean annual
temperature from the Eocene Southern Ocean are highly variable and often difficult to reproduce
with models, making it challenging to determine the mechanism(s) responsible for late Eocene
cooling. Novel approaches, such as high-resolution seasonal data, can contextualize existing
Eocene proxy records and provide unique insights into prevailing conditions not afforded by
lower-resolution temperature proxies. Here, we assess seasonal temperature variations in shallow
nearshore waters along the eastern margin of the Antarctic Peninsula during the late Eocene
(~37.4 Ma) inferred from serially-sampled oxygen isotope profiles from accretionary bivalve
shells. Results suggest a mean annual temperature of 10.8 °C with a seasonal amplitude of 2.0
°C. Comparison with data from the middle Eocene of the same formation, indicates a significant
attenuation in late Eocene seasonality primarily brought about by a reduction in summertime
temperatures. We propose that the observed reduction in seasonality between the middle and late
Eocene is best explained by changes in surface ocean circulation as a result of the opening of the
Drake Passage and initiation of a weak proto-Antarctic Circumpolar Current. This interpretation
lends support to the hypothesis that initial late Eocene cooling was driven by tectonically-
induced changes in circulation, rather than a decrease in pCO», preconditioning the continent for

large-scale glaciation at the close of the epoch.

5.2 Introduction

The Eocene Epoch (~ 56-34 Ma) represents a time of large-scale global climate change. The
early Eocene was marked by several hyperthermal events, including the Paleocene-Eocene

Thermal Maximum and the Early Eocene Climatic Optimum, two of the warmest intervals of the
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Cenozoic Era (Zachos et al., 2008). The ca. 17 million years following the climatic optimum
exhibit relatively consistent cooling, eventually culminating in the onset of sustained Southern
Hemisphere continental glaciation around the time of the Eocene—Oligocene transition (Coxall et
al., 2005; Galeotti et al., 2016). This boundary represents the most recent large-scale transition
from a greenhouse climate regime, with ice-free poles and a low latitudinal temperature gradient,
to an icehouse climate regime, with polar ice and a steeper latitudinal temperature gradient (Bijl

et al., 2009; Evans et al., 2018; Hines et al., 2017).

Two primary mechanisms have been proposed to explain the climatic changes associated with
the inception of a Southern Hemisphere ice sheet: 1) the thermal isolation of Antarctica driven
by the opening of the Drake and Tasman Gateways and the initiation of the Antarctic
Circumpolar Current (ACC; Kennett, 1977), or 2) a decrease in atmospheric CO> levels
(Anagnostou et al., 2016; Deconto and Pollard, 2003; Raymo and Ruddiman, 1992). The former
hypothesis largely fell out of favor after modeling studies highlighted the importance of pCO» in
providing a threshold for glaciation (Deconto and Pollard, 2003) and implied that ocean
circulation played only a small role in controlling latitudinal heat transport (Huber et al., 2004).
However, recent evidence of ephemeral glacial ice prior to the Eocene-Oligocene transition (e.g.,
Carter et al., 2017; Gulick et al., 2017; Scher et al., 2014), discrepancies in model-specific pCO»
glaciation thresholds (e.g., Gasson et al., 2014), and late Eocene cooling trends independent of
consistent changes in pCO; (e.g., Zhang et al., 2013) have reinvigorated discussions on the

cause(s) of late Eocene cooling.

While the temporal record of mean global temperatures is reasonably well constrained
throughout this transition (e.g. Zachos et al., 2008), relatively little is known about the

accompanying changes in seasonality, and most of these studies have been at lower latitudes
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(Ivany et al., 2000; Keating-Bitonti et al., 2011; Kobashi et al., 2001). As summer temperatures
are the primary control on inception and expansion of ice sheets, seasonally resolved data from
nearshore Antarctic waters are critical for evaluating the mechanisms responsible for global
cooling over this time interval. Further, the existing records of mean annual temperature (MAT)
from the Eocene Southern Ocean are highly variable (e.g., Bijl et al., 2009; Burgess et al., 2008;
Creech et al., 2010; Douglas et al., 2014; Hines et al., 2017; Hollis et al., 2009; Inglis et al.,
2015; Ivany et al., 2008; Liu et al., 2009), obfuscating direct interpretation of high-austral
conditions during this important climate transition. The added insight from seasonally-resolved
data may be able to help contextual conflicting MAT records, by identifying seasonal biases

within proxy methods.

Seasonal temperature data can also provide information not readily available from MAT data
alone, particularly with respect to the means by which climate changes. For example, a decrease
in mean annual temperature can be achieved by vertically phase shifting the existing seasonal
amplitude, by preferential summertime cooling such that the seasonal amplitude is dampened, or
by preferential wintertime cooling, which increases the seasonal amplitude. While all three
scenarios result in the same overall change in mean annual temperature, each has unique
consequences for the biotic and hydrologic responses to climate change, as well as different
implications for the mechanisms responsible for the observed climate change. This latter point is
particularly pertinent during the transition from the middle to late Eocene, as the mechanism(s)
driving global cooling and ice sheet inception remain unclear. Conceptually, the annual
temperature cycle would likely respond differently to cooling driven by changes in ocean
circulation than that driven by decreasing pCO., making seasonally-resolved Antarctic SSTs

unique in their ability to distinguish between the two proposed mechanism.
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5.3 Materials and Methods

5.3.1 High-resolution stable isotope analyses from fossil bivalves

Fossil bivalve specimens come from the La Meseta Formation (Elliot and Trautman, 1982),
Seymour Island, Antarctica (~64°S, 54°W), situated ~100 km east of the Antarctic Peninsula.
The La Meseta Formation, which preserves the only known in situ Eocene marine outcrop in all
of Antarctica, is a highly fossiliferous marine succession consiting of poorly consolidated
sandstones, mudstones, and shell beds. The specimens for this study were collected from two
shell beds, located approximately halfway up the stratigraphic subdivision known as Telm 7
(Sadler, 1988). Telm 7 consists of flat-lying heterolithic sandstone, interpreted to have been
deposited along a shallow marine shoreface (Marenssi et al., 2002; Porebski, 1995).
Dinoflagellate biostratigraphy of the sampled horizons is consistent with an early Priabonian age

(~37.4 Ma; Douglas et al., 2014).

Six specimens of fossil bivalves belonging to the genera Cucullaea and Retrotapes (formerly
Eurhomalea, Alvarez and Pérez, 2016) were serially (i.e., sequentially) sampled at high
spatial/temporal resolution across growth increments to constrain intra-annual temperature
variation during the late Eocene. X-Ray diffraction (XRD) and trace element analyses were
performed on samples of shell material from each horizon to evaluate preservation of the original
aragonite mineralogy. Pristine specimens were incrementally sampled for stable isotopes on
either the cleaned shell exterior or a polished section through the axis of maximum growth
(Tables S1-3) using an ESI/New Wave/Merchantek MicroMill. A total of 31 years of growth
were sampled at an average resolution of 9.5 samples per year. Samples were analyzed for their

stable oxygen (8'8Ocarb) and carbon (8'*Cear) isotopic compositions using a Finnegan MAT 251
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or 253 mass spectrometer coupled to a Kiel automated carbonate preparation device. Data are
reported relative the Vienna PeeDee Belemnite (VPDB) standard and were corrected using

international reference materials NBS-18 and NBS-19. Average precision is better than 0.04%eo.

5.3.2  Seasonally-resolved sea surface temperature estimates

In order to reconstruct the annual temperature cycle, isotope profiles are transformed from the
distance domain into a temporal framework, and SSTs are estimated from the 6'*Oca values. To
account for variable intra-annual growth rates of bivalves, we apply the bivalve growth model of
Judd et al. (2017), which derives seasonal growth rate and temperature functions using only
serially sampled 8'8Qcarb data and associated distance values. All 31 years of temporally-aligned
data can then be converted to temperature estimates, combined into a single densely sampled

annual cycle, and fit with a sinusoid, enabling a true climatological analysis.

Temperatures are calculated using the empirically derived biogenic aragonite paleotemperature
equation of Grossman and Ku (1986) modified for SMOW (Dettman et al., 1999). This equation,
however, requires knowledge of or an assumption about the oxygen isotopic composition of
seawater (8'8Oscawater) at the time of shell precipitation, which fluctuates temporally as a function
of ice volume and spatially as a function of the ratio of precipitation (and runoff) to evaporation.
In the Eocene, uncertainties regarding the precise timing, extent, and possible ephemeral nature
of glacial ice during the late Eocene (Carter et al., 2017; Gulick et al., 2017; Scher et al., 2014)
make this value exceedingly difficult to estimate. One method for determining local seawater
composition is to calculate SST using an independent proxy and use that temperature estimate to
solve for the 8'8Oscawater (€.g., Keating-Bitonti et al., 2011; Lear et al., 2000). However, clumped

1sotope-derived SST estimates from bivalves within Telm 7 span a broad range of temperatures
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(9.2 —16.9 °C), each associated with a sizeable standard error (Douglas et al., 2014), giving rise

to a large range of possible 8'*Oscawater Values.

To estimate the annual temperature cycle, we must therefore account for this uncertainty, as well
as the potential for variable inter-shell 8'3Oscawater values, driven by local variability during a time
of dynamic climate and environmental change. To do this, we estimate SSTs of the temporally-
aligned isotope profiles of each individual shell using a suite of seawater values ranging between
-1.0 and -0.4%o (0.1%o step; n = 7). We then systematically cycle through every possible
permutation of these temperature estimates, allowing for unique seawater compositions of each
shell. With each permutation, we stack all temperature values on the same annual cycle, fit them
with a sinusoid, and record the R? and p-value of the fit (n = 117,649). We ultimately assign a
8'8Oscawater value to each shell by selecting the combination that yields the highest, statistically
significant R?value of the sinusoidal fit. This procedure assumes that all specimens are recording
the same temperatures and that inter-shell offsets in 3'3Ocar thus reflect short-term changes in

local & ! 8Oseawater-

5.3.3  GENESIS climate model simulations

To constrain the conditions required to produce the seasonal patterns observed in our proxy data
and to better understand the seasonal response to changing baseline conditions in this region, we
run multiple climate simulations using the Genesis 3.0 Global Circulation Model (Alder et al.,
2011), coupled to the BIOME4 equilibrium vegetation model (Kaplan, 2003). By using a
computationally efficient slab-ocean/sea ice component rather than a full depth ocean model, we
can assess the role of pCO» in driving seasonal variations independent from any change in ocean

circulation. Each simulation was run for 50 years with a middle-late Eocene paleogeography
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(Feakins et al., 2014) and a range of pCO», ice volume, and orbital parameters (Table S4); results
reflect an average of the last ten years of each simulation. The surface model has a spatial
resolution of 2°x 2°; mean monthly SSTs were extracted at the paleolocation of Seymour Island

at ~68.8°S, 69.4°W.

5.4 Results

5.4.1 High-resolution stable isotope analyses from fossil bivalves

All analyzed shells retain their original aragonitic mineralogy, and trace element concentrations
are consistent with values from modern aragonitic bivalves (Fig. S1; Morrison and Brand, 1986),
indicating that they have not undergone diagenetic alteration and that isotope values reflect
original depositional conditions. Individual isotope profiles consistently exhibit low amplitude
variability, which can make it difficult to discern discrete years. However, a number of factors
lend confidence to the assertion that growth bands are formed on an annual basis. These factors
include (1) small annual cycles in §'"®QOcar in association with growth bands (Fig. 1A), 2), (2)
strong cyclicity in 8'3Cear profiles coincident with growth banding (Fig. S2), and (3) previous
studies of these taxa from the middle Eocene, which have confirmed the annual nature of internal
growth bands and external sculpturing (Buick and Ivany, 2004; Dutton et al., 2002; Ivany et al.,

2008; Judd et al., 2019).

Across the whole population, discrete profiles exhibit comparatively similar means and ranges of
oxygen isotope values (Fig. 1B), spanning between ~0.5 and 2%o. Specimens C20154 and
C40154 have smaller ranges than the other shells. However, these shells were sampled at a lower
resolution in cross section later in ontogeny (Miklus, 2008) and thus are likely time averaged.

Specimens E1006 and C10181 both exhibit a similar range in isotope values as other sampled
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shells, however the overall values from E1006 are generally more depleted while values from
C10181 are generally more enriched. As the specimens come from shell beds that temporally

average material, these differences likely indicating local seawater 8'®Oscawater variability.

5.4.2  Seasonal temperature analysis

The combination of seawater values that yields the highest R? value of the sine-fit temporally-
aligned temperature data support a late Eocene MAT of 10.8 °C and a mean annual range of
temperatures (MART) of 2.0 °C (Fig. 1C; Table S1; R? = 0.53; p-value < 0.001). The iterative
fitting procedure, which allowed for variable inter-shell 3'#Oseawater values and maximized the
overall fit of the total dataset, suggests that seawater values were tightly clustered (8'®Oscawater = -
0.86=0.11%o;10), with the exception of C18101 (8" Oscawater = -0.4%o). Of note, removing the two
lower amplitude specimens (C20154 and C20154) has no impact on the best-fit shell 8!8 Oscawater
values nor MAT, and minimal impact on MART (2.2 °C) and the R? value of the fit (0.54).
Similarly, while removing the most enriched specimen (C10181) does increase the overall MAT
(11.3 °C) by consistently shifting all shell §'®Oscawater values toward more enriched values,
ultimately it has little impact on either MART (2.1 °C) or the R? value of the fit (0.54). As such,

we include all sampled specimens in the final temperature solution.

5.4.3 GENESIS climate model simulations

To better understand how changing pCO», ice volume, and orbital parameters effect the seasonal
range of nearshore peninsular waters, we ran a suite of five simulations, systematically varying
each forcing. Changing pCO; alone had no effect on MART; a finding that held true regardless
of whether there was an Antarctic ice sheet or not (Table S4). Conversely, holding pCO»

constant but adding a medium-size ice sheet and decreasing obliquity (from 24.5 to 22°) lowered
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MART by 1.2 °C, and, interestingly, MAT by 2.6 °C. Even under the lowest seasonality
configuration (i.e., low obliquity, high eccentricity, July perihelion, and a medium sized ice
sheet) the seasonal range at the paleolocation of Seymour Island only decreased to 5.1 °C, and,
ultimately, we were unable to approximate the small seasonal range observed in the proxy data.
Given that these simulations utilize a slab ocean, these findings suggest that changes in surface
ocean circulation likely played a large role in controlling the seasonal variability of nearshore

peninsular waters.

5.5 Discussion

The proxy data presented here suggest an early Priabonian MAT of 10.8 °C with a small seasonal
range of ~2.0 °C. In the following sections, we compare these data with seasonally-resolved
values from the late Lutetian (Judd et al., 2019) and propose a model for the reconfiguration of
surface ocean currents between the middle and late Eocene that accounts for observed changes in
seasonality. Additionally, we demonstrate that seasonally-resolved data can help identify
seasonal biases in other temperature proxies, and explore cooling trends from existing proxy data
across the Eocene Southern Ocean and their consistency with our proposed model. To facilitate a
direct comparison between time intervals, all proxy records discussed in the following sections
have been averaged across the Priabonian (37.8 — 33.9 Ma) and the late Lutetian (45.1 —41.2

Ma), with each time bin representing ~3.9 Ma.

5.5.1 Middle to late Eocene reduction in seasonality

Seasonally-resolved oxygen isotope-derived SST data from the stratigraphically lower and older
unit, Telm 5, of the La Meseta Formation indicate a late Lutetian (~42-41.5 Ma) MAT of 13.1 °C

and MART of 8.0 °C (Judd et al., 2019). This indicates a cooling between the late Lutetian and
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early Priabonian of ~2.3 °C, accompanied by an attenuation of seasonality by ~6 °C (Fig. 2).
Remarkably, winter temperatures are statistically indistinguishable, implying that late Eocene
cooling along the eastern Antarctic Peninsula was driven entirely by a reduction in summertime

temperatures.

A similar pattern of seasonal attenuation brought about by a reduction of summertime
temperatures is also indicative of increasing water depth (Prandle and Lane, 1995; Wilkinson and
Ivany, 2002). Thus, given the unique nature of the cooling trend inferred from the seasonal data,
establishing whether this pattern represents a true climate signal or simply a change in
paleodepth is important. Despite a notable facies change between Telms 5 and 7, interpreted as a
transition from tidally-dominated estuary mouth to low-energy shoreface environment with a
straightened coastline (Marenssi et al., 2002; Porebski, 1995; Por¢bski, 2000; Sadler, 1988),
several lines of evidence suggest that these data are indeed representative of climatic conditions.
First, faunal turnover between Telms 5 and 7 are best explained by a cooling climate rather than
a significant change in paleodepth (Jadwiszczak, 2010). Second, sedimentological evidence
indicates an increase in the sand-sized grain fraction from Telm 5 to 7, with higher contributions
of felspar and lithic fragments, indicative of shallow shelf deposition under temperate conditions
favoring physical weathering (Dingle et al., 1998; Marenssi et al., 2002). Similarly, sedimentary
structures (e.g., tidal sand-waves) are consistent with shallow coastal deposition (Marenssi et al.,
2002). Finally, because winter temperatures remain consistent between the middle and late
Eocene, if the decrease in seasonal range did reflect changes in paleodepth rather than overall
climate state, our results would indicate stable temperatures between the middle and late Eocene.
This becomes difficult to reconcile with TEX3gs data (Douglas et al., 2014) and the global benthic

oxygen isotope stack (Zachos et al., 2008), both of which indicate substantial cooling over this
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time frame. Thus, since biologic, lithologic, and sedimentologic evidence all support the
assumption of shallow coastal deposition, and the observed cooling trend is consistent with
existing climatologic data, we feel confident in assessing the trends in seasonality in the context

of a true climate signal.

Provided that these data reflect a true collapse in seasonality in nearshore waters along the
eastern margin of the Antarctic Peninsula between the middle and late Eocene, what information
does can be gleaned regarding seasonal variability during large-scale climate transitions? As a
first order approximation, seasonality is controlled by intra-annual variations in solar insolation,
and thus should therefore correlate with latitude. However, several other factors, including
atmospheric and oceanic circulation patterns, play a large role in controlling MART (e.g.,
Glorioso, 1987; Marshall et al., 2006; Gill and Niller, 1973). Today, despite highly seasonal
Antarctic air temperatures, the seasonal range of temperatures of seawater in the austral high
latitudes is low (<1°C; Hirahara et al., 2014), as it is restricted by the freezing point of salt water
and minimized by latent and sensible heat exchange associated with seasonal sea ice. Thus, in a
warmer world, one would anticipate a larger seasonal range of SST, manifest as preferential

summertime warming, as observed here.

Analysis of modern global trends indicate that the recent anthropogenic increase in near-surface
MAT is largely manifest as preferential summertime warming (Hansen et al., 2012, 1988),
though regional patterns, particularly in the climatically sensitive high latitudes, are far from
straightforward (e.g., Turner et al., 2005; Marshall et al., 2006). In a reversal of the findings
presented here, previous studies of temporal changes in seasonality with cooling across the
Eocene-Oligocene Transition, in both terrestrial (Eldrett et al., 2009; Zanazzi et al., 2015) and

marine (Ivany et al., 2000; Kobashi et al., 2001) environments have all found evidence for
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increased seasonality, brought about by a preferential decrease in winter temperature. Though
convincing in its consistency, this pattern is based on a limited number of studies all of which are
concentrated in the low or midlatitudes of North America, with just a single study focused on

high-boreal terrestrial change (Eldrett et al., 2009).

5.5.2  Seasonally resolved data as a means of identifying seasonal biases in other proxies

The seasonally resolved proxy data from this study and those of Judd et al. (2019) indicate a late
Lutetian to early Priabonian cooling of MAT of ~2.3 °C. We find that the decrease in MAT was
brought about by a reduction in summer temperatures by ~6.4 °C, with no discernable change in
winter temperature. The overall decrease in MAT is in excellent agreement with cooling inferred
from clumped isotopes of bivalves from the same section (2.2 °C; Douglas et al., 2014), although
the absolute temperatures of the clumped isotope measurements are systematically warmer (Fig.
3). This offset could be due to uncertainties in the inferred 8'®Oscawater value, time averaging
across an ~3.9 myr bin (i.e., reflective of true climate variability), or from early-stage solid-state

diffusion, driving slightly warmer clumped values (Henkes et al., 2014).

However, the cooling trend inferred from the organic biomarker SST proxy, TEXss 1s quite
different. BAYSPAR-calibrated (Tierney and Tingley, 2015) TEXss SST estimates from the La
Meseta Formation yield a mean late Lutetian SST estimate of 20.5 °C and a Priabonian SST
estimate of 13.1 °C, indicating an overall cooling of 7.4 °C. While the uncertainties of these
estimates are large, it is interesting that in both time intervals, the Texge-derived SST estimates
more closely approximates the estimated summer temperatures from seasonally-resolved oxygen
isotope data (Fig. 3). Further, the overall cooling trend in the TEXge data is in good agreement

with the inferred diminution of summer temperatures between the middle and late Eocene.
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Seemingly regardless of the calibration used, TEXgs temperatures are often warmer than SSTs
inferred from other proxies. This realization has led several authors to suggest a summertime
bias in the proxy, particularly in high latitude environments where the production of the
biomarker might be seasonally limited by sunlight or nutrient availability (e.g., Hollis et al.,
2012; Sluijs et al., 2011, 2006; but see also Tierney, 2013). Consistent with this hypothesis, our
analyses provide evidence in favor of a seasonal bias in TEXge-derived SST values at Seymour
Island. Specifically, we observe that both the middle and late Eocene TE Xss-derived
temperatures are in better agreement with our inferred summer temperatures than the overall
MAT, and that the TEX3gs-inferred cooling between the middle and late Eocene matches our

observed reduction in summertime temperatures.

This finding has important implications for inferring climate change using TEXs¢ data. If the
proxy is recording changes in summer temperature, rather than overall MAT, at other locations,
then it will be difficult to deconvolve the true magnitude of climate change within a record from
the changes in seasonality. Further, this highlights the necessity of multi-proxy approaches
involving seasonally-resolved data for evaluating this hypothesis in other locations, across a

range of latitudes.

4.3 A proposed model of changes in surface ocean circulation to explain reduced seasonality

The proxy-data presented here indicate that late Eocene cooling along the eastern Antarctic
Peninsula was driven primarily by a reduction in summertime temperatures. However, in a suite
of climate model simulations with systematically varying pCO,, ice volume, and orbital
configuration, we are unable to match the low seasonality of the late Eocene. Similarly, even

under a high seasonality orbital configuration, the model underestimates the amplitude of annual
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variability of the late Lutetian data. This suggests that surface ocean circulation likely exerts a
large influence on the amplitude of seasonality observed middle and late Eocene, as it is one of
the only variables capable of influencing the seasonal cycle not accounted for in our model (Judd

et al., submitted).

Using modern analog locations (i.e., locations in today’s oceans that have similar MAT and
MART values to observed data) as a guide, Judd et al. (2019) postulate that during the middle
Eocene, in the absence of the ACC, Seymour Island was situated at the convergence of two
currents: the colder western boundary of the proto-Weddell Gyre and a warmer branch current,
derived from either the South Atlantic Gyre or the South Pacific Gyre. They hypothesize that the
position of these currents oscillated seasonally, similar to the modern Brazil-Malvinas
Confluence, such that warm equatorial-derived water was delivered during the summer and cold
polar-derived water dominated during the winter (Fig. 4A). The current configuration would
therefore increase the range of seasonal temperatures above the anticipated zonal MART value in
nearshore Peninsular water. This interpretation is consistent with a comparison of the terrestrial
floral and faunal assemblages of the middle Eocene section of the La Meseta Formation with the
nearshore SST, which indicate a decoupling of terrestrial and marine climates along the eastern
margin of the peninsula, similarly attributed to the influx of a warm surface current (Cione et al.,

2007).

The precise timing of the initiation of the ACC remains highly debated (e.g., (Barker et al., 2007,
Pfuhl and McCave, 2005; Sarkar et al., 2019; Scher et al., 2015; Scher and Martin, 2006, 2004).
However, there is strong evidence that at ~41 Ma, the Drake Passage opened to intermediate
water depths (Scher and Martin, 2006, 2004), and that some semblance of a proto-ACC existed

by ~36 Ma (Sarkar et al., 2019). Even a weak zonal current could likely contract the subtropical

172



South Atlantic Gyre equatorward and deflect any potential branch currents from reaching
peninsular waters (Fig. 4B). Holding pCO» more-or-less constant (Jagniecki et al., 2015; Pagani
et al., 2011; Zhang et al., 2013), nearshore Peninsular environments would experience the same
wintertime temperatures, but the proto-ACC would prohibit poleward summertime heat
transport, preferentially cooling summers and attenuating the overall seasonal amplitude. Cooler
summertime temperatures would therefore allow for the growth and expansion of the Antarctic
Ice Sheet, predating any decrease in pCO». In turn, an increase in ice volume would lower
eustatic sea level, exposing shelfal silicates to be weathered, and the cooling of Antarctic waters
would increase the effectiveness of the biological pump, repartition atmospheric CO; to the
oceans, and expediting carbon sequestration, ultimately lowering global pCO,. Continued
lowering of pCO», likely below some threshold value, would then allow for a full descent into

global icehouse conditions.

5.5.3 Southern Ocean SSTs in the context of the proposed model

The Southern Ocean played a key role in late Eocene cooling. As such, reconstructing high-
austral conditions throughout the Eocene is essential to identifying changes in the latitudinal
temperature gradients and the magnitude of polar amplification, as well as ultimately identifying
the mechanism responsible for the onset of South Hemisphere glaciation. However, despite the
wealth of proxy data, SSTs from high-austral settings are highly variable (Fig. 5A,B; Bijl et al.,
2009; Burgess et al., 2008; Creech et al., 2010; Douglas et al., 2014; Hines et al., 2017; Hollis et
al., 2009; Inglis et al., 2015; Liu et al., 2009; Petersen and Schrag, 2015). Further, diverging
trends in late Eocene cooling (Fig. 5C) and difficulty reproducing the observed patterns with
climate models, compounded by uncertainties in proxy calibration and age models and

inconsistency among proxies, have made it difficult to reconstruct Eocene South Ocean
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conditions. However, our proposed model for middle to late Eocene changes in surface

circulation is generally consistent with the existing proxy data from the Southern Ocean.

Southern Ocean proxy data are consistently warmer in the South Pacific sector than the in the
South Atlantic sector, especially those from New Zealand (Fig. 5A, B). Surface circulation
patterns near New Zealand are complex today and were likely even more nuanced in the Eocene,
when the Tasman Gateway was closed (Bijl et al., 2013, 2009; Houben et al., 2019). These sites
were probably kept warm by lower latitude branch currents extending from the South Pacific
Gyre. Interestingly, between the middle and late Eocene, TEXge data from the East Tasman
Plateau (Bijl et al., 2009) record a similar magnitude of cooling to that inferred from clumped
isotope and TEX3gs data from Seymour Island (Douglas et al., 2014), while Mg/Ca-derived SSTs
indicate a warming in nearshore New Zealand (Fig. 5C; Hines et al., 2017). These trends are
consistent with the initiation of a circumpolar current, which would cool sites within its reach
(i.e., East Tasman Plateau and Seymour Island) while deflection of lower latitude source currents

would warm New Zealand.

The hypothesized changes in surface circulation between the middle and late Eocene are also
consistent with SST data from the equatorial Atlantic and Indian Oceans which show no
evidence of cooling between the middle and late Eocene (Pearson et al., 2007; Tremblin et al.,
2016; but see also Cramwinckel et al., 2018) despite Southern Ocean cooling (Inglis et al., 2015)
and little evidence for dramatic changes in pCO- levels (Jagniecki et al., 2015; McKay et al.,
2016; Steinthorsdottir et al., 2019; Zhang et al., 2013). Additionally, a recent study using
dinoflagellate cyst assemblages to track surface circulation identified a reorganization of currents
at ~36 Ma, although this was interpreted as an intensification of a westward countercurrent

(Houben et al., 2019). Regardless of the direction of flow, any circumpolar current should be
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capable of deflecting warmer, lower-latitude currents away from the Antarctic Peninsula.
Further, circulation-driven changes in seasonality, rather than pCO,, helps reconcile the
contrasting (though albeit sparse) records of seasonal variability with cooling between the
Northern and Southern Hemisphere (Eldrett et al., 2009; Ivany et al., 2000; Kobashi et al., 2001;

Zanazzi et al., 2015).

5.6 Conclusions

Seasonally-resolved proxy data from nearshore eastern Antarctic Peninsula waters indicate an
early Priabonian MAT of 10.8 °C and MART of 2.0 °C. Comparison with similar proxy data
from the same formation during the late Lutetian indicates a middle to late Eocene cooling of 2.3
°C brought about entirely through a reduction in summertime temperatures of ~6 °C. Climate
model simulations, run with a slab ocean and parameterized with varying pCO., ice volume, and
orbital parameters, were unable to reproduce the low amplitude seasonality of the late Eocene
data, suggesting that changes in wind-driven surface ocean circulation played the dominant role
in suppressing the seasonal amplitude. Previously published TEXgs data from the same formation
and over the same time interval record a similar cooling trend (~7.5 °C) and are consistently
warmer than our reconstructed MAT values and, suggesting that the TEXss proxy is recording
summertime temperatures rather than MAT in the high latitude setting of Seymour Island. This
finding highlights the utility of subannually-resolved data in identifying seasonal biases in other
SST proxies and cautions against inferring absolute cooling or warming trends from TEXgs data

from environments that may be subject to preferential seasonal formation of the biomarker.

We propose that the decrease in both MAT and MART between the middle and late Eocene was

driven by a reconfiguration of Southern Ocean surface currents after the initiation of the proto-
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ACC. Deflection of warm south-flowing currents led to preferential summertime cooling,
allowing for the inception of late Eocene glaciation. Feedbacks related to increased ice volume
and cooler Southern Ocean MAT led to a decrease in global pCO,. Once pCO> declined
sufficiently, the global climate cooled allowing for a full descent into icehouse conditions. Thus,
similar to the findings of other recent studies, we suggest that despite the inferred pCO» threshold
for continental ice sheet formation, tectonically-induced reorganization of surface currents

initiated Antarctic cooling and preconditioned the continent for large-scale glaciation.
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Figures

Figure 5.1. Summary of seasonally-resolved oxygen isotope profiles from early Priabonian
fossil bivalves of the La Meseta Formation, Seymour Island, Antarctica. A. Example of a high-
resolution oxygen isotope profile (Specimen ID: UF119456). Gray bands denote the location of
annual external sculpturing. B. Summary of oxygen isotope values from all six sequentially
sampled shells. Points depict discrete isotope measurements. Outlined boxes and horizontal lines

depict the amplitude (range) and position (mean), respectively, of the sinusoidal fit to the stack
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of temporally aligned data from each horizon. C. Summary of proxy-derived seasonal
temperature data. [sotope-derived temperature estimates (colored points) positioned on the
annual cycle (Judd et al., 2017) were estimated using a range of 8'3Oscawater values from Douglas
et al. (2014) (see text for details) and fit with a sinusoid to characterize the seasonal climate
regime. The best-fit sinusoid through all data (+1c; gray band) suggests a mean annual

temperature of 10.8°C and a mean annual range of temperatures of 2.0 °C.
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Figure 5.2. Summary of the seasonal ranges (+1c) during the early Priabonian (blue) and the late

Lutetian (red), inferred from high-resolution oxygen isotope profiles from bivalves deposited

within the La Meseta Formation, Seymour Island, Antarctica.
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Figure 5.3. Summary of temperature estimates from the Priabonian (37.8-33.9 Ma; cool colors)
and the late Lutetian (45.1-41.2 Ma; warm colors) of the La Meseta Formation, Seymour Island,
Antarctica. Diamonds denote TEXss-derived SST estimates (Douglas et al., 2014), calibrated to
BAYSPAR (Tierney and Tingley, 2015). Squares denote clumped isotope-derived SST estimates
(Douglas et al., 2014). Rectangles indicate the seasonal range inferred from high-resolution

oxygen isotope profiles, and thick horizontal lines indicate the estimated MAT.
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Figure 5.5. Comparison of Southern Ocean SST proxy data from the Priabonian (A) and late
Lutetian (B), and the difference in SST between the two intervals for all sites with data in both

time intervals (C).
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Figure S1. Box plots of trace element data used to assess potential diagenetic alteration. Light
gray bands indicate the range of modern aragonitic bivalves for each element, as reported by
Morrison and Brand (1986). Trace element analyses were performed on shells from each of the
horizons from which isotope transects were generated, and in all cases fall within the range of

unaltered aragonitic values.
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Figure S2. Oxygen (A) and carbon (b) isotope profile of specimen E1006. Thick gray lines
denote the placement of externally sculpture ridges. While it is difficult to discern discrete years
in the oxygen isotope profile, the consistent cyclicity within the carbon isotope profile lends

confidence to the assertion that external banding is indeed annual.
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Tables

Table S1: Summary of all Telm 7 sampled bivalves.

Specimen ID Genus Sampled surface No. years sampled No. samples 8'8Oscawater

C10181 Cucullaea Exterior 6 58 -0.4
C20154* Cucullaea Interior 4 24 -0.7
C40154* Cucullaea Interior 4 26 -0.9
E1006 Retrotapes Exterior 6 91 -1.0
UF119455 Cucullaea Exterior 3 38 -0.8
UF119456  Cucullaea Exterior 8 58 -0.91

*Data from Miklus (2008)
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Table S2. Summary of sampled bivalves.

Raw oxygen isotope data Growth modelled value’

SpecimenID Year No.samples Min Max Range Mean Min Max Range Mean

C10181 1 8 1.34 196 0.62 1.71 121 1.87 0.66 1.54
2 22 1.41 2.00 0.59 1.56 1.47 228 0.81 1.87

3 10 1.30 1.85 0.55 1.46 1.35 221 0.85 1.78

4 6 1.12 196 0.84 1.65 0.74 188 1.13 1.31

5 5 1.11 1.89 0.78 1.47 0.92 194 1.02 1.43

6 1.32 1.70 0.38 1.48 1.32 1.70 038 1.51

Yearly average': 10 1.27 1.89 0.63 1.56 1.17 1.98 081 1.57
Shell averagé’ : 58 1.11 2.00 0.89 1.56 1.43 1.82 0.39 1.62
C20154 1 7 1.22 142 020 1.36 1.19 142 023 1.30
2 5 1.23 1.56 033 1.35 1.26 1.65 038 1.46

3 5 1.02 1.45 043 1.19 1.03 1.47 045 1.25

4 7 1.01 124 023 1.15 1.06 138 032 1.22
YearlyavemgeI.' 6 1.12 1.42 0.30 1.26 1.13 1.48 0.34 1.31

Shell averagé : 24 1.11 2.00 089 1.56 1.11 1.45 035 1.28

C40154

1 2 094 1.35 041 1.15 0.95 1.37 042 1.16

) 7 1.00 1.33 033 1.22 0.96 1.30 0.34 1.13

3 8 1.08 1.40 0.32 1.20 1.08 1.40 032 1.24

4 9 1.03 1.33 030 1.18 0.96 1.27 031 1.12

Yearly average': 7 1.01 1.35 034 1.19 0.99 1.33 035 1.16
Shell averagé’ : 26 0.94 1.40 0.46 1.19 1.03 1.30 027 1.17
E1006 1 13 0.73 1.33 0.60 0.99 0.73 1.32 0.60 1.02
2 13 096 1.51 0.55 1.14 1.00 1.51 0.51 1.25

3 9 1.09 1.40 031 1.24 0.69 1.31 0.62 1.00

4 19 0.51 1.26 0.75 0.80 0.72 1.76 1.04 1.24

5 18 047 1.51 1.04 0.97 0.68 1.37 0.69 1.02

6 19 092 1.52 0.60 1.21 0.65 1.29 0.64 0.97

Yearly average': 15 0.78 1.42 0.64 1.06 0.74 1.43 0.68 1.08
Shell average’ : 9] 0.47 1.52 1.05 1.04 0.80 1.31 0.52 1.06
UF119455 1 14 1.43 1.74 031 1.57 0.84 1.59 0.75 1.21
2 12 095 1.70 0.75 1.31 095 1.67 0.72 1.31

3 12 0.74 1.43 0.69 1.06 0.88 1.48 0.61 1.18

Yearly average': 13 1.04 1.62 058 1.31 0.89 1.58 0.69 1.23
Shell averagé’ : 38 0.74 1.74 1.00 1.33 091 1.60 0.69 1.26
UF119456 1 7 1.12 1.56 0.44 1.37 0.57 1.38 0.80 0.98
2 5 094 1.60 0.66 1.22 1.04 1.63 0.59 1.34

3 6 1.14 1.57 043 1.30 0.65 1.35 0.70 1.00

4 11 095 1.62 0.67 1.19 0.97 1.63 0.66 1.30
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Raw oxygen isotope data Growth modelledvalue®
SpecimenID Year No.samples Min Max Range Mean Min Max Range Mean

UF119456 5 7 0.89 1.69 0.80 1.25 045 156 1.11 1.01

6 8 095 1.76 0.81 1.33 1.02 1.65 0.63 1.33
7 6 090 1.51 0.61 1.21 0.84 147 0.63 1.15
8 8 092 146 054 1.12 0.87 1.50 0.63 1.19
Yearly average': 7 0.98 1.60 0.62 1.25 0.80 1.52 0.72 1.16
Shell averagé’ : 58 0.89 1.76 087 1.24 1.02 1.42 041 122

"Yearly averages reflect the average of the minimum, maximum, range, and mean oxygen isotope values from each
sampled year within a profile

2 Shell averages reflect the absolute minimum, maximum, range, and mean oxygen isotope values from the raw
profile

3Modeled yearly averages reflect the average of the minimum, maximum, range, and mean oxygen isotope value
from the output of the bivalve growth rate model
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Table S3. Raw oxygen isotope data from serially sampled bivalves, by horizon and shell ID.

Specimen ID Sample No. Distance (mm) 9 Oarb(%0; VPDB)

C10181 1 0 1.96
2 0.34716 1.6
3 0.66384 1.94
4 0.9728 1.73
5 1.2758 1.96
6 1.6601 1.34
7 1.9415 1.58
8 2.4967 1.54
9 2.7984 2
10 3.0618 1.58
11 3.3241 1.55
12 3.5854 1.67
13 3.8461 1.54
14 4.1114 1.44
15 4.408 1.41
16 4.6564 1.44
17 4.8751 1.51
18 5.1085 1.55
19 5.347 1.5
20 5.5726 1.55
21 5.7888 1.48
22 6.0991 1.52
23 6.3291 1.48
24 6.5567 1.52
25 6.7827 1.47
26 7.0153 1.72
27 7.2531 1.57
28 7.4914 1.72
29 7.7423 1.51
30 8.0164 1.65
31 8.2394 1.85
32 8.4981 1.3
33 8.7462 1.36
34 9.0019 1.42
35 9.2637 1.34
36 9.5142 1.38
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Specimen ID Sample No. Distance (mm) 8'*Ocary (%0; VPDB)

37 10.29 1.54
38 10.544 1.38
39 10.802 1.5
40 11.321 1.53
41 12.146 1.96
42 12.578 1.74
43 13.011 1.75
44 13.443 1.69
45 13.876 1.66
46 14.308 1.12
47 14.741 1.89
48 15.173 1.11
49 15.605 1.42
50 16.049 1.57
51 16.481 1.35
52 16.946 1.66
53 17.368 1.52
54 17.789 1.45
55 18.242 1.35
56 18.756 1.32
57 19.301 1.37
58 19.841 1.7
C20154* 1 3 1.22
2 4 1.33
3 5.5 1.42
4 7 1.4
5 8.5 1.41
6 10 1.37
7 11 1.34
8 12 1.23
9 13 1.38
10 14 1.56
11 15 1.25
12 16 1.32
13 17 1.45
14 18 1.27
15 19 1.14
16 20 1.02
17 21.5 1.08
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Specimen ID Sample No. Distance (mm) 8"*Ocar, (%0; VPDB)

18 23.5 1.04
19 25 1.16
20 26 1.16
21 27 1.01
22 28 1.21
23 29 1.21
24 30 1.24
C40154* 1 1 0.94
2 2 1.35
3 3 1
4 4 1.26
5 5 1.33
6 6 1.31
7 7 1.19
8 8 1.19
9 9 1.24
10 10 1.09
11 11 1.13
12 13 1.17
13 15 1.32
14 16 1.4
15 17 1.21
16 19 1.17
17 20 1.08
18 22 1.03
19 23 1.08
20 24 1.19
21 26 1.17
22 27 1.2
23 28 1.24
24 29 1.16
25 30 1.33
26 31 1.26
E1006 1 0 1.06
2 0.35733 1.24
3 0.68284 0.79
4 1.0053 1.05
5 1.3204 1.03
6 1.6297 1.04
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Specimen ID Sample No. Distance (mm) 9 Ocrb(%0; VPDB)

7 1.9392 0.81
8 2.2458 1.23
9 2.5581 0.73
10 2.864 0.89
11 3.1713 0.73
12 3.4775 1.33
13 3.7829 0.96
14 4.089 1.51
15 4.4491 1.2

16 4.6626 1.1

17 4.8763 0.97
18 5.0896 1.13
19 5.3036 0.98
20 5.5363 0.97
21 5.7388 0.96
22 5.9639 1.02
23 6.159 1.28
24 6.3714 1.06
25 6.5836 1.31
26 6.7959 1.32
27 7.0752 1.4
28 7.316 1.09
29 7.5626 1.26
30 7.8033 1.24
31 8.0398 1.21
32 8.2873 1.24
33 8.528 1.31
34 8.7687 1.2

35 9.0104 1.23
36 9.2511 1.26
37 9.4446 0.93
38 9.638 0.64
39 9.8327 0.68
40 10.026 0.93
41 10.221 0.51
42 10.414 0.98
43 10.608 0.87
44 10.802 0.99
45 10.997 0.98
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Specimen ID Sample No. Distance (mm) 9 Ocrb(%0; VPDB)

46 11.193 0.84
47 11.389 0.68
48 11.586 0.64
49 11.786 0.59
50 11.99 0.77
51 12.199 0.79
52 12.406 0.63
53 12.606 0.85
54 12.801 0.62
55 12.994 0.76
56 13.19 0.76
57 13.378 0.47
58 13.564 0.77
59 13.752 0.71
60 13.939 0.94
61 14.125 0.89
62 14.313 0.97
63 14.499 0.88
64 14.687 1

65 14.876 0.78
66 15.064 0.89
67 15.253 1.43
68 15.443 0.99
69 15.632 1.51
70 15.82 0.99
71 16.009 1.43
72 16.198 1.21
73 16.386 1.39
74 16.589 1.09
75 16.78 1.42
76 16.964 1.12
77 17.144 1.37
78 17.326 1.09
79 17.509 0.99
80 17.692 1.02
81 17.876 1.36
82 18.061 1.03
83 18.289 1.44
84 18.515 1.29
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Specimen ID Sample No. Distance (mm) 8'*Ocarp (%0; VPDB)

85 18.741 1.19
86 18.968 0.92
87 19.194 1.52
88 19.419 1.06
89 19.642 1.09
90 19.865 1.05
91 20.098 1.51
UF119455 1 0 1.54
2 0.2498 1.57
3 0.51607 1.61
4 0.77756 1.59
5 1.0578 1.56
6 1.3281 1.49
7 1.6086 1.53
8 1.912 1.64
9 2.2185 1.57
10 2.5251 1.74
11 2.8396 1.43
12 3.1215 1.47
13 3.4932 1.49
14 3.9872 1.68
15 42858 1.23
16 4.5878 1.49
17 4.885 1.59
18 5.192 1.29
19 5.4999 1.7
20 5.8 1.56
21 6.1052 1.68
22 6.4148 1.22
23 6.7238 0.97
24 7.0507 1.1
25 7.4483 0.95
26 7.6925 0.98
27 7.931 0.97
28 8.1718 1.08
29 8.4335 0.76
30 8.8408 0.74
31 9.1095 1.14
32 9.4009 0.91
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Specimen ID Sample No. Distance (mm) 8'*Ocary (%0; VPDB)

33 9.7069 1.13
34 10.017 1.12
35 10.288 1.01
36 10.539 1.33
37 11.035 1.43
38 11.313 1.04
UF119456 1 0 1.56
2 0.52852 1.53
3 1.0552 1.12
4 1.6309 1.36
5 2.1872 1.45
6 2.7495 1.18
7 3.3258 1.39
8 3.8899 0.94
9 4.4471 1.16
10 4.8351 1.6
11 5.182 1.24
12 5.5279 1.14
13 5.8736 1.14
14 6.2204 1.36
15 6.5656 1.24
16 6.9175 1.15
17 7.2731 1.32
18 7.6285 1.57
19 8.0007 1.11
20 8.364 1.43
21 8.7566 0.95
22 9.1431 1.09
23 9.5224 1.19
24 9.9035 1.37
25 10.281 1.62
26 10.655 1.2
27 11.03 1.08
28 11.408 1.14
29 11.802 0.96
30 12.183 0.89
31 12.575 1.3
32 12.979 1.21
33 13.434 1.13
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Specimen ID Sample No. Distance (mm) 8'*Ocary (%0; VPDB)

34 13.879 1.41
35 14.318 1.09
36 14.812 1.69
37 15.283 0.95
38 15.76 1.18
39 16.242 1.28
40 16.71 1.22
41 17.166 1.32
42 17.693 1.49
43 18.176 1.76
44 19.111 1.47
45 19.311 1.22
46 19.92 1.51
47 20.514 1.25
48 20.992 1.26
49 21.655 1.1
50 22.095 0.9
51 22.555 1.29
52 22.978 1.27
53 23.391 0.97
54 23.806 1.46
55 24.213 0.92
56 24.616 0.95
57 25.018 1.05
58 25.418 1.02

*Data from Miklus (2008); distance data are unavailable, but samples were taken at a fixed rate. Distance values
therefore reflect the sample number, but are unitless.
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Table S4. Summary of GENESIS model simulation configurations.

Simulation configuration SST results* (°C)
Model ID ice sheet pCO2 obliquity eccentricity precession _min max range mean
LEMED750L medium 750 22 0 0 1.0 68 59 39
LEMED1500L medium 1500 22 0 0 55 114 59 85
LEMEDI500M  medium 1500 22 0.06 270 62 112 5.1 8.7
LENO1500H none 1500 245 0 0 76 147 7.1 111
LENO2000H none 2000 245 0 0 92 164 72 128

*SST results from the paleolocation of Seymour Island, situated at 68.8°S, 69.4°W
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