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ABSTRACT OF THE DISSERTATION
Application of multiproxy tracers to reconstruct paleoenvironmental perturbations on the

mid-Atlantic margin across the Paleocene-Eocene thermal maximum

By MARIA MAKAROVA

Dissertation Director:

Dr. Kenneth G. Miller

The Paleocene-Eocene Thermal Maximum (PETM) was an abrupt warming event
(~56 Ma) characterized by a global temperature increase estimated to be on the order of
4-9°C and associated with a carbon isotope excursion of 2-7%o requiring a substantial
addition of light carbon (*2C) into global reservoirs. This dissertation presents an
integrated view of the spatial and temporal environmental perturbations caused by the
PETM on the mid-Atlantic continental shelf by the use of multiple paleoproxies. The
approach used here to resolve regional from global ecological and hydrographic
responses is to construct a cross-shelf transect with sites that range in coastal proximity
and environmental influence. I show new records from Millville and Medford cores and
sample the PETM in a shelf transect of five drillsites from the New Jersey Coastal Plain

(NJCP): Medford, Wilson Lake, Ancora, Millville, and Bass River.
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Application of the multiproxy approach reveals a warming of 6-7°C on the New
Jersey paleoshelf during the PETM. Surface dwelling foraminifera recorded smaller '30
anomalies, caused by changes in shelf hydrography and/or calcification preclusion of
foraminifera at temperatures above the survival limit of ~33°C. The organic
paleothermometer TEXgs-based temperature estimates show comparable warming
anomalies among the NJCP sections with a slightly larger warming recorded in the
nearshore sites. The study of the Medford cores, the most expanded section of the PETM
onset from the NJCP, indicated no warming prior to the CIE onset, rejecting the precursor
warming hypothesis. Bulk sediment records together with trace elemental ratios in
foraminifera suggested rapid mud deposition on the shelf accompanied by a decrease in
the water column oxygen content.

The significance of this work is a detailed chemostratigraphic correlation that
integrates planktonic and benthic foraminiferal stable isotopic data, temperature records
from independent proxies (TEXgs and foraminiferal Mg/Ca ratio), and an evaluation of
salinity variations on the shelf. Lastly, this study utilizes the novel paleoredox proxy
(foraminiferal I/Ca ratio) to evaluate water column deoxygenation on the New Jersey

paleoshelf during the PETM.
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I CHAPTER ONE
Introduction to the dissertation
1.1 Introduction

Understanding past climate perturbations with a focus on time intervals of high
temperatures and elevated CO- levels is important for evaluation of Earth’s system
response to rising greenhouse gas concentrations. The Paleocene-Eocene Thermal
Maximum (PETM) represents one the largest global warmings of the Cenozoic that
initiated in the beginning of the Eocene (~56 Ma) and lasted less than ~200 kyr based on
various estimates [Dickens et al., 1997; Katz, et al., 1999; Rohl et al., 2007; Murphy et
al., 2010]. The PETM was a rapid transient warming with a temperature rise of 4-9°C
estimated by independent proxies in pelagic, shelf, and terrestrial sections [Dunkley
Jones et al., 2013]. This warming was associated with a negative carbon isotope
excursion (CIE) of ~2.5-7 %o found in marine and terrestrial realms that requires a
massive input of light carbon into the Earth’s system [MclInerney and Wing, 2011].
However, the duration of the PETM onset and therefore causal mechanism(s) are not well
constrained.

The large magnitude of the CIE and rapidity of the PETM onset (less than a few
thousand years; Kirtland Turner [2018]) cannot be explained by carbon transfer through
outgassing and weathering. The originally favored hypothesis is the injection of
isotopically depleted carbon via methane hydrate dissociation [Dickens et al., 1995, 1997;
Katz et al., 2001; Thomas et al., 2002]; however, this is being challenged currently by
both sill intrusion or massive flood basalt volcanism in the North Atlantic [Svensen et al.,

2004; Storey et al., 2007; Dickson et al., 2015; Gutjahr et al., 2017] and cometary impact



[Kent et al., 2003; Cramer and Kent, 2005; Kent et al., 2017] that was supported by
recent discovery of microtektites and burned wood at the PETM onset sections from the
U.S. North Atlantic margin [Schaller et al., 2016; Schaller and Fung, 2018]. Various
studies also suggest alternative PETM triggers, such as: burning of peatlands and coal
[Kurtz et al., 2003]; oxidation of organic-rich wetlands [Higgins and Schrag, 2006];
decomposition of soil organic carbon in thawing permafrost [DeConto et al., 2012]; and
kimberlite pipes emplacement [Patterson and Francis, 2013].

Thorough paleoenvironmental reconstructions are vital to understanding triggers,
mechanisms, and impacts of the PETM warming on the Earth’s system. Reconstructions
of past climate transitions require the use of proxies. As indirect measures of climate
response, proxies need to be calibrated using modern conditions, including modern
species and modern seawater. Thus, proxies are associated with larger uncertainties
further back in time. One of the ways to reduce ambiguities in paleoclimate
reconstructions is to apply multiple proxies. The focus of this dissertation is to apply a
multiproxy approach to estimate temperatures, evaluate salinity variations, reconstruct
water column structure, and decipher any environmental changes on the mid-Atlantic
paleoshelf associated with the PETM onset. Strengths of my studies are: 1) different
proxies record different aspects of the water column and 2) the shelf provides a bottom
limit for biomarker components and chemical tracers eliminating the “deep ocean” signal
(e.g., >200 m; Ingalls [2016]).

Most of the PETM records are from pelagic sites that have thin (less than 1 m)
sections, recording low stable 8'3C values that correspond to the maximum warmth.

Much thicker (up to 11 m) marine PETM sections are found along the U.S. mid-Atlantic



margin, New Jersey Coastal Plain (NJCP) [Makarova et al., 2017]. The
Paleocene/Eocene (P/E) boundary on the NJCP is accompanied by a lithologic change
from glauconitic sandy silts or silty sands to kaolinitic clays. In contrast to many deep sea
records affected by dissolution, the clay lithology of the PETM sections from NJCP
facilitates excellent preservation of foraminifera used for paleoenvironmental
reconstructions. The proximal sections from the NJCP are also much more expanded than
most marine records. This appears to be especially true for the PETM onset represented
by continuous decreases in §'3C values and gradual changes in lithology across the P/E
boundary at the updip Medford and Wilson Lake locations. Thus, the P/E transitional
sections from the NJCP allow reconstructions of the PETM at high resolution and
application of multiple paleoproxies from well-reserved foraminiferal tests, sediments,
and organic matter.

This thesis consists of three main chapters (Two, Three, and Four). Chapter Two
of my dissertation was published in Paleoceanography [Makarova et al., 2017]. It
represents a cumulative study of carbon and oxygen stable isotopes of foraminifera from
four NJCP sites to understand the spatial and temporal hydrographic responses to the
PETM on the New Jersey paleoshelf. I present new multi-specimen §'3C and 630
records of surface (Morozovella and Acarinina) and thermocline dwelling (Subbotina)
planktonic foraminifera and benthic foraminifera (Gavelinella, Cibicidoides, and
Anomalinoides) from the Millville site (70-90 m paleowater depths). Comparisons of
foraminiferal isotopic records along the shelf transection of four NJCP sections (Wilson
Lake, Ancora, Millville, and Bass River) show similar responses in foraminiferal §'3C

and 8'30 values to the PETM among sites. Whereas all taxa recorded the CIE of a ~4 %o



magnitude, thermocline dwelling and benthic foraminifera showed larger 8'30 decreases
of 1.8 %o compared to those of only 1 %o in surface dwellers. I discuss in Chapter Two
possible factors influencing foraminiferal isotopic values, such as symbiont loss,
carbonate ion effect, acidification, and salinity, and propose two scenarios to explain the
observed isotopic records in foraminifera. The first scenario posits a change in the water
column structure to a more gradual thermocline structure. The second scenario suggests a
change to a deeper habitat or colder season of calcification in the surface dwellers due to
environmental stress associated with the PETM onset. I conclude that the similar §'3C
changes in all foraminifera across the shelf argue against migration of the surface
dwelling taxa deeper into the thermocline, favoring either a change in water column
structure or season of calcification.

Chapter Three carries on the discussion about the shift in calcification of surface
dwelling taxa to colder seasons. Smaller §'3%0 anomalies seen in surface dwellers from
the PETM sections of NJCP sites are observed in other low-mid latitudinal locations, but
not revealed in sections from high latitudes. Modern cultures studies [Bijma et al., 1990]
have shown that planktonic foraminifera do not calcify at temperatures above ~33°C.
Therefore, if sea surface temperatures (SSTs) in low-mid latitudes rose above 33°C
during the PETM, then the season of calcification for surface dwelling taxa would have
been affected. In Chapter Three, I compare the temperature estimates based on
foraminiferal oxygen isotopic data from Millville, NJCP with temperature records
derived from independent paleotemperature proxies: Mg/Ca ratio in planktonic
foraminifera and the organic paleothermometer TEXss. I also compare oxygen isotopic

records of foraminifera from other low latitudinal marine locations to support the



seasonality shift in subtropical surface dwellers due to the extreme PETM warmth. This
study suggests a more robust 3'30-derived temperature anomaly estimated from
thermocline dwelling Subbotina spp. for low-mid latitudinal locations because surface
dwellers Morozovella and Acarinina spp. might have not registered the full warming
anomaly during the PETM.

The application of a multiproxy approach to evaluate the warming anomaly from
the NJCP sites indicates that the paleoshelf warmed by 6-7°C during the PETM. TEX3s
indicated similar SSTs to temperature records from 8'%0 of thermocline dwelling
Subbotina spp. suggesting either similar surface water and thermocline temperature
variations or both proxies recording subsurface temperature. Similar temperature
anomalies estimated from these proxies argue against major salinity variations on the
middle shelf (at the Millville site location) associated with the PETM onset. Comparison
of TEXge with foraminiferal Mg/Ca and 8'%0 data among NJCP sites reveals spatially
similar warming anomalies in records from foraminiferal proxies, but an amplified
warming anomaly in shallower, more proximal sites based on the TEXgs-derived
temperature estimates. Using TEX3gs values from modern shelf settings, I conclude that
the larger warming in proximal sites Medford and Wilson Lake versus distal sites
Millville and Bass River is attributed to other than temperature controls on lipid
distributions in the nearshore environments, and that the TEX!gs calibration [Kim et al.,
2010] from distal sites provided more plausible temperature estimates reflecting a
warming of 6°C on the New Jersey paleoshelf during the PETM.

Chapter Four explores lead/lag relationships between the CIE and environmental

changes associated with the PETM using a multiproxy analysis of the PETM sections



from Medford, NJ, the most proximal site on the NJCP. The Medford cores recorded the
most expanded PETM onset among NJCP sites with a continuous 3.5 %o 8'°C decrease in
bulk sediment and foraminifera within a 1.65 ft (0.5 m) thick interval and a gradational
lithologic change from glauconite-quartz silty sands to kaolinitic clays. Data from coarse
fraction percent, carbonate content, and foraminiferal assemblages suggest a dramatic
increase in sedimentation associated with rapid clay input. Well-preserved tests of
foraminifera and an increase in percent plankton within the P/E transitional interval
suggest that the drop in % CaCOj at the PETM onset represents dilution of carbonate
rather than dissolution observed in deep ocean PETM sections.

The Medford cores also provided new insights on the mechanism of the PETM
onset and changes in redox conditions on the New Jersey paleoshelf. High-resolution
TEXs6 temperature estimates showed no warming prior to the CIE onset at the expanded
Medford section, refuting the precursor warming hypothesis suggested by the TEXs¢
record from more condensed PETM onset section at the distal Bass River site [Sluijs et
al., 2007]. The novel paleoredox proxy utilizing foraminiferal I/Ca [Lu et al., 2010] and
various trace elemental ratios measured in foraminiferal calcite showed development of
dysoxic, but not fully anoxic conditions on the New Jersey paleoshelf during the PETM.
Eutrophication suggested for shelf areas during the PETM [e.g., Crouch et al., 2003;
Egger et al.., 2003; Gavrilov et al., 2003; John et al., 2008; Aleksandrova and
Shcherbinina, 2011] is not evident from analyses of total organic carbon and
foraminiferal trace elemental ratios.

Overall, my dissertation provides a cumulative view of hydrographic, ecological,

and environmental variations on the mid-Atlantic continental margin during the PETM. It



discusses insights from proxies used for paleoclimate reconstructions, as well as their
limitations and potential biases. Chapter Two of this work has been published in
Paleoceanography [Makarova et al., 2017] and Chapters Three and Four are in

preparation for publication.
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2.1 Abstract

We present new 6'3C and 3'%0 records of surface (Morozovella and Acarinina)
and thermocline dwelling (Subbotina) planktonic foraminifera and benthic foraminifera
(Gavelinella, Cibicidoides, and Anomalinoides) during the Paleocene-Eocene Thermal
Maximum (PETM) from Millville, New Jersey and compare them with three other sites
located along a paleoshelf transect from the U.S. mid-Atlantic coastal plain. Our analyses
show different isotopic responses during the PETM in surface versus thermocline and
benthic species. Whereas all taxa record a 3.6-4.0 %o 3'3C decrease associated with the
carbon isotope excursion (CIE), thermocline dwellers and benthic foraminifera show
larger 8'%0 decreases compared to surface dwellers. We consider two scenarios that can
explain the observed isotopic records: 1) a change in the water column structure; and 2) a
change in habitat or calcification season of the surface dwellers due to environmental
stress (e.g., warming, ocean acidification, surface freshening, and/or eutrophication). In
the first scenario, persistent warming during the PETM would have propagated heat into
deeper layers and created a more homogenous water column with a thicker warm mixed
layer and deeper, more gradual thermocline. We attribute the hydrographic change to
decreased meridional thermal gradients, consistent with models that predict polar
amplification. The second scenario assumes that environmental change was greater in the
mixed layer forcing surface dwellers to descend into thermocline waters as a refuge or
restrict their calcification to the colder seasons. Though both scenarios are plausible,
similar 3'3C responses recorded in surface, thermocline, and benthic foraminifera

challenge mixed layer taxa migration.
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2.2 Introduction

The Paleocene-Eocene Thermal Maximum (PETM) was an abrupt warming event
initiated at the beginning of the Eocene (~56 Ma) and characterized by a global
temperature increase of about 4-8°C [Kennett and Stott, 1991; Bralower et al., 1995;
Thomas et al., 1999; Zachos et al., 2003; Tripati and Elderfield, 2004; Sluijs et al., 2006;
Dunkley Jones et al., 2013]. The PETM is associated with the carbon isotope excursion
(CIE) represented by a decrease in 8!°C values in marine (~2-3 %o in benthic and ~2.5-4
%o in planktonic foraminifera) [Kennett and Stott, 1991; Zachos et al., 2007; Mclnerney
and Wing, 2011] and terrestrial (~2.5-7 %o) [Koch et al., 1992; Wing et al., 2005;
Mclnerney and Wing, 2011; Bowen et al., 2015] environments requiring a substantial
addition of light carbon ('?C) into global reservoirs. The CIE can be subdivided into four
stages: 1) the initiation of the 8'C decrease termed the CIE onset [R6hl et al., 2007] that
was used to correlate the Paleocene/Eocene (P/E) boundary stratotype at Dababiya, Egypt
[Aubry et al., 2007]; 2) a sharp 3'3C decrease, the rapidity of which is contentious [cf.,
Cui et al., 2011; Wright and Schaller, 2013], though most studies estimate that the
decrease occurred in several thousand years or less [e.g., Kennett and Stott, 1991; Bowen
et al., 2015; Kirtland Turner and Ridgwell, 2016; Zeebe et al., 2016]; 3) a period of stable
low carbon isotope values, termed the CIE “core” [Rohl et al., 2007; Stassen et al., 2012],
the duration of which is uncertain, with astronomical estimates on the order of 40 kyr
[Katz et al., 1999] to 80 kyr [Rohl et al., 2007] and *He-based chronology of ~135 kyr
[Murphy et al., 2010]; and 4) an exponential recovery period to near pre-CIE values of
~80 kyr [Murphy et al., 2010] to ~120-140 kyr [Dickens et al., 1997; Katz, et al., 1999;

Rohl et al., 2007]. The majority of PETM foraminiferal isotope records are from open
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ocean cores that have thinner, lower resolution CIE “core” intervals of ~1 m or less [e.g.,
Kennett and Stott, 1991; Bralower et al., 1995; Thomas et al., 1999; Thomas et al., 2002;
Zachos et al., 2003; Hollis et al., 2015]. The CIE onset and “core” in deep-sea records are
generally truncated owing to the corrosive conditions in bottom waters at the onset of the
PETM and therefore dissolution of calcium carbonate sediments on the seafloor [Zachos
et al., 2005; Bralower et al., 2014].

Stratigraphically more complete in regard to the CIE onset and “core” and much
thicker (up to ~11 m) marine PETM sections are found along the New Jersey paleoshelf
(Figs 2.1 and 2.2) [Cramer et al., 1999; Zachos et al., 2006; John et al., 2008; Harris et
al., 2010; Wright and Schaller, 2013]. An advantage of the New Jersey paleoshelf is its
location on a passive margin with relatively simple tectonics that allows paleodepth
reconstructions and higher temporal resolution due to high sedimentation rates (>10 m
deposited during the “core”, requiring rates >20 cm/kyr using astronomical time scales).
The P/E boundary in New Jersey is accompanied by a lithologic change from sandy silts
of the underlying Vincentown Formation to clayey silts of the overlying Marlboro
Formation (Fig. 2.3) [Gibson et al., 1993; Cramer et al., 1999; Sugarman et al., 2005;
Kopp et al., 2009; Lombardi, 2013]. The clayey-silt-rich lithology of the Marlboro
Formation acts as an impermeable barrier to fluid interaction with carbonate sediments
providing excellent preservation of foraminifera as seen in other clay-rich marine
sections [e.g., Pearson et al., 2001; Sexton et al., 2006]. Planktonic foraminifera from the
underlying sandier Vincentown Formation are less well preserved [Zachos et al., 2006;

Babila et al., 2016].
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The aim of this study is to understand the spatial and temporal hydrographic
response on the continental shelf to climate change during the PETM. The hydrography
along shelf is dynamic as physical processes are governed by the interplay between land
and open ocean interactions, including storms, coastal currents, and freshwater inputs
[Gong et al., 2010]. An approach to resolve regional from global isotopic marine trends is
to construct a cross shelf transect with sites that range in coastal proximity and
environmental influence. Here, we sampled the PETM in a shelf transect of four cores
drilled as part of the New Jersey Ocean Drilling Program (ODP) Leg 174AX: Wilson
Lake (Holes A and B), Ancora, Millville, and Bass River, with Wilson Lake being the
most nearshore and Bass River being the furthest offshore (Fig. 2.1) [Miller et al., 1998;
Miller at el., 1999; Sugarman et al., 2005].

Stable isotope studies of planktonic (surface and deep dwelling) and benthic
foraminifera from expanded shelf records provide insights into hydrographic changes in
the mixed layer versus thermocline and deeper layers during the PETM. Though previous
studies have provided evidence for an enhanced hydrological cycle on the U.S. mid-
Atlantic shelf [e.g., Kopp et al., 2009; Stassen et al., 2012; 2015], we currently lack a
comprehensive reconstruction of cross shelf hydrography. Here, we present new stable
isotope (8'3C and 8'%0) records of multiple taxa from Millville, combining them with
previously published data from Wilson Lake, Ancora, and Bass River [Cramer et al.,
1999; Cramer and Kent, 2005; Zachos et al., 2006; Zachos et al., 2007; John et al., 2008;
Stassen et al., 2012; Babila, 2014; Babila et al., 2016]. We analyzed surface mixed layer
dwelling foraminiferal species in two genera (Morozovella and Acarinina), thermocline

dwelling foraminiferal species of the genus Subbotina, and benthic foraminiferal species
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of Cibicidoides, Anomalinoides, and Gavelinella. We employ the fact that planktonic
foraminifera occupy different habitats to reconstruct §'*C and 'O depth profiles [e.g.,
Fairbanks et al., 1982; Boersma et al., 1987; Pearson et al., 1993; Bralower et al., 1995;
Lu and Keller, 1996; Coxall et al., 2000; Pearson et al., 2001]. We compile vertical
isotope profiles from New Jersey cores to reconstruct the water column structure along
the continental shelf. The strength of our reconstructions is the spatial coverage afforded
by a cross shelf transect and temporal resolution allowed by relatively high sedimentation

rates on the New Jersey paleoshelf minimizing the effects of bioturbation.

2.3 ODP Leg 174AX Millville site

ODP Leg 174AX Millville core recovered the Vincentown, Marlboro, and
Manasquan Formations (257.55-280.33 m) that span the Paleocene/Eocene boundary
(Fig. 2.3). The Vincentown Formation is a micaceous, glauconitic, sandy silt at Millville.
The contact between the Vincentown and Marlboro Formations occurs within a 0.6 ft-
transition zone with decreasing upwards glauconite and coarse fraction content. Clayey
silts (mean grain size 8 pm) of the Marlboro Formation comprise an expanded CIE
“core” (10 m thick) at Millville. The CIE recovery interval (5.5 m thick) captures a
lithologic transition from the Marlboro Formation to coarser informal units referred to as
A and B here (discussed in section 2.12 “Supporting information’). The post-CIE section
consists of glauconitic, carbonate-rich sandy silts of the Manasquan Formation overlying
unit B above an unconformity at 258.09 m. For more information on lithostratigraphy and

paleowater depth estimates see section 2.12 “Supporting information”.
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The Millville site provides advantages over other New Jersey coastal plain sites. It
has higher sedimentation rates and temporal resolution than further offshore Bass River,
but it is still deep enough to sample the water column from the mixed layer to
thermocline and colder bottom waters that is missing in the upper Paleocene sections of
the updip Ancora and Wilson Lake cores. Deposition at Millville was below storm wave
base in the middle neritic zone allowing reconstruction of the full range of foraminiferal
isotopic gradients distributed throughout the water column. The Millville core recovered
sufficient well-preserved pre-CIE foraminifera (273.77-275.40 m) used to establish
isotopic changes across the CIE onset, although there is a thin low carbonate interval
(<1%; 273.38-273.77 m) above the CIE onset [this study; Wright and Schaller, 2013]
with no foraminifera (Fig. 2.3). The sharp 8!°C decrease at Millville appears within the
Vincentown/Marlboro transitional interval at 273.77-273.95 m. In comparison, the updip
Wilson Lake and Ancora cores also record gradational lithologic transitions into the
PETM, but resolution of the isotopic records is limited because there are insufficient
planktonic foraminifera for a full suite of geochemical analyses within the upper
Paleocene [Zachos et al., 2006; Babila, 2014]. Conversely, the uppermost Paleocene
section at the deepest water Bass River core recovered the highest foraminiferal
abundances [Zachos et al., 2007; John et al., 2008; Babila et al., 2016]; however, the CIE
initiation at Bass River appears to be truncated [John et al., 2008; Stassen et al., 2012],
possibly yielding incomplete records. Thus, Millville is located in the ideal setting to
contain more continuous lithologic and foraminifera-rich marine sediment archive to

generate detailed stable isotope records of the PETM from shelf.
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2.4 Methods
2.4.1 Analyses

Core samples were disaggregated in a sodium metaphosphate solution (5.5 g of
sodium metaphosphate per liter) to deflocculate clays and then washed through a 63 pm
sieve to separate the fine fraction (<63 pum). The >63 um fraction was dried overnight in a
50°C oven and weighed dry to compute the percentage of coarse sediment. Subsamples
for percent calcium carbonate (% CaCO3) and stable isotope (8'*C and §'%0)
measurements of bulk sediment were dried overnight in a 50°C oven and homogenized
using a mortar and pestle.

For stable isotope analysis of planktonic foraminifera, specimens of Morozovella
(M. aequa, M. acuta, M. subbotinae, M. velascoensis), Acarinina (A. soldadoensis, A.
esnehensis, A. coalingensis, A. angulosa), and Subbotina (S. roesnaesensis, S.
velascoensis, S. triangularis, S. hornibrooki) were picked mainly from the >250 um size
fraction using the taxonomy of Olsson et al. [1999] and Pearson et al. [2006]. For stable
isotope analysis of benthic foraminifera, specimens of Gavelinella beccariiformis,
Anomalinoides acuta, and Cibicidoides (C. alleni, C. howelli, C. succedens) were picked
mainly from the >250 pum size fraction using the taxonomy of Cushman [1951] and
Berggren and Aubert [1975]. To avoid species bias, most of the samples analyzed
consisted of single species of one size fraction (Table 1). However, uneven distribution of
single species throughout the section precluded compilation of continuous monospecific
records compelling us to present the data by genera. Comparison of monospecific multi-

specimen analyses at Millville (Table 1 and Fig. 2.S1) and elsewhere [e.g., Pearson et al.,
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1993; Bralower et al., 1995; Babila et al., 2016] justifies compilation of monogeneric
records.

Stable isotope analyses of foraminifera and bulk sediment were conducted on a
Micromass Optima Mass Spectrometer with an attached multi-prep device. Carbonate
samples were reacted in 100% phosphoric acid (H3POs) at 90°C for 15 minutes and the
evolved CO; gas was collected in a liquid nitrogen cold finger. Ratios are reported in
standard delta notation in parts per thousand (per mil, %o) & = [(Rsample/Rstandard) — 1] %
1000 where R = 3C/"2C or '80/'°0, relative to Vienna-Pee Dee Belemnite (5'*Cvpps and
8'80vppg). One-sigma analytical errors based on analyses of an internal laboratory
reference material (~8 standards for every 24 samples) are £0.05 %o and +0.08 %o for
813C and 8'%0, respectively.

Percent carbonate values were determined by converting the transducer reading
for each sample analysis to a mass of CaCOs using an empirically derived calibration
based on sample weight and transducer readings.

Depths of lithologic boundaries and samples at Millville reported here are
modified for core expansion by adjusting the core recovery length to a 10 ft (~3 m)
interval per run [Sugarman et al., 2005]. The true core depths of analyzed samples are

given in Table 1.

2.4.2 Correction for test size

Most of the samples analyzed from the section below the CIE onset were picked
from a smaller size fraction of 150-200 um due to the lack of larger specimens in this
interval. We applied a 8'3C correction for test size to allow comparison of carbon isotopic

values from the pre-CIE samples that contain smaller specimens to the rest of the
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Millville section. Morozovella and Acarinina are considered obligate symbiont-bearing
surface dwellers with well-established positive §'3C to test size correlation [e.g., Pearson
et al., 1993; D’Hondt et al., 1994; Norris, 1996; Quillévéré et al., 2001]. We applied a
1%o correction in 8'3C per 100 pum test size change that was previously quantified for
Morozovella and Acarinina [e.g., Norris, 1996; Tripati and Elderfield, 2004; Wade et al.,
2008; Birch et al., 2012]. Asymbiotic thermocline dwelling Subbotina also exhibit a test
size-dependent 8'3C offset; however, this effect is likely due to increased kinetic
fractionation observed in almost all foraminifera <150 pm [D’Hondt and Zachos, 1993;
Bornemann and Norris, 2007; Birch et al., 2012]. We measured 8'°C in Subbotina
roesnaesensis from small (150-212 pm) and large (250-300 um) size fractions at Wilson
Lake Hole B and detected a consistent offset of 0.41 &+ 0.05 %o (n=4) between small and
large specimens (Table 2.S2). Bornemann and Norris [2007] showed a similar change of
0.3-0.5 %o in 8'3C per test size due to higher metabolic activity in smaller foraminifera.
Accordingly, we applied a 0.4 %o correction in 8'*C for small (150-212 um size fraction)
specimens of Subbotina at Millville. Measured and corrected for test size §!*C values in
all analyzed planktonic foraminifera are given at Table 1. These corrections only apply to
8!3C data because previous studies of test size effects on oxygen isotopic values indicated
no consistent change in §'80 with foraminiferal test size variation [e.g., Norris et al.,
1996; Wade et al., 2008; Birch et al., 2012]. Similarly, benthic foraminiferal vital effects
can be minimized by measurements of monospecific samples from the larger size fraction

[Katz et al., 2010].
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2.4.3 Planktonic foraminiferal depth habitats

We used 8'80 as a relative indicator of ocean temperature to estimate a depth
ranking of planktonic foraminifera, subdividing them into surface (mixed layer) and deep
(thermocline) dwellers. The 8'"¥Ocalcite is controlled in part by the temperature of the
surrounding seawater from which the foraminiferal test is precipitated [ Epstein et al.,
1953] and thus is used to constrain the temperature of habitats occupied by extinct
planktonic foraminifera [e.g., Emiliani, 1954; Boersma et al., 1987; Pearson et al., 1993,
2001; Coxall et al., 2000]. Most studies assume that the stable isotopic differences reflect
calcification at different depths. Accordingly, high 8'30 values of Subbotina spp. reflect
calcification in colder thermocline waters, whereas lower 8'%0 values of Morozovella
spp. and Acarinina spp. indicate warmer temperatures in the surface mixed layer.
Moreover, measurements of §!''B in foraminiferal tests that reflect seawater pH also
support this depth habitat ranking [Pearson and Palmer, 1999; Anagnostou et al., 2016].
However, generic differences in §'30 values could reflect seasonal differences, as they do
in modern assemblages [e.g., B¢, 1960; Curry et al., 1983; Thunell et al., 1983; Deuser
and Ross, 1989; Ravelo and Fairbanks, 1992]. In the mid- to high-latitudes, seasonal
variability in light and other environmental properties control the “blooms” of different
species, and these seasonal variations in surface temperature and nutrients can mimic
mean annual vertical conditions. Since vertical temperature gradients that develop in the
spring and summer to a large part reflect the seasonal temperature changes in surface
water, we discuss isotopic gradients between them as surface to thermocline differences.

Morozovella spp. and Acarinina spp. record higher §'3C values relative to

Subbotina spp. mirroring typical vertical nutrient profiles [e.g., Boersma et al., 1987;
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Pearson et al., 1993; Bralower et al., 1995; Lu and Keller, 1996; Coxall et al., 2000].
Near complete removal of nutrients by biological productivity increases dissolved
inorganic carbon (DIC) 8'*C values in the surface mixed layer. Organic matter
remineralization occurs within the seasonal thermocline on the continental shelf in the
lower photic zone (25-50 m) [Fairbanks and Wiebe, 1980; Glenn et al., 2008]. The net
effect results in higher 3'3C values in Morozovella spp. and Acarinina spp. and lower
813C values of Subbotina spp. We note that seasonal blooms would produce similar stable
isotope patterns as described versus depth. Such isotopic relationships between
Morozovella, Acarinina, and Subbotina are also reported from PETM sections at New
Jersey coastal plain sites Wilson Lake Hole A, Ancora, and Bass River [Zachos et al.,
2006; Zachos et al., 2007; John et al., 2008; Babila, 2014; Babila et al., 2016], as well as
from open ocean sites [e.g., Kennett and Stott, 1991; Bralower et al., 1995; Lu and

Keller, 1996; Thomas et al., 2002; Tripati and Elderfield, 2004; Hollis et al., 2015].

2.5 Results
2.5.1 Millville foraminiferal isotopic records

We recognize the CIE onset at Millville by a sharp decrease in bulk 6'3C values
and by a drop in percent carbonate at 273.77 m (Figs. 2.2 and 2.3), delineated in detailed
bulk 8'3C records by Wright and Schaller [2013]. This decrease is recognized not only by
its large amplitude, but also by biostratigraphic data that clearly put it at the P/E boundary
[Sugarman et al., 2005]. Using the bulk 8'*C record [this study and Wright and Schaller,

2013] supported by our foraminiferal 8!*C data, the section has been divided into four
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intervals: 1) pre-CIE; 2) the CIE “core”; 3) CIE recovery during which isotopic values
returned to pre-CIE isotopic levels; and 4) post-CIE (Fig. 2.S1).

Our analyses show specific isotopic responses to the PETM in surface versus
thermocline and benthic species. We define changes in §'°C (A3'3C) and 530 (A3'%0) as
differences between the average pre-CIE value and average value from the stable interval
of the CIE “core” indicated by vertical bars on Figs. 2.4 and 2.5. Most taxa show A3!*C
of -4 %o following the CIE initiation with slightly lower Subbotina spp. A8'*C of -3.6 %o
(Fig. 2.4). Changes in 3'80 values vary among foraminifera: A3'30 in surface dwellers
Morozovella spp. and Acarinina spp. are -1 %o, whereas Subbotina spp. and benthic taxa
show a larger A8'30 of -1.8 %o (Fig. 2.5). The isotopic response of Morozovella spp.
should be interpreted cautiously because of the limited data in the pre-CIE interval (six
measurements within 60 cm below the CIE onset). However, we note that the pre-CIE
813C and 8'%0 values in Morozovella spp. at Bass River [Zachos et al., 2007; John et al.,
2008; Babila et al., 2016] are similar to those at Millville, thus validating the Millville
pre-CIE record (Figs. 2.6, 2.S2, and 2.S3). The same is true for the benthic pre-CIE
isotopic records.

To compare the isotopic responses of foraminifera across the PETM section at
Millville, we present cross plots of 'O versus 3'3C for intervals representing pre-CIE,
CIE “core”, CIE recovery, and post-CIE (Fig. 2.S1). Below the CIE onset, the carbon
isotopic gradient between surface and benthic species is ~3.0-3.5 %o and the oxygen
isotopic gradient is ~1.75 %o. Morozovella spp. have high §'3C and low 8'%0 values
indicating calcification in shallowest water column, Subbotina spp. have low 8'3C and

high 380 and are deeper dwellers, and Acarinina spp. have isotopic values in between



23

(however, closer to those of Morozovella spp.). Benthic species of Cibicidoides record
bottom water conditions and G. beccariiformis show the lowest 8'*C and highest 530
implying an infaunal habitat as suggested previously [e.g., Katz et al., 2010]. We exclude
G. beccariiformis from our interpretations of surface to bottom isotopic gradients because
it is only found in the uppermost Paleocene (pre-CIE interval) and has an infaunal
habitat.

In the CIE “core”, the surface to thermocline to bottom 8'*C gradient is similar to
the pre-CIE, whereas the vertical 3'30 gradient decreases to ~1 %o. Morozovella spp. and
Acarinina spp. record similar 8'3C values and both are higher than thermocline dwelling
Subbotina spp. and benthic foraminifera. Morozovella spp. continues to record the lowest
8180 values, though Acarinina spp. are similar to 5'30 values in Subbotina spp. and
benthic species of Cibicidoides and A. acuta. Post-CIE values of all taxa are similar to the
pre-CIE values, with a return occurring through the recovery phase (Fig. 2.S1). Both the
recovery and post-CIE intervals record reestablished surface to thermocline isotopic
gradients with Acarinina spp. 8'30 values identical to those of Morozovella spp. (Fig.

2.81).

2.5.2 Foraminiferal isotopic records from the New Jersey paleoshelf

Water column gradients on the New Jersey paleoshelf were reconstructed using
foraminiferal 3!°C and 3'80 to assess changes in hydrography and organic carbon cycling
that may be associated with climate perturbation during the PETM (Figs. 2.1, 2.6, 2.S2,
and 2.S3). We use previously reported data from Bass River (~12 km seaward) [Cramer
et al., 1999; Zachos et al., 2007; John et al., 2008; Babila et al., 2016], Ancora (~16 km

landward) [Cramer and Kent, 2005; Babila, 2014], and Wilson Lake Hole A (~23 km



24

landward) [Zachos et al., 2006] sites to summarize foraminiferal isotopic data in a series
of cross plots representing intervals of the pre-CIE and CIE “core” deposition (Fig. 2.6).

One concern about merging our datasets with previous published records is the
difference in single versus multiple species analyses. Millville and Bass River are the
only cores with a complete surface, thermocline, and benthic assemblage of foraminifera
allowing reconstruction of '*C and 8'®0 gradients below the CIE onset. Measurements
of surface dwellers Morozovella spp. and Acarinina spp. below the CIE onset at Bass
River were mostly done on single specimens [Zachos et al., 2007] yielding higher
variability in 8!°C and 8'30 values which likely reflects a seasonal signal and a range of
actual environmental conditions. Isotopic measurements performed on multiple
specimens at Millville exhibit less scatter and show a few intermediate 5!*C and §'80
values across the CIE onset instead of bimodal isotopic distribution observed at Bass
River (Figs. 2.S2 and 2.S3). Specifically, most of intermediate values at Millville occur
below the CIE onset within the Vincentown/Marlboro transitional interval and likely
represent mixing of pre-CIE and CIE populations due to bioturbation/reworking (Figs.
2.3 and 2.4).

Considering an average of the single specimen data at Bass River, the carbon
isotopic gradient between surface dwellers and benthic foraminifera below the CIE onset
is ~3.0-3.5 %o, with Acarinina spp. falling between Morozovella spp. and Subbotina spp.
(Figs. 2.6 and 2.S2). In the CIE “core”, the 8'*C surface to bottom gradients among all
sites along the shelf remain the same value of ~3.0-3.5 %o (Figs. 2.6 and 2.S2). Through
the entire CIE “core”, surface dwellers Morozovella spp. and Acarinina spp. record

similar 3'3C values, with Morozovella spp. being slightly more positive (Figs. 2.6 and
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2.S2). The 3'3C vertical gradients derived from the Paleocene-Eocene foraminifera are
consistent with 8!3C gradients previously reported for the Cretaceous-Eocene warm
ocean at various locations [Pearson et al., 2001; Sexton et al., 2006; John et al., 2013].
The observed 8'3C gradients are much greater than §'°C vertical gradients in the modern
ocean (<2 %o) and have been explained as evidence for more efficient biological pump in
greenhouse worlds [Hilting et al., 2008; John et al., 2013].

All New Jersey cores show reductions in 8!30 vertical gradients in the CIE “core”
compared to below the CIE onset (Figs 2.6 and 2.S3). Below the CIE, the §'80 gradient
between Morozovella spp. and Cibicidoides spp. is ~1.75 %o based on records from
Millville and Bass River (Figs. 2.6 and 2.S3). In the CIE “core”, it decreases to ~1 %o in
all four cores (Figs. 2.6 and 2.S3), being especially reduced in the lowest part of the
“core” (Fig. 2.S3). Acarinina spp. display a change in the relative position in the surface
to thermocline 8'80 gradient. Below the CIE onset, Acarinina spp. record 3'%0 values
that are between Morozovella spp. and Subbotina spp. (Figs. 2.6 and 2.S3). Above the
CIE onset, Acarinina spp. show 8'®0 values similar to those in Subbotina spp. at Bass
River and Millville, and even lower than in Subbotina spp. at more proximal sites Wilson
Lake Hole A and Ancora (Figs. 2.6 and 2.S3). In the CIE recovery, Acarinina spp. 880
values sharply decrease by ~ 0.75 %o towards values similar to Morozovella spp. (Fig.
2.83). This pattern in the 'O record of Acarinina spp. is recognized in the PETM
sections of Millville and Bass River; the pattern is not seen at Wilson Lake Hole A and
Ancora due to truncation of the recovery interval of the PETM section at these sites (Fig.

2.S3). This shift in Acarinina spp. '%0 can be used as another characteristic of the
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recovery onset accompanying the returning trend in stable isotopes among all genera to

pre-CIE isotopic levels.

2.6 Discussion
2.6.1 Environmental and biotic controls on stable isotope records of foraminifera

We examine two scenarios to explain different isotopic responses recorded by
foraminifera in the PETM shelf records. The first makes a standard paleoceanographic
assumption that ascribes isotopic differences to depth habitats of the different taxa (i.e.,
surface-mixed layer versus thermocline dwellers versus benthic foraminifera). Implicit in
this assumption is that the planktonic foraminiferal values reflect mean annual conditions.
Therefore, changes in the differences among the different taxa must reflect reorganization
of the hydrographic column. The second scenario allows for a change in habitat due to an
environmental perturbation, which can be accomplished by changes in either the season
of planktonic foraminifera calcification or the depth at which they calcify. This scenario
more accurately reflects the modern foraminiferal populations in the mid-to-high latitudes
where a succession of species grows throughout the spring bloom and into the summer
[e.g., B¢, 1982; Reynolds and Thunell, 1984]. We also discuss the potential influences of
symbiont loss and carbonate ion effect on foraminiferal stable isotope records section
2.12 “Supporting information”.

We reconstruct the New Jersey paleoslope following Esmeray-Senlet et al. [2015]
for four sites: Wilson Lake, Ancora, Millville, and Bass River (Fig. 2.7). The bottom
panel demonstrates the hydrography of the New Jersey paleoshelf prior the CIE onset

(Fig. 2.7a), whereas the two other panels illustrate hydrographic conditions after the CIE
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onset each representing the proposed mechanisms (Figs. 2.7b and 2.7¢). To characterize
paleoshelf hydrography, we plot 8'30 gradients in the water column for all sites based on
average 8'%0 values of Morozovella spp., Acarinina spp., Subbotina spp., Cibicidoides
spp., and 4. acuta. Small insets on the right indicate the water column on the modern
New Jersey shelf after Castelao et al. [2010] with the seasonal thermal structure and thus
8!80 gradients in June and October that we used as analogs (Fig. 2.7).

Based on the different '®0 changes recorded among the foraminiferal taxa, we
suggest that the thermocline deepened on the shelf after the CIE onset, responding to
warming (Scenario 1; Fig. 2.7b). Under this scenario, the surface-mixed taxa
(Morozovella and Acaranina) record the mean surface temperature change of ~5°C
(A8'80 = -1 %o) with greater warming in the thermocline and benthic taxa of 8 to 9°C
(A8'80 = -1.75 %o). Persistent warming during the PETM would propagate heat into
deeper layers and create a more homogenous water column with a thicker warm mixed
layer and a deeper, more gradual thermocline. This is similar in nature to hydrographic
changes observed on the modern New Jersey shelf with a thinner mixed layer in summer
and a thicker mixed layer with a deeper and more gradual seasonal thermocline in fall
(Fig. 2.7 insets). Today, the surface ocean stores heat for the entire summer resulting in a
strong seasonal thermocline that breaks down to a more homogenous water column
structure in the fall as a result of cooling and increased storm activity [Castelao et al.,
2010]. Assuming a relatively constant depth habitat of planktonic foraminifera, a more
gradual thermocline during the CIE “core” would explain such different 8'30 responses

in surface dwellers versus thermocline dwelling and benthic foraminifera (Fig. 2.7b).
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A change in the water column structure during the PETM is a plausible
mechanism to explain isotopic trends in planktonic foraminifera observed on the shelf. A
global temperature rise of 4-8°C [e.g., Dunkley Jones et al., 2013] and a possible increase
in mixing and storm activity due to an enhanced tropical heat and moisture transport
during the PETM [e.g., Caballero and Langen, 2005; Pagani et al., 2006; Carmichael et
al., 2016] would produce a deeper, more gradual thermocline. However, a few centuries
to thousands of years after the initial warming, establishment of equilibrium conditions
would require restoration of the thermocline structure similar to the pre-CIE.
Sustainability of hydrographic changes during the CIE would require either a freshwater
input initiating stratification [Stassen et al., 2015] or a decrease in the meridional thermal
gradient that would have caused more warming in thermocline waters globally. Proxy
data for the sea surface [e.g., Sluijs et al., 2006; Bijl et al., 2009; Sluijs et al., 2011;
Frieling et al., 2014] and mean air [Weijers et al., 2007] temperatures indicate amplified
warming in the Arctic region and the Southern Ocean suggesting strongly reduced
meridional temperature gradient during the PETM. Furthermore, model simulations for
the Eocene period of global warmth also predict polar amplification where higher
latitudes experience greater warming than low latitudes [Huber and Caballero, 2003;
Huber and Caballero, 2011; Lunt et al., 2012]. Suggested polar amplification would have
caused reorganization of the thermocline globally until meridional temperature gradient
restored to the pre-CIE state. The reduced to 1 %o 8'%0 vertical gradient during the
PETM, i.e. decreased thermal gradient on the paleoshelf, is consistent with a reduced

meridional thermal gradient and polar amplification.
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The second scenario considers that planktonic foraminifera may have responded
differently to environmental perturbations associated with the PETM onset by changing
their depth habitat and/or season of dominant calcification. Surface dwellers
(Morozovella and Acarinina spp.) may have migrated out of the surface mixed layer due
to inhospitable conditions (e.g., high temperature, lower salinity, intense acidification)
(Scenario 2; Fig. 2.7¢). In this scenario, the mixed layer in contact with the PETM
atmosphere was too warm, fresh, or corrosive, forcing surface dwellers to descend into
cooler, saltier, and possibly more buffered thermocline waters. Both of the surface mixed
taxa either descended deeper in the water column or “bloomed” earlier in the season, thus
Morozovella spp. and Acarinina spp. 8'30 values record the PETM warming minus the
change in habitat cooling (Fig. 2.7¢). Accordingly, 8'3C values would reflect the whole
ocean reservoir decrease plus a change in habitat. It is, however, possible that the variable
isotopic responses also reflect a shift in bloom seasons and not just depth migration.
Furthermore, one could interpret the 8'3C in terms of warm, nutrient depleted water
during the summer months (e.g., Morozovella) and lower §'3C associated with spring
upwelling (e.g., Subbotina).

To test the idea that acidification was the environmental driver for the depth
migration of planktonic foraminifera, we use estimates of surface ocean acidification
from recent boron based proxy records [Penman et al., 2014; Babila et al., 2016]. Studies
from both the North Pacific [Penman et al., 2014] and paleoshelf of New Jersey [Babila
et al., 2016] show a decrease of ~0.3-0.4 pH units in both surface and thermocline waters.
If acidification is a possible environmental stress to planktonic foraminifera it seems

unlikely that migration to more corrosive thermocline waters would occur. Conversely,



30

B/Ca and 8'%0 records of surface dwelling Acarinina spp. and thermocline dwelling
Subbotina spp. indicate similar pH and 8'%0 values, respectively, recorded by these taxa
after the CIE onset (Figs. 2.3, 2.6, and 2.S3). This means that Acarinina spp. might have
occupied the same niche in the water column as Subbotina spp. during the “CIE” core
phase and then possibly migrated back to the mixed layer during the recovery phase.

Another possible reason for surface dwellers migration deeper into the water
column could be due to the freshening of the mixed layer. Though individual species of
foraminifera can tolerate and reproduce in cultures in salinities as low as 20 psu and over
40 psu [Bijma et al., 1990; Spindler, 1996], robust assemblages of planktonic
foraminifera are restricted to salinities greater than 30 psu [Bé and Tolderland,
1971; Bijma et al., 1990]. Similarly, though r-selected coccolithophroidae such as
Emiliani huxleyi tolerate nearshore, low salinity environments [e.g., Fisher and Honjo,
1989], diverse nannoplankton assemblages such as those found in Wilson Lake [Gibbs et
al., 2006a], Millville, and Bass River [Kahn and Aubry, 2004; Harris, 2010] are restricted
to normal marine salinities (e.g., >32 psu) [Menschel et al., 2016].

An enhanced hydrological cycle during the PETM [e.g., Pagani et al., 2006; Kopp
et al., 2009] would have triggered greater river discharge and resulted in formation of a
freshwater lens at the sea surface. Previous studies have suggested a modest freshening
(up to 3-4 psu) of surface waters on New Jersey paleoshelf during the PETM [Zachos et
al., 2006], though this result requires verification due to sparse pre-CIE isotopic data and
will be subject of the subsequent study [Makarova et al., 2013]. A low salinity anomaly
associated with a freshwater lens at the top would be inhospitable pushing the mixed

layer dwellers deeper into the water column. Following Kopp et al.’s [2009] suggestion
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of an Appalachian Amazon development on the mid-Atlantic shelf, we use the modern
Amazon salinity variability on the shelf as an analog. The Amazon plume extends up to
80-250 km offshore and causes sea surface salinities (SSS) in the upper 5-10 m water
column to drop below 33 psu [Lentz and Limeburner, 1995; Geyer et al., 1996]. A
smaller scale river system would probably not lower SSS as much and as far offshore as
the Amazon-type river system. For example, Hudson River runoff lowers SSS in the
upper 10-15 m by only 1 unit psu during spring and summer [Castelao et al., 2010].
Nevertheless, even in the heart of the modern Amazon low salinity lens, effects on the
shelf in water depths greater than 20 m (100 km from shore) are limited to the top few
meters [Lentz and Limeburner, 1995], allowing us to reject the hypothesis that surface
dwellers were forced by fresh water into the thermocline.

Development of the river-dominated drainage system on the mid-Atlantic shelf
during the PETM might have affected bottom salinities as well. Powars and Edwards
[2015] suggest that the Marlboro Formation represents delta front turbidites and/or wave
enhanced sediment gravity flows. Similarly, most of fine sediments deposited on the
Amazon shelf are transported at the bottom in form of fluid mud [Lentz and Limeburner,
1995; Geyer et al., 1996]. Fluid muds decrease near bottom salinities to 28-30 psu within
the lower 2-3 m of the water the column on the Amazon shelf, but they do not affect
bottom salinity at deeper than 20 m isobaths where the shelf deep waters are constant at
normal marine salinities [Lentz and Limeburner, 1995; Geyer et al., 1996]. Therefore,
bottom gravity flows of mud on the mid-Atlantic shelf during the PETM would not have
affected bottom salinity nor would they have created a larger 5'%0 decrease in benthic

foraminifera across the CIE onset. Moreover, analyses of benthic foraminiferal
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assemblages from the New Jersey paleoshelf show abundant benthic foraminifera in the
CIE “core” despite the turnover across the P/E boundary [Cramer et al., 1999; Harris et
al., 2010; Stassen et al., 2012]. A detailed recent study by Stassen et al. [2015] indicates
an overall decrease in benthic foraminiferal abundances and prevalence of stress-tolerant
taxa after the CIE onset suggesting water column stratification and oxygen depletion and
eutrophication of the bottom waters. Based on benthic foraminiferal biofacies that
indicate a response to productivity and oxygen levels, we conclude that gravity flows did
not stress benthic assemblage by freshening (i.e., not affecting 3'0) or by changing the
clarity of bottom seawater.

Though we cannot exclude Scenario 2, the similar §'3C changes in all
foraminifera across the shelf argues against a change in depth habitats unless there was a
change in bloom season. If the surface dwellers were forced out of the mixed layer, they
would record lower 8'3C values resulting in reduced §'3C surface to bottom gradient.
Instead, our stable isotopes records show a similar (3.6-4.0 %o) magnitude of CIE among
all taxa, challenging the migration scenario (Figs. 2.4 and 2.S2). Maintenance of the same
813C vertical gradient between surface dwellers and deep/benthic foraminifera suggests
no major change in organic matter cycling on the shelf through the CIE and that
foraminifera maintained their vertical habitat distribution with a weakened thermocline
structure or change the season of calcification.

Scenario 2 could still be valid if there was change in bloom season. Extremely
high-summer SSTs could have precluded calcification of surface dwellers during the
summer months and restricted calcification to the cooler times of the year. Thus, the

reduced A3'30 reflects the inability of the surface dwelling foraminifera to calcify in
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summer, hence, shifting the population to cooler temperatures and higher §'30 values,
though they continued to calcify in nutrient depleted surface waters explaining the similar
8!3C changes. In this scenario, the true temperature change on the paleoshelf was on the
order of 8 to 9°C (recorded by the thermocline and benthic taxa). In the modern ocean,
33°C is an upper limit on planktonic foraminiferal calcification [Bijma et al., 1990].
Given these constraints, it is not expected that surface dwelling planktonic foraminifera
would be able to calcify in the warmest parts of the year if temperature change in coast
surface waters was on the order of 8-9°C, exceeding temperatures of 33°C [Zachos et al.,
2006; Sluijs et al., 2007; Makarova et al., 2013].

A 8-9°C warming during the PETM on shelf is higher than observed for open
ocean low-mid latitude sites [e.g., Bralower et al., 1995; Zachos et al., 2003; Tripati and
Elderfield, 2004; Hollis et al., 2015]. We note that in coastal regions, the proximity to
land and the shallow water depths produce larger seasonal changes in temperature
relative to the open ocean. CLIMAP (1976; 1981) also demonstrated that coastal regions
recorded larger temperature changes relative to the open ocean under different climate
conditions. The paleoshelf setting allows us to distinguish between different scenarios.
However, the observation that planktonic foraminifera on the shelf may have had a
similar upper temperature limit (<33°C) means that planktonic foraminifera in tropical
and subtropical ocean must have responded in kind and did not record the full range of

SST warming due to their temperature limits during the PETM.

2.6.2. Environmental response of other plankton
The biotic and ecological responses of other groups of planktonic organisms,

calcareous nannofossils and dinoflagellates, provide useful insights to planktonic
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foraminiferal responses. Studies of calcareous nannofossils from various locations, both
open ocean and shelf, have suggested significant shifts in assemblages associated with
global turnover [e.g., Bralower et al., 2002; Tremolada and Bralower, 2004; Gibbs et al.,
2006a; Bown and Pearson, 2009; Self-Trail et al., 2012]. Gibbs et al. [2006b] noted the
co-occurrence of fragile and heavily calcified forms of coccolithophorids in PETM
sections suggesting no crash of calcification in the upper water column. Despite surface
ocean acidification associated with the PETM onset [Penman et al., 2014; Babila et al.,
2016], most studies agree that acidification did not affect production of calcareous
nannofossils, but rather elevated temperature and/or nutrients did [e.g., Bralower et al.,
2002; Tremolada and Bralower, 2004; Gibbs et al., 2006a; Bown and Pearson, 2009;
Gibbs et al., 2010; Self-Trail et al., 2012]. In contrast to the nutrient-depleted, thermally
stratified open ocean gyres, shelf areas show increased productivity [Bralower et al.,
2002; Gibbs et al., 2006a; Self-Trail et al., 2012] that is also supported by elevated Sr/Ca
ratios in coccolithophores [Stoll et al., 2007]. Whereas some species on the shelf adapted
to warm-water, eutrophic conditions in the upper water column [e.g., Self-Trail et al.,
2012], malformed ecophenotypes of the excursion taxa Discoaster and Rhomboaster
[Aubry, 1998; Kahn and Aubry, 2004] might have migrated lower in the photic zone near
the nutricline. Bralower and Self-Trail [2016] suggested that migration of the excursion
species into a deeper habitat with lower carbonate saturation levels due to
remineralization of organic matter resulted in their malformation. They also proposed that
Discoaster spp. occupied a deeper habitat near the nutricline as a result of the expansion
of a lower photic zone niche caused by warming and increased stratification, whereas

normal calcareous nannoplankton assemblages characterized the upper photic zone.
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Similar to the perturbations observed in calcareous nannofossil assemblages,
records of dinoflagellate cysts document abrupt, global biotic changes across the PETM
[e.g., Powell et al., 1996; Bujak and Brinkhuis, 1998; Crouch et al., 2001; Crouch et al.,
2003; Iakovleva et al., 2001; Sluijs et al., 2006; Sluijs et al., 2007; Sluijs and Brinkhuis,
2009]. The most prominent response associated with the PETM/CIE is the rapid,
synchronous onset of the Apectodinium-dominated assemblages (acme) observed
ubiquitously [e.g., Bujak and Brinkhuis, 1998; Crouch et al., 2001; Sluijs and Brinkhuis,
2009]. Most studies suggest that the increase in Apectodinium abundances is associated
with significantly higher sea surface temperatures (SSTs) and increased surface-water
productivity (eutrophication) [Bujak and Brinkhuis, 1998; Sluijs and Brinkhuis, 2009].
However, dinocyst distribution from the New Jersey paleoshelf may also indicate low
salinity and/or changes in water column stratification affecting Apectodinium abundances
[Sluijs et al., 2007; Sluijs and Brinkhuis, 2009]. As we show here, both planktonic
foraminiferal and nannofossil assemblages suggest a limited change in salinity, but do
suggest a change in water column stratification and chemistry, consistent with the
dinoflagellate response.

Overall, studies of calcareous nannofossils and dinoflagellates suggest that
elevated temperatures, increased productivity, and water column stratification influenced
phytoplankton abundances in the coastal regions during the PETM. Some species went
into the deep photic zone as refuge to escape stressful conditions in the surface ocean and
some formed extreme morphotypes as adaptation to harsh environments. Surface
dwelling foraminifera Morozovella and Acarinina also developed excursion taxa that

presumably occupied a deep habitat during the PETM [Kelly et al., 1998]. However, the
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species of Morozovella and Acarinina reported here are not the excursion foraminifera
and planktonic foraminiferal excursion taxa, though present, are not dominant. The
proposed migration of the surface dwellers into a deeper habitat (Scenario 2) should
require their ability to tolerate the twilight zone. Sufficient light level might be critical
since both Morozovella and Acarinina are symbiont-bearing genera that maintained
photosynthetic symbionts during the PETM (see discussion of bleaching in section 2.12

“Supporting information”).

2.7 Conclusions

We present new stable isotopic data from planktonic and benthic foraminifera at
Millville, NJ and compare these data to other New Jersey coastal plain cores. Our
comparisons show a similar isotopic response in foraminifera across the CIE onset on the
mid-Atlantic shelf: a ~4 %o decrease in 8'3C values in all taxa and a larger A3'%0 in
thermocline dwelling and benthic foraminifera than in surface dwellers. Such isotopic
responses are also expressed in constant 8'°C and reduced §'%0 vertical gradients
between surface, thermocline dwelling and benthic foraminifera in the CIE “core”. To
explain this we propose two scenarios. Scenario 1 posits a change in water column
structure: surface and thermocline dwellers kept the same depth in the water column, but
they record the signal of a thicker warm mixed layer and a deeper, more gradual
thermocline. Scenario 2 posits a change in the habitat of the surface dwellers due to
environmental stress in the mixed layer or a shift to a cooler calcification season. In the
first scenario, amplified warming in the thermocline waters sustained during the CIE

“core” stage resulted from a reduction in the meridional thermal gradient. We eliminate
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changing pH and salinity as major environmental stressors, but others such as
temperature and nutrient level might have affected surface dwellers to change their depth
habitat or calcification season. Though we cannot exclude Scenario 2, the similar §'3C
changes in all foraminifera across the shelf argues against migration of the surface

dwelling taxa deeper into the thermocline.
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2.10 Figures
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Fig. 2.1. Location map of the PETM sections on the New Jersey coastal plain: Wilson
Lake, Ancora, Millville, and Bass River. Red circles indicate the New Jersey coreholes
and blue circle shows an anchor point at Medford, NJ used for paleodepth reconstructions
during Vincentown deposition. Black solid lines represent projection of sites onto a dip
profile drawn through Medford outcrop and Bass River. Dashed lines indicate structural
contours from Zapecza [1984] with depths to the top of the Campanian in meters (red)
and feet (blue) (modified after Esmeray-Senlet et al. [2015]).
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Fig. 2.2. Correlation of bulk carbonate 5'3C records between the New Jersey coastal plain
ODP sites Wilson Lake Hole B [Wright and Schaller, 2013], Ancora [this study],
Millville [this study], Bass River [Cramer et al., 1999; John et al., 2008] and open ocean
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Fig. 2.6. Planktonic and benthic foraminifera cross plots of 3'30 versus 3'3C generated
for the New Jersey coastal plain ODP sites Wilson Lake Hole A [Zachos et al., 2006],
Ancora [Cramer and Kent, 2005; Babila, 2014], Millville [this study], and Bass River
[Cramer et al., 1999; Zachos et al., 2007; John et al., 2008; Babila et al., 2016]. Bottom
panels show surface to benthic foraminifera isotopic gradients in the interval below the
CIE onset and top panels illustrate those in the CIE “core”.
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Lake Hole A [Zachos et al., 2006]; Ancora [Babila, 2014; Cramer and Kent, 2005];
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al., 2008; Babila et al., 2016]. Paleoslope reconstruction is modified for the PETM after
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2.11 Tables

Table 2.1. Measured stable isotopic values of planktonic and benthic foraminifera at
Millville, NJ. Table includes modified for core expansion depths (mcd) and corrected for

test size 8'°C values. Samples from the core expansion are marked in quotes.
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Depth interval (f) Mean Mcd Mcd . Size sc IEBCB 3"%0
(%)
84492 84502  844.97 84497 25755 M. aequa 250-300 10 2.84 -3.20
846.10 84620  846.15  846.15 25791 M. aequa 250-300 9 2.76 251
84740  847.50 84745 84745 25830 M. aequa 250-300 10 3.16 259
84782 84790 84786 847.86 25843 M. aequa 250-300 10 3.33 2.84
850.10 85020  850.15  850.15  259.13 M. aequa 250-300 8 291 258
851.10 85120 851.15 851.14 25943 M. aequa 250-300 10 3.46 2.78
85190  852.00 85195 85193  259.67 M. aequa 250-300 10 3.55 291
85230 85240 85235 85233  259.79 M. aequa 250-300 10 322 291
852.80 85290 852.85  852.82  259.94 M. aequa 250-300 10 327 258
853.14 85326 85320 853.17  260.05 M. aequa 250-300 10 342 -3.20
85390 853.96 85393  853.89  260.27 M. aequa 250-300 10 2.92 2.66
85438 85448 85443 85439 26042 M. aequa 250-300 10 3.2 2.76
85520 85530 85525 85520  260.66 M. aequa 250-300 10 2.99 -3.02
85590  856.00 85595  855.89  260.88 M. aequa 250-300 10 279 2.88
857.00 857.10  857.05 85698 26121 M. aequa > 250 5 4.01 3.11
858.00 858.10  858.05 857.97  261.51 M. aequa > 250 6 2.79 324
858.56  858.61  858.59  858.50  261.67 M. aequa > 250 6 2.05 -3.18
85892  859.07 859.00 85891  261.79 M. aequa > 250 5 2.80 321
85921 85927 85924  859.15  261.87 M. aequa > 250 6 1.96 329
859.53  859.58  859.56  859.46  261.96 M. aequa > 250 6 1.93 337
859.95  860.00 859.98  859.88  262.09 M. aequa > 250 6 133 357
86047  860.55  860.51 86049  262.28 M. aequa > 250 6 1.10 -3.20
861.10 86120 861.15 861.10  262.46 M. aequa > 250 5 2.18 -3.63
86190  862.00 861.95 861.86  262.69 M. aequa > 250 6 L11 335
863.00 863.15  863.08 86293  263.02 M. aequa 225275 5 028 3.17
864.00 864.10  864.05  863.86  263.30 M. aequa > 250 6 1.00 -3.40
865.10  865.18  865.14  864.90  263.62 M. aequa > 250 5 0.73 -3.79
867.00 867.15  867.08 86674  264.18 M. aequa > 250 4 0.75 -3.30
869.00 869.10  869.05 868.62  264.76 A;i :zfgzl;:a el >250 7 -0.03 -3.09
870.88  871.00 87094 87090 26545 M. aequa > 250 5 048 332
873.02 873.13  873.08 87294  266.07 M. aequa > 250 6 0.83 -3.50
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875.00 875.10 875.05 874.83 266.65 M. aequa 225 7 0.32 -3.19
876.95 877.16 877.06 876.75 267.23 M. aequa >250 5 0.35 -3.43
879.07 879.20 879.14 878.74 267.84 M. acuta 200-225 7 -0.13 -4.21
881.10 881.20 881.15 881.09 268.56 M. acuta 250 6 0.38 -3.98
883.05 883.16 883.11 882.94 269.12 M. acuta/velascoensis 200-300 7 -0.42 -3.56
885.06 885.17 885.12 884.85 269.70 M. acuta 250-300 6 0.21 -3.76
886.99 887.10 887.05 886.68 270.26 M. acuta 250-300 7 0.25 -3.67
889.08 889.20 889.14 888.66 270.86 M. acuta 250-300 8 0.67 -3.94
890.90 891.02 890.96 890.90 271.55 M. acuta 250-300 8 0.13 -3.69
891.83 891.95 891.89 891.77 271.81 M. acuta 250-300 7 0.13 -4.04
893.04 893.16 893.10 892.91 272.16 M. acuta 200 8 -0.97 -0.47 -3.74
894.60 894.65 894.63 894.34 272.60 M. acuta 250-300 8 -0.30 -4.37
895.09 895.19 895.14 894.83 272.74 M. acuta >250 9 0.93 -3.89
895.46 895.50 895.48 895.15 272.84 M. acuta 210-250 8 -0.36 -3.82
895.46 895.50 895.48 895.15 272.84 M. acuta 250-300 7 0.19 -3.72
895.84 895.89 895.87 895.51 272.95 M. acuta 210-250 14 -0.45 -3.76
895.84 895.89 895.87 895.51 272.95 M. acuta 250-300 8 0.49 -3.97
896.44 896.54 896.49 896.09 273.13 M. acuta 150-175 10 -1.08 -0.08 -3.49
896.75 896.80 896.78 896.36 273.21 M. acuta 150-210 9 -1.57 -0.57 -4.94
898.64 898.74 898.69 898.16 273.76 M. aequa 175-200 4 0.62 1.62 -3.30
898.94 899.09 899.02 898.46 273.85 M. acuta 150-175 6 1.90 2.90 -3.20
899.05 899.20 899.13 898.57 273.88 M. aequa 51);1252(;’ 6 3.05 4.05 -3.00
899.05 899.20 899.13 898.57 273.88 M. acuta 200 6 3.49 3.99 -3.13
899.20 899.31 899.26 898.69 273.92 M. aequa 150-175 3 3.05 4.05 -2.82
899.73 899.82 899.78 899.18 274.07 M. aequa 150-200 4 3.64 4.64 -2.82
900.18 900.30 900.24 900.23 274.39 M. aequa 61);127255’ 7 3.22 4.22 -2.90
844.92 845.02 844.97 844.97 257.55 A. soldadoensis 250-300 10 2.96 -3.34
846.10 846.20 846.15 846.15 25791 A. soldadoensis 250-300 10 2.84 -2.56
847.40 847.50 847.45 847.45 258.30 A. soldadoensis 250-300 10 2.79 -2.72
847.82 847.90 847.86 847.86 258.43 A. soldadoensis 250-300 10 2.80 -2.86
850.10 850.20 850.15 850.15 259.13 A. soldadoensis 250-300 10 3.20 -2.99
851.10 851.20 851.15 851.14 259.43 A. soldadoensis 250-300 10 3.28 -3.16
851.90 852.00 851.95 851.93 259.67 A. soldadoensis 250-300 8 2.71 -2.84
852.30 852.40 852.35 852.33 259.79 A. soldadoensis 250-300 10 3.10 -2.87
852.80 852.90 852.85 852.82 259.94 A. soldadoensis 250-300 10 2.51 -3.01
853.14 853.26 853.20 853.17 260.05 A. soldadoensis 250-300 10 2.66 -3.18
853.90 853.96 853.93 853.89 260.27 A. soldadoensis 250-300 10 2.82 -3.10
854.38 854.48 854.43 854.39 260.42 A. soldadoensis 250-300 10 2.92 -3.14
855.20 855.30 855.25 855.20 260.66 A. soldadoensis 250-300 10 2.09 -3.02
855.90 856.00 855.95 855.89 260.88 A. soldadoensis 250-300 10 2.14 -3.30
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877.16
879.20
881.20
883.16
885.17
887.10

889.20

"890.4
5n

891.02
891.95
893.16
894.06
894.65
895.19
895.50
895.50

895.50

857.05
858.05
858.59
859.00
859.24
859.56
859.98
860.51
861.15
861.15
861.95
863.05
864.05

865.14

865.14

867.08
869.08

870.94

870.94

873.08
875.05
877.06
879.14
881.15
883.11
885.12
887.05
889.14
890.40
890.96
891.89
893.10
894.03
894.63
895.14
895.48
895.48

895.48

856.98
857.97
858.50
858.91
859.15
859.46
859.88
860.49
861.10
861.10
861.86
862.90
863.86

864.90

864.90

866.74
868.64

870.90

870.90

872.94
874.83
876.75
878.74
881.09
882.94
884.85
886.68
888.66
889.86
890.90
891.77
892.91
893.78
894.34
894.83
895.15
895.15

895.15

26121
261.51
261.67
261.79
261.87
261.96
262.09
262.28
262.46
262.46
262.69
263.01
263.30

263.62

263.62

264.18
264.76

265.45

265.46

266.11
266.72
267.33
267.96
268.57
269.17
269.78
270.37
271.01
271.23
271.56
271.81
27222
272.43
272.60
272.74
272.84
272.84
272.84

A. esnehensis
A. soldadoensis
A. soldadoensis

A. esnehensis
A. soldadoensis
A. soldadoensis
A. soldadoensis
A. soldadoensis

A. esnehensis

A.
soldadoensis/angulosa

A. soldadoensis
A. esnehensis
A. soldadoensis

A. esnehensis
A.
soldadoensis/angulosa
/esnehensis/coalingens
is
A. esnehensis

A. esnehensis

A. esnehensis

A.
coalingensis/esnehensi
s

A. esnehensis

A. esnehensis

A. esnehensis

A. esnehensis

. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis
. soldadoensis

. soldadoensis

S N N S N N N N N N N N

. soldadoensis

>250
>250
>250
>250
>250
>250
>250
>250
>250
>250
>250
200-250
>250

>250

>250

>250
>250

>250

>250

>250
>250
>250
>250
>250
>250
>250
>250
>250
250-300
>250
250-300
>250
250-300
250-300
225-275
150-210
210-250

250-300

10

N 9 93

10

10

1.46

1.07

1.46
0.69
0.65
0.58

0.73

0.41

0.65

-0.33
0.06

-0.26

0.13

-0.43
-0.63
-0.28
-0.35
0.19
-0.48
0.40
0.10
0.24
-0.70
0.02
-0.26
-0.38
-0.45
-0.49
-0.46
-1.21
-0.94

-0.28

-0.21

2.83
-3.57
352
2.68
324
328
-3.00
-3.66
373
-3.02
-3.00
374
-3.56

-3.26

-3.98

-2.83
-2.85

-3.50

-3.76

-2.86
-3.02
-3.21
-3.03
-3.33
-3.19
-3.30
-3.16
-3.29
-3.05
-3.14
-3.09
-3.53
-3.22
-3.64
-3.50
-3.51
-3.37

-3.34

58
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89584 89589 89587 89551  272.95 A. soldadoensis 210250 7 -0.93 3.71
895.84 89589 89587 89551 27295 A(ei‘;flfe‘i"sff)” 250300 6 -0.80 -3.69
89644  896.54 89649  896.09 27325 A. esnehensis >250 7 0.33 339
896.75  896.80 89678  896.36 27321 A. soldadoensis 150210 9 -152  -052  -3.12
896.75  896.80 89678  896.36 27321 A. soldadoensis 210-250 1,,2 -1.19 341
896.75  896.80 89678  896.36 27321 A. soldadoensis 250-300 4 -0.26 -3.59
896.98  897.11  897.05  896.62  273.42 A. soldadoensis >250 3 0.66 2.87
898.64 898.74 898.69 898.16 27376 primitiva/;l)‘ldadoensis 175 2 1.36 236 333
899.05  899.31  899.18  898.62  274.07 A. soldadoensis >250 4 3.61 2.74
9973 8998y 89978  899.18 27407 A. coalingensis 200-225 3 3.25 375 249
90018 90030 90024 90023  274.39 A. coalingensis 200 5 236 286  -2.07
00018 90030 90024 90023 27439 A. coalingensis 150 4 132 232 237
901.12 9013 90121 901.15 27467 4. coalingensis, 150 7 2.16 316  -2.00
soldadoensis
00187 o000 0194 90184 274388 A:v;";’:;z)ii’;‘x‘“ 150 4 1.82 282 251
903.67 903.80 0374 903.36 27540 A&Z?;;Ziiﬁx& 31);12%%’ 4 274 374 246
84492 84502  844.97 84497  257.55 S. roesnaesensis 250-300 10 0.08 -1.91
846.10 84620  846.15  846.15 25791 S. roesnaesensis 250-300 10 0.36 -1.58
84740  847.50 84745 84745 25830 S. roesnaesensis 250-300 10 042 -1.91
84782 84790 84786 847.86 25843 S. roesnaesensis 250-300 10 0.61 -2.00
850.10 85020  850.15  850.15  259.13 S. roesnaesensis 250-300 10 0.84 -1.64
851.10 85120 851.15 851.14 25943 S. roesnaesensis 250-300 10 0.87 -1.60
85190  852.00 85195 85193  259.67 S. roesnaesensis 250-300 9 0.85 -1.75
85230 85240 85235 85233 259.79 S. roesnaesensis 250-300 10 0.89 -1.86
852.80 85290 852.85  852.82  259.94 S. roesnaesensis 250-300 10 0.54 -1.84
853.14 85326 85320 853.17  260.05 S. roesnaesensis 250-300 10 048 -1.51
85390 85396 85393  853.89  260.27 S. roesnaesensis 250-300 10 0.51 132
85438 85448 85443 85439 26042 S. roesnaesensis 250-300 10 0.50 -1.54
85520 85530 85525 85520  260.66 S. roesnaesensis 250-300 10 0.35 -1.49
85590  856.00 85595 85589  260.88 S. roesnaesensis 250-300 10 -0.04 -1.76
857.00 857.10  857.05 85698 26121 S. roesnaesensis >250 10 -0.18 -1.78
858.00 858.10  858.05 857.97  261.51 S. roesnaesensis >250 10 -0.44 226
858.56  858.61  858.59  858.50  261.67 S. roesnaesensis >250 10 -0.64 2.01
85892  859.07 859.00 85891  261.79 S. roesnaesensis >250 10 -0.56 234
85921 85927 85924  859.15  261.87 S. roesnaesensis >250 10 -0.87 225
859.53  859.58  859.56  859.46  261.96 S. roesnaesensis >250 10 -0.79 236
859.95  860.00 859.98  859.88  262.09 S. roesnaesensis >250 10 -0.94 235
86047  860.55  860.51 86049  262.28 S. roesnaesensis >250 10 -1.05 246
861.10 86120 861.15 861.10  262.46 S. roesnaesensis >250 10 -1.01 2.50
86190  862.00 861.95 861.86  262.69 S. roesnaesensis >250 10 -1.02 2.65



863.00
864.00
865.10
867.00
869.00
870.88
873.02
875.00
876.95
879.07
881.10
883.05
885.06
886.99

889.08

"890.3
5n

890.90
893.04
894.60
895.09
895.46
895.46
895.84
895.84
895.84
896.44
896.75
896.75
896.75
897.31

898.94

899.05
899.20

899.73
"900.1

900.18
901.12
901.12

901.87

863.15
864.10
865.18
867.15
869.15
871.00
873.13
875.10
877.16
879.20
881.20
883.16
885.17
887.10

889.20

"890.4
5n

891.02
893.16
894.65
895.19
895.50
895.50
895.89
895.89
895.89
896.54
896.80
896.80
896.80

897.43

899.09

899.20
899.31

899.82
900.29

900.3
901.3
902.00

902.00

863.08
864.05
865.14
867.08
869.08
870.94
873.08
875.05
877.06
879.14
881.15
883.11
885.12
887.05
889.14
890.40
890.96
893.10
894.63
895.14
895.48
895.48
895.87
895.87
895.87
896.49
896.78
896.78
896.78
897.37

899.02

899.13
899.26
899.78
900.23
900.24
901.21
901.56

901.94

862.93
863.86
864.90
866.74
868.64
870.90
872.94
874.83
876.75
878.74
881.09
882.94
884.85
886.68
888.66
889.86
890.90
892.91
894.34
894.83
895.15
895.15
895.51
895.51
895.51
896.09
896.36
896.36
896.36

896.92

898.46

898.57
898.69
899.18
899.60
900.23
901.15
901.49

901.84

263.02
263.30
263.62
264.18
264.76
265.45
266.07
266.65
267.23
267.84
268.56
269.12
269.70
270.26
270.86
271.23
271.55
272.16
272.60
272.74
272.84
272.84
272.95
272.95
272.95
273.13
273.21
273.21
273.21
273.38

273.85

273.88
273.92
274.07
274.20
274.39
274.67
274.77
274.88

S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. triangularis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. roesnaesensis
S. spp.
S. spp.

S. roesnaesensis

S. roesnaesensis, 2

hornibrooki

S. spp.
S. spp.
S. spp.

S. roesnaesensis

S. roesnaesensis,
velascoensis,
triangularis

S. velascoensis
S. roesnaesensis
S. velascoensis
S. velascoensis
S. velascoensis
S. velascoensis
S. roesnaesensis

S. velascoensis

>250
>250
>250
>250
>250
>250
>250
>250
>250
>250
>250
>250
>250
>250
>250
250-300
>250
250
250-300
200-225
150-210
210-250
150-210
150-210
210-250
150-175
150-210
210-150
250-300
200

200

225
>250
150
150-200
200-225
200
250
200

10

10

10

10

10

10
10

10

10

10

10

10

10

10

10

10

13

11

12
13

10

12

12

-1.32
-1.38
-133
-1.61
-1.78
-1.49
-1.43
-1.65
-1.68
-1.86
-1.89
171
2.11
-1.93
-1.99
233
2.04
226
-1.96
2.03
228
-1.96
246
2.92
251
2.09
221
249
240

-1.76

0.56

-1.88

-2.06

-2.52

-1.69

2.80
2.65
278
279
249
277
2.97
-3.06
2.94
2.97
320
339
298
333
-3.07
335
3.1
345
-3.81
336
-3.58
333
349
-3.97
373
3.1
298
-3.40
324

-3.17

-2.64

-1.99
-1.95
-2.21
-1.65
-2.20
-1.75
-1.19

-1.24

60
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90290  903.01  902.96  902.81  275.18 S. spp. 150210 8 131 171 -151
90290  903.01 90296  902.81  275.18 S. spp. 210250 2 5 55 180
903.67 903.80  903.74  903.56  275.40 S. velascoensis 200 5 171 -1.81
903.67 903.80  903.74  903.56  275.40 S. triangularis >250 3 1.87 1128
899.05  899.20  899.13  898.57  273.88 G. beccariiformis 212250 4 0.13 -1.25
parvula
899.05 89920  899.13  898.57  273.88 G. beccariiformis 150212 11 029 -1.02
parvula
899.73  899.82  899.78  899.18  274.07 G. beccariiformis 150212 10 032 -1.04
parvula
90016 2%02% 90023  899.60  274.20 G. beccariiformis 250-300 3 0.68 -0.72
beccariiformis
90016 2992 90023 899.60 27420 G. beccaritformis 150212 7 0.20 0.66
parvula
G. beccariiformis, 2
900.18 9003 90024 90023  274.39 parvula, 3 250-300 5 0.03 -0.94
beccariiformis
G. beccariiformis 2
900.18 9003 90024 90023  274.39 parvula, 1 212250 3 0.06 078
beccariiformis
900.18  900.3 90024 90023  274.39 G. beccariiformis 150212 10 -0.26 -0.96
parvula
901.12 9013 90121  901.15  274.67 G. beccariiformis 212250 2 0.17 0.92
parvula
901.12 9013 90121  901.15  274.67 G. beccariiformis 150212 10 0.08 0.87
parvula
901.87  902.00 901.94 901.84  274.88 G. beccariiformis 150212 10 0.07 0.97
parvula
902.90  903.10  903.00 902.86  275.19 G. beccariiformis 150212 7 0.03 -0.76
parvula
903.67 903.80  903.74  903.56  275.40 G. beccariiformis 212250 2 0.18 -0.79
parvula
903.67 903.80  903.74  903.56  275.40 G. beccariiformis 150212 8 0.27 0.73
parvula
905.66 90574  905.70 90543  275.97 G. beccariiformis 150212 4 0.35 -0.93
parvula
84492 84502 84497 84497  257.55 A. acuta 212250 5 091 -1.16
847.40 84750 84745 84745 25830 A. acuta 250-300 3 0.50 -1.06
851.10 85120 851.15 851.14  259.43 A. acuta 212250 4 0.05 20.98
851.90 852.00 85195 851.93  259.67 A. acuta 250-300 4 0.54 174
852.80 85290 852.85  852.82  259.94 A. acuta 250-300 3 20.10 114
853.14 85326 85320 853.17  260.05 A. acuta 250-300 3 0.00 -1.07
853.14 85326 85320  853.17  260.05 A. acuta 250-300 3 2049 -1.26
853.90  853.96 85393  853.89  260.27 A. acuta 212250 5 20.34 -1.03
85438 85448 85443 85439  260.42 A. acuta 250-300 5 20.05 20.99
85520 85530 85525 85520  260.66 A. acuta 250-300 5 043 1,52
85590  856.00 85595  855.89  260.88 A. acuta 212250 5 134 -1.88
857.00 857.10  857.05 85698 26121 A. acuta 250-300 5 115 135
858.00 858.10  858.05 857.97 26151 A. acuta 250-300 6 -1.40 -1.69
858.56  858.61 85859  858.50  261.67 A. acuta 212250 6 -1.99 -3.00
858.92  859.07 859.00 85891  261.79 A. acuta 250-300 4 -1.68 233
858.92  859.07 859.00 85891  261.79 A. acuta 212250 10 -157 2.07
85921 85927 85924  859.15  261.87 A. acuta 250-300 4 1132 -1.60
85921 85927 85924  859.15  261.87 A. acuta 150212 10 -1.36 -1.92
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859.53 859.58 859.56 859.46 261.96 A. acuta 250-300 3 -0.96 -1.79
859.95 860.00 859.98 859.88 262.09 A. acuta 212-250 3 -1.29 -2.08
860.47 860.55 860.51 860.49 262.28 A. acuta 250-300 3 -1.53 -2.01
861.10 861.20 861.15 861.10 262.46 A. acuta 212-250 10 -1.68 -2.30
863.00 863.15 863.08 862.93 263.02 A. acuta 150-212 16 -2.06 -3.09
864.00 864.10 864.05 863.86 263.30 A. acuta 212-250 6 -1.89 -2.64
865.10 865.18 865.14 864.90 263.62 A. acuta 212-250 6 -1.97 -2.55
867.00 867.15 867.08 866.74 264.18 A. acuta 212-250 5 -2.21 -2.48
869.00 869.15 869.08 868.64 264.76 A. acuta 212-250 6 -2.67 -2.84
870.88 871.00 870.94 870.90 265.45 A. acuta 212-250 3 -2.14 -2.78
876.95 877.16 877.06 876.75 267.23 A. acuta 212-250 8 -2.60 -3.01
879.07 879.20 879.14 878.74 267.84 A. acuta 212-250 8 -2.88 -3.32
881.10 881.20 881.15 881.09 268.56 A. acuta 212-250 10 -3.00 -3.21
883.05 883.16 883.11 882.94 269.12 A. acuta 212-250 3 -3.30 -3.06
885.06 885.17 885.12 884.85 269.70 A. acuta 212-250 8 -3.15 -2.80
886.99 887.10 887.05 886.68 270.26 A. acuta 150-212 24 -3.18 -3.31
889.08 889.20 889.14 888.66 270.86 A. acuta 150-212 13 -2.94 -3.24
890.90 891.02 890.96 890.90 271.55 A. acuta 212-250 6 -3.30 -3.70
890.90 891.02 890.96 890.90 271.55 A. acuta 212-250 6 -3.30 -3.70
893.04 893.16 893.10 892.91 272.16 A. acuta 150-212 4 -3.09 -3.21
894.00 894.06 894.03 893.78 272.43 A. acuta 150-212 11 -3.07 -4.20
894.60 894.65 894.63 894.34 272.60 A. acuta 150-212 26 -3.00 -3.33
844.92 845.02 844.97 844.97 257.55 C. succendens 250-300 9 -0.35 -1.23
844.92 845.02 844.97 844.97 257.55 C. alleni 250-300 8 -0.77 -1.45
844.92 845.02 844.97 844.97 257.55 C. howelli 250-300 6 -0.42 -1.40
846.10 846.20 846.15 846.15 25791 C. succendens 250-300 5 -0.14 -1.53
846.10 846.20 846.15 846.15 25791 C. alleni 250-300 10 -0.58 -1.29
847.40 847.50 847.45 847.45 258.30 C. alleni 250-300 10 -0.45 -1.37
847.82 847.90 847.86 847.86 258.43 C. alleni 250-300 10 -0.37 -1.43
851.10 851.20 851.15 851.14 259.43 C. howelli 250-300 6 0.18 -1.43
851.90 852.00 851.95 851.93 259.67 C. alleni 250-300 4 0.13 -1.24
852.30 852.40 852.35 852.33 259.79 C. alleni 250-300 9 -0.33 -1.48
852.30 852.40 852.35 852.33 259.79 C. howelli 250-300 9 0.22 -1.17
852.80 852.90 852.85 852.82 259.94 C. alleni 250-300 8 -0.29 -1.03
852.80 852.90 852.85 852.82 259.94 C. howelli 250-300 5 0.00 -0.90
853.14 853.26 853.20 853.17 260.05 C. alleni 250-300 5 -0.18 -1.06
853.90 853.96 853.93 853.89 260.27 C. alleni 250-300 7 -0.15 -1.02
854.38 854.48 854.43 854.39 260.42 C. alleni 250-300 4 -0.27 -1.31
854.38 854.48 854.43 854.39 260.42 C. howelli 250-300 7 -0.22 -1.18
855.20 855.30 855.25 855.20 260.66 C. alleni 250-300 8 -0.31 -0.88



855.20
855.90
857.00
858.00
858.56
858.92
858.92
859.21
859.21
859.53
859.53
859.95
859.95
860.47
860.47
861.10
861.10
861.90
861.90
863.00
863.00
864.00
864.00
865.10
865.10
867.00
867.00
869.00
869.00
873.02
873.02
875.00
875.00
876.95
899.05
899.73
901.12

855.30
856.00
857.10
858.10
858.61
859.07
859.07
859.27
859.27
859.58
859.58
860.00
860.00
860.55
860.55
861.20
861.20
862.00
862.00
863.15
863.15
864.10
864.10
865.18
865.18
867.15
867.15
869.15
869.15
873.13
873.13
875.10
875.10
877.16
899.20
899.82

901.3

855.25
855.95
857.05
858.05
858.59
859.00
859.00
859.24
859.24
859.56
859.56
859.98
859.98
860.51
860.51
861.15
861.15
861.95
861.95
863.08
863.08
864.05
864.05
865.14
865.14
867.08
867.08
869.08
869.08
873.08
873.08
875.05
875.05
877.06
899.13
899.78
901.21

855.20
855.89
856.98
857.97
858.50
858.91
858.91
859.15
859.15
859.46
859.46
859.88
859.88
860.49
860.49
861.10
861.10
861.86
861.86
862.93
862.93
863.86
863.86
864.90
864.90
866.74
866.74
868.64
868.64
872.94
872.94
874.83
874.83
876.75
898.57
899.18

901.15

260.66
260.88
261.21
261.51
261.67
261.79
261.79
261.87
261.87
261.96
261.96
262.09
262.09
262.28
262.28
262.46
262.46
262.69
262.69
263.02
263.02
263.30
263.30
263.62
263.62
264.18
264.18
264.76
264.76
266.07
266.07
266.65
266.65
267.23
273.88
274.07
274.67

C. howelli
C. alleni
C. howelli
C. alleni
C. alleni
C. alleni
C. howelli
C. alleni
C. howelli
C. alleni
C. howelli
C. alleni
C. howelli
C. alleni
C. howelli
C. alleni
C. howelli
C. alleni
C. howelli
C. alleni
C. howelli
C. alleni
C. howelli
C. alleni
C. howelli
C. alleni
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2.12 Supporting information

2.12.1 Introduction

Supporting information includes a chapter on geological setting that describes
paleowater depth reconstructions in the U.S. mid-Atlantic margin during the Paleocene-
Eocene Thermal Maximum (PETM) and gives a lithologic description of the ODP Leg
174AX Millville core. Table 2.S1 shows paleowater depths during Vincentown
deposition estimated for four New Jersey coastal pain sites with best estimates assuming
the 1:750 paleoslope gradient. Additionally, we review here symbiont loss and carbonate
ion effect that can bias foraminiferal isotopic values. Supporting information also
provides detailed information on the stable isotopic data of individual species of
planktonic foraminifera that were used to compile monogeneric records of Morozovella,
Acarinina, Subbotina, Anomalinoides, Cibicidoides, and Gavelinella at Millville (Table 1
and Fig. 2.S1). Table 1 has measured 3'3C and §'30 values for each sample with true core
depth and depth adjusted for core expansion. It also includes information on analyzed
foraminifera: species names, number of specimens per sample, and size fraction. Fig.
2.S1 shows §'3C and 8'30 records with highlighted in black specimens from smaller size
fractions (150-212 and 212-250 um) to which we applied the 8!3C correction for test size.
Table 1 includes corrected for test size 8'3C values. Table 2.S2 provides additional
carbon isotopic measurements of Subbotina roesnaesensis from Wilson Lake Hole B, NJ
that were used to determine the vital effect corrections on 8'°*C in Subbotina. Figs. 2.S2
and 2.S3 show correlation of stable carbon and oxygen isotopic records of Morozovella,
Acarinina, and Subbotina between four New Jersey coastal plain cores: Wilson Lake

Hole A, Ancora, Millvile, and Bass River (see figure captions for data references). The
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correlation was based on the carbon isotope excursion (CIE) stages: pre-CIE, CIE “core”,
CIE partial recovery, and post-CIE. The order of isotopic records from left to right
resembles relative position of coreholes along the New Jersey paleoshelf deepening to the

right (Fig. 2.7 in the main text).

2.12.2 Geological Setting

2.12.2.1 New Jersey paleoshelf during the PETM

The New Jersey coastal plain is located in the northern part of the Salisbury
Embayment [Gibson et al., 1993] with Paleogene paleolatitudes of ~35-40 °N [Miiller et
al., 2008]. During the PETM, deposition across the embayment occurred in neritic depths
of ~30-100+ m [Harris et al., 2010; Stassen et al., 2015] with a lithology change from
micaceous sandy silts of the Vincentown Formation below to kaolinitic clayey silts (mean
grain size 8 pm) of the Marlboro Formation above [Gibson et al., 1993; Cramer et al.,
1999; Sugarman et al., 2005; Kopp et al., 2009; Lombardi, 2013]. We estimate
paleowater depths in the Vincentown Formation on the New Jersey paleoshelf following
a similar method used by Esmeray-Senlet et al. [2015]. The New Jersey coastal plain sites
were projected using structural contours [Zapecza, 1984] of the top of the Campanian
(~72 Ma) onto a dip profile drawn through Medford outcrop and Bass River site (Fig. 2.1
in the main text). Based on estimates from two dimensional backstripping of Steckler et
al. [1999] accounting for the effects of compaction, loading, and thermal subsidence,
Esmeray-Senlet et al. [2015] noted that the paleoslope gradient could have varied from
1:500 to 1:1000, and used 1:750 as the best estimate. To compute paleowater depths for
the Vincentown Formation in the New Jersey coastal plain sites, we use the updip section

at Medford, NJ as an anchor point. The Vincentown Formation at Medford contains
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sandy silts with wispy cross laminations interpreted as having been deposited in inner
neritic, lower shoreface (~25 = 5 m water depth) environments near storm wave base
[Sugarman et al., 2005]. Using possible end-member assumptions of the paleoslope
gradient, errors in the anchor point, and site projections to a dip profile (+£5 m in the
relative placement), the paleowater depth at the deepest and least constrained Bass River
site is ~90 + 20 m for the Vincentown Formation and ~70 + 20 m at Millville (Table
2.S1). Our water depths are distinctly shallower than recent faunal estimates by Stassen et
al. [2015] who inferred ~100-110 m paleowater depths for the Vincentown Formation at
Wilson Lake and ~140-150 m at Bass River, even though sedimentary structures and
benthic foraminifera [Harris et al., 2010] indicate that the Vincentown Formation was
deposited above wave base at the updip sites. Paleowater depths during Marlboro
deposition are less certain and appear to be deeper by 20-30 m [Stassen et al., 2015 and
references therein] to 60 m [Harris et al., 2010], but the apparent change in water depth is
based on application of standard biozonations to the non-analog conditions during the
PETM. For this paper, we use ~20 m deeper paleowater depths for the Marlboro

Formation than those of the Vincentown Formation.

2.12.2.2 ODP Leg 174AX Millville site: lithologic description

ODP Leg 174AX Millville core recovered the Vincentown, Marlboro, and
Manasquan Formations (257.55-280.33 m) that span the Paleocene/Eocene boundary
(Fig. 2.3 in the main text). The Vincentown Formation is a micaceous, glauconitic, sandy
silt at Millville. The contact between the Vincentown and Marlboro Formations occurs
within a 0.6 ft-transition zone with decreasing upwards glauconite and coarse fraction

content. Clayey silts (mean grain size 8§ um) of the Marlboro Formation comprise an
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expanded CIE “core” (10 m thick) at Millville. The CIE recovery interval (5.5 m thick)
captures a lithologic transition from the Marlboro Formation to coarser informal units
referred to as A and B here. Unit A is a slightly sandier facies of the Marlboro Formation
that has not been sampled at other sites except possibly Ancora. Unit B is sandy silty clay
to clayey silt more typical of the underlying Vincentown Formation and originally
identified as such [Sugarman et al., 2005]; we assume that unit B marks the end of the
CIE recovery based on decreasing trends in 3'*C records of bulk carbonate and
planktonic foraminifera observed in the upper part of this unit (Fig. 2.3 in the main text).
There is an unconformity between units A and B at 259.85 m, but the contact of unit A
with the underlying Marlboro Formation is gradational and appears conformable. The
post-CIE section consists of glauconitic, carbonate-rich sandy silts of the Manasquan

Formation overlying unit B above an unconformity at 258.09 m.

2.12.3 Symbiont loss and carbonate ion effect in foraminiferal stable isotopes

We review here possible vital effects that can bias their isotopic signal. Symbiont
activity decreases '?C concentration inside hosting planktonic foraminifera and causes
higher 3'3C values in foraminiferal tests [e.g., D’Hondt and Zachos, 1993; D’Hondt et al.,
1994; Norris, 1996]. The loss of symbionts (or bleaching) in symbiont-bearing surface
dwelling Morozovella and Acarinina could have produced a CIE of a larger magnitude
than in symbiont barren thermocline dwelling Subbotina. The loss of symbionts can be
detected by the disappearance of the §'*C-test size gradients in symbiont-bearing species,
because foraminifera with larger tests can host more symbionts and thus have higher §'*C
than foraminifera with smaller tests [Wade et al., 2008; Edgar, 2013]. The 8'3C-test size

gradients in Morozovella spp. and Acarinina spp. from subtropical Atlantic sections are
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maintained during the PETM [e.g., Tripati and Elderfield, 2004; Babila et al., 2016]. This
suggests no symbiont loss in Morozovella spp. and Acarinina spp. precluding bleaching
effect on their §'3C magnitudes. Therefore, the similar decrease in §'3C observed in all
taxa across the CIE onset represents signal unbiased by vital effects.

Laboratory living culture and field experiments supported by results of numerical
diffusion-reaction modeling show that an increase in seawater carbonate ion
concentration [CO3%7] lowers both 8'*C and 8'30 values of planktonic foraminiferal
calcite [e.g., Spero et al., 1997; Zeebe et al., 1999; Russell and Spero, 2000]. These
relationships are usually referred as a carbonate ion effect or pH effect [Spero et al.,
1997; Uchikawa and Zeebe, 2010]. Based on B/Ca analyses performed on the New Jersey
Bass River core, Babila et al. [2016] estimated a 0.4 + 0.2 pH units decrease in the mixed
layer recorded by Acarinina spp. and 0.35 £ 0.15 pH units drop in the thermocline
recorded by Subbotina spp. across the CIE onset. Use of the A3'*0O/ApH slope from
Uchikawa and Zeebe [2010] and a 0.1 pH units offset recorded between Acarinina spp.
and Subbotina spp. from Babila et al. [2016] would account for a minor difference
between their A3'30 across the CIE onset, significantly smaller than the observed
difference (Fig. 2.5). Furthermore, laboratory and field experiments on living planktonic
foraminifera indicate that the carbonate ion effect is species specific [Spero et al., 1997;
Russell and Spero, 2000]. However, assuming an enhanced pH effect in asymbiotic
foraminifera, a decrease in alkalinity certainly cannot account for different oxygen
isotopic responses. Thus, we exclude bleaching and a change in seawater [CO3>7] (due to

pH) as likely side effects.
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2.12.5 Supporting figures and tables
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Fig. 2.S1. Stable carbon and oxygen isotopes of planktonic and benthic foraminifera at
Millville, NJ: top — monogeneric records compiled from single species samples indicated
in the legend; bottom — single species cross plots of 330 vs. 8!3C for the pre-CIE, CIE
“core”, CIE recovery, and post-CIE intervals. Thermocline dwellers Subbotina spp. are in
blue, surface dwellers Morozovella spp. and Acarinina spp. are in red and green,
respectively. For benthic foraminifera, Gavelinella beccariiformis in black,
Anomalinoides acuta in purple, and Cibicidoides spp. in brown. Samples from smaller
size fractions of 150-212 and 212-250 um are outlined in black. Carbon isotopic values
from smaller specimens are corrected for the test size (See 2.4 “Methods” in the main
text). Oxygen isotope records are plotted in reverse order. Depths are modified and
corrected for core expansion.
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Benthic foraminifera: Gavelinella beccariiformis in black, Anomalinoides acuta in
purple, Cibicidoides spp. in brown. Planktonic foraminifera: thermocline dwellers
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Fig. 2.S3. PETM oxygen isotope records (plotted in reverse) of planktonic and benthic
foraminifera from New Jersey coastal plain sites correlated by the CIE onset: Wilson

Lake Hole A [Zachos et al., 2006]; Ancora [Cramer and Kent, 2005; Babila, 2014];

Millville [this study]; and Bass River [Cramer et al., 1999; Zachos et al., 2007; John et

al., 2008; Babila et al., 2016]. Arrow indicates the CIE onset. Benthic foraminifera:

Gavelinella beccariiformis in black, Anomalinoides acuta in purple, Cibicidoides spp. in
brown. Planktonic foraminifera: thermocline dwellers Subbotina spp. in blue, surface
dwellers Morozovella spp. and Acarinina spp. in red and green, respectively.
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Paleodepth Paleodepth Paleodepth
Distance estimates based on estimates based or estimates based on
Distance paleoslope 1:1000 paleoslope 1:750  paleoslope 1:500
Core . between
holes ™ the NJ coreholes (m) (m) (m)
map (mm . . .
Relative Vincen- Relative Vincen- Relative Vincen-
town town town
MD 23 5.75 5.75 25.00 8.63 25.00 11.50 25.00
WL 60 15.00 15.00 34.25 22.50 38.88 30.00 43.50
AN 98 24.50 24.50 43.75 36.75 53.13 49.00 62.50
MV 151 37.75 37.75 57.00 56.63 73.00 75.50 89.00
BR 201 50.25 50.25 69.50 75.38 91.75 100.50 114.00

Table 2.S1. Paleowater depths estimates for the Vincentown Formation at the New
Jersey coastal plain sites (WL — Wilson Lake; AN — Ancora; MV — Millville; BR — Bass
River) using possible end-member assumptions of the paleoslope gradient and errors in
the anchor point at Medford (MD), NJ and site projections to a dip profile (5 m in the
relative placement).

. 13
Depth interval (ft) Mean 6 °CPDB 5"3C PDB, % 5'3C PDB

Mean o
depth (ft)  depth (m) #[239-300 1156515 i) offset (%)

Bottom Top um]

321.00 321.10 321.05 97.86 -2.02 -2.37 0.35
330.15 330.25 330.20 100.64 -2.00 -2.41 0.41
339.50 339.60 339.55 103.49 -2.26 -2.67 0.41
350.20 350.30 350.25 106.76 -2.15 -2.62 0.47

Table 2.S2. Stable carbon isotopic values of Subbotina roesnaesensis from the 150-212
um and 300-350 um size fractions at Wilson Lake Hole B, NJ with indicated offset in
813C values between small (150-212 um) and large specimens (300-350 um) due to the
vital effect.
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III CHAPTER THREE
Blackout of planktonic foraminifera: seasonality effects on surface ocean climate

reconstructions at the Paleocene-Eocene thermal maximum

3.1 Abstract

The largest global warming event of the Cenozoic, the Paleocene-Eocene thermal
maximum (PETM, ca. 56 million years ago), is often used as an analog for anthropogenic
climate studies yet the thermal evaluation during this event is still puzzling despite
abundant data. Most environmental reconstructions of the PETM rely on foraminiferal
tracers from marine sections. Here, I examine seasonality of planktonic foraminifera as a
mediator in sea surface temperature reconstructions. Comparison of oxygen stable
isotopes in foraminifera and two paleotemperature proxies (Mg/Ca, TEXse) at Millville,
the U.S. North Atlantic continental margin, implies a shift to winter blooms in mid-
latitudinal surface dwelling foraminifera. High sea surface temperatures above
foraminiferal limit of calcification (~33°C) during the PETM would restrict surface
dwellers production to colder months, therefore their §'30 records cannot register the full
warming. I suggest a 6-7°C temperature increase on the North Atlantic paleoshelf based
on the organic paleothermoter TEX"g6 and 8'80 of thermocline dwelling Subbotina spp.
Oxygen isotopic records of foraminifera from low latitudinal marine locations show
similar responses and support the seasonality shift in subtropical surface dwellers due to

the extreme PETM warmth.
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3.2 Introduction

The Paleocene-Eocene thermal maximum (PETM, ca. 56 Ma) was a transient
global warming event characterized by a massive input of carbon into the Earth’s system.
Estimates of sea surface temperature (SST) rise vary from 4°C to 9°C depending on
location and proxy used [e.g., Dunkley Jones et al., 2013]. Many temperature estimates of
the PETM warming use stable oxygen isotopes of planktonic foraminifera [Kennett and
Stott, 1991; Lu et al., 1998; Thomas et al., 1999; Thomas et al., 2002; Zachos et al., 2003;
Zachos et al., 2006; John et al., 2008; Hollis et al., 2015; Babila et al., 2016]; however,
the 8'80 of pristine foraminiferal tests might have been also affected by variations in
seasonality and evaporation/precipitation reflected in salinity. Culture studies show that
temperature is a limiting factor in foraminiferal survival, although salinity plays minor
role [Bijma et al., 1990]. Therefore, it is critical to estimate SSTs and salinity impact to
interpret 8!80 values of surface dwellers correctly.

Here, I use a multiproxy approach to evaluate amount of warming on the New
Jersey paleoshelf at the PETM. Makarova et al. [2017] documented a smaller §'%0
anomaly in surface dwelling foraminifera associated with the PETM onset at Millville,
NI suggesting ecologic and hydrographic scenarios (Chapter Two). They also discussed a
possible shift of surface dwellers production to colder seasons due to temperature
restrictions on foraminiferal calcification. SSTs of ~35°C on the mid-Atlantic margin
[Zachos et al., 2006; Sluijs et al., 2007] could have precluded year-long blooms of
surface dwelling species; calcification in cooler season may have caused smaller 530
anomaly in surface dwellers associated with the PETM onset. Frieling et al. [2017]

estimated SSTs exceeding 36°C in tropics during the PETM and also suggested heat
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stress of planktonic organisms to explain changes in dinoflagellate and planktonic
foraminifera, as did Si and Aubry [2018].

To estimate SST increase on the New Jersey paleoshelf during the PETM, I use
organic paleothermometer TEXgs and Mg/Ca in planktonic foraminifera. I supplement
existing oxygen isotopic records of foraminifera at Millville (Fig. 3.1) [Makarova et al.,
2017; Si and Aubry, 2018] with temperature estimates from these two independent
paleothermometers and discuss potential effects of seasonality on foraminiferal 3'%0
values. I also apply Mg/Ca and TEX3gs-based temperatures to decipher possible variations

in salinity on the mid-Atlantic shelf embedded in planktonic foraminiferal §'%0 signals.

3.3 Geological Setting and Methods

The Millville site (ODP Leg 174AX) is located on the New Jersey coastal plain
recovering a thick shelf PETM section [Makarova et al., 2017]. Paleoslope reconstruction
of the New Jersey paleoshelf using a 1:750 gradient suggest ~70+20 m water depth
during the latest Paleocene and a ~20 m deeper setting in the Early Eocene [Makarova et
al., 2017]. Deposition at the Paleocene/Eocene transition shifts from glauconitic sandy
silts to kaolinitic fine clays [Gibson et al., 1993; Cramer et al., 1999; Miller et al., 2005;
Lombardi, 2013], facilitating excellent/pristine preservation of foraminifera in the PETM
section at Millville, NJ (Fig. 3.S1) [Makarova et al., 2017]. More detailed geological
setting on the New Jersey paleoshelf and lithologic description of the Millville core are
given in sections 2.3 “ODP Leg 174AX Millville site” and 2.12.2 “Geological Setting” of

Chapter Two.
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3.3.1 Lipid biomarker analyses (TEXs¢)

Powdered freeze-dried sediments (~20 g dry mass) were extracted with a Dionex
accelerated solvent extractor (ASE 200) using a 9:1 mixture (v:v) of dichloromethane
(DCM) and methanol (MeOH) at a temperature of 150°C and a pressure of 1500 psi. The
polar fraction containing glycerol dialkyl glycerol tetraethers (GDGTs) was separated
from the total lipid extract through the alumina (Al,O3) column. The GDGT analyses
were performed in 2013 and 2018, as indicated in Table 3.1. The 2013 analysis was
performed by normal phase chromatography on an Agilent 1100 series high-performance
liquid chromatography (HPLC) using the Prevail Cyano column (3 mm, 150 % 2.1 mm).
A 99:1 (v:v) mixture of hexane:isopropanol was used to elute GDGTs at a flow rate 0.2
ml/min and column temperature 30°C according to the Hopmans et al. [2000] and
Schouten et al. [2007a] methodology. The 2018 analysis used a modified HPLC high
resolution method proposed by Hopmans et al. [2016]. GDGTs were eluted isocratically
for 25 min with 18% of solvent A, followed by a linear gradient to 35% of A in 25 min,
then a linear gradient to 100% of A in 30 min, where solvent A is a 9:1 mixture of
hexane:isopropanol (v:v) and B is hexane. Flow rate was 0.2 ml/min, resulting in a
maximum back pressure of 200 bar for this chromatographic system. Total run time is 80
min with a 20 min re-equilibration. The APCI source was kept at 200°C (gas
temperature) and 400°C (vaporizer). The drying gas flow is set at 6 L/min"'. The source
was tuned in positive polarity. The two ACQUITY UPLC BEH HILIC columns used
were purchased from Waters (2.1 x 150 mm, 1.7 um). Blanks and standards were running
along with the samples at daily basis to ensure analytical quality. Detection of GDGTs

was accomplished via Single lon Monitoring mode using Agilent OpenLAB Software.
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3.3.2 Trace element analyses of foraminifera

Foraminiferal tests were gently crushed between two glass plates to open the
chambers to facilitate cleaning following the protocol reported by Boyle and Keigwin
[1985] later modified by Rosenthal et al. [1997]. Trace element analyses were measured
on a Thermo Finnigan Element XR Sector Field Inductively Coupled Plasma Mass
Spectrometer (SF-ICP-MS) operated in low resolution (m/Am =300) and medium
resolution (m/Am =4300) settings outlined in the protocol of Rosenthal et al. [1999]. For
robust interpretation of trace elements data, samples with unreasonably low or high
calcium elemental ratios (B/Ca, Mg/Ca, Al/Ca, Ti/Ca, Mn/Ca, Sr/Ca, Fe/Ca) were
considered as contaminated or possibly altered due to diagenesis and thus rejected from
the reconstructions (Appendix 1; Fig. 3.S2). Elemental ratios were monitored and
corrected for matrix effects for each analytical run by analyzing a suite of standards using
an internal spiked gravimetric standard (SGS) with the same elemental ratios but varying
[Ca] (1.5mmol/l to 8mmol/l) [Rosenthal et al., 1999]. [Ca] concentrations in sample
solutions were typically maintained in the range of 1.5 to 4mmol/l to minimize matrix

effects on Mg/Ca.

3.4 Results
3.4.1 TEXsg¢-based temperature estimates

I apply TEX!gs and TEXUss indices from Kim et al. [2010] to convert the change
in relative distribution of GDGTs to temperatures across the Paleocene/Eocene (P/E)
boundary at Millville, NJ (Table 3.1). Two indices use different GDGT ratios, where

GDGT ratio-2 (TEX"gs) includes crenarchaeol regio-isomer and GDGT ratio-1 (TEX g6)
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does not (Fig. 3.S3). The total change in GDGT ratio-1 is 0.12 from 0.44 to 0.56 and the
change in GDGT ratio-2 is 0.16 from 0.74 to 0.90 (Table 3.1; Fig. 3.2). The BIT index
ranges from 0.05 to 0.15 (Table 3.2), indicating predominantly marine origin of organic
fractions used for TEXss with low soil organic matter input [Schouten et al., 2013 and
references therein]. The TEX!ss and TEXUs¢ calibrations represent the best relationships
between the relative distribution of thaumarchaeotal lipids (GDGTs) at temperatures
higher than 15°C, though no modern calibration above 30°C is possible. Application of
the TEX!¢ calibration reveals a 6°C warming (29.5-35.5°C) across the PETM onset (Fig.
3.3). The TEX"3 temperature estimates reach a maxima at 35.5°C within the CIE “core”
(see Chapter Two for the CIE “core” definition at Millville, NJ) and shows a two-step
warming across the onset with a plateau around 33.5°C (Fig. 3.3). A 2 ft (0.6 m) thick
temperature plateau interval appears above the CIE onset corresponding to a low (< 1%
CaCO:s) carbonate zone [Makarova et al., 2017]. The TEX g calibration shows a 7°C
warming with cooler temperatures (23-30°C) and a plateau at 27.5°C (Fig. 3.3). Both
calibrations indicate the recovery of temperatures to the pre-PETM values by 855 ft
(260.6 m) in the upper part of the section (Fig. 3.3). The precursor warming suggested by
TEXgs estimates at Bass River, NJ [Sluijs et al., 2007] is vague at Millville. The TEX*!gq
calibration hints a 1-2°C warming preceding the main inflection in bulk sediment §'*C
values, whereas the TEX g calibration shows no warming prior the CIE onset (Fig. 3.3).
The lead/lag relationship between the CIE onset and TEXgs estimated warming is
discussed in Chapter Four that provides data from expanded section of the PETM onset at

Medford, NJ.
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3.4.2 Mg/Ca-based temperature estimates

Mg/Ca data from surface dwelling Morozovella and Acarinina spp. are not
sufficient to reconstruct the temperature anomaly associated with the PETM onset and
only present in the upper part of the section (Fig. 3.2; Table 3.3). The total change in
Mg/Ca ratio of thermocline dwelling Subbotina spp. across the PETM onset is 1.6
mmol/mol that is equivalent to a ~5.5°C warming applying the multispecies equation of
Anand et al. [2003] (Figs. 3.2 and 3.5; Table 3.3). The Mg/Ca ratio of seawater during the
PETM is not well known ranging from 1.5 to 3.5 mmol/mol with a best estimate of 2.5
mmol/mol [Cramer et al., 2011; Evans et al., 2018]. Assuming that Mg/Ca of seawater
was 2.5 mmol/mol during the PETM and the multispecies equation from Anand et al.
[2003], temperatures in the thermocline indicated by Subbotina spp. Mg/Ca ratio

increased from 29.5°C to 35°C (Table 3.3).

3.5 Discussion
3.5.1 Sea surface temperature anomaly at Millville, NJ
3.5.1.1 Oxygen isotopes of foraminifera

To evaluate warming associated with the PETM onset at Millville, NJ, I compare
temperature anomalies derived from the organic paleothermometer TEXss and Mg/Ca of
planktonic foraminifera with 8'%0 records of planktonic foraminifera (Figs. 3.4 and 3.5).
Foraminiferal isotopic data from Makarova et al. [2017] and Si and Aubry [2018]
represent compilations of isotopic values measured in mostly mono-specific samples
from narrow size fractions and agree with each other (Fig. 3.1). The Morozovella spp.

assemblage shifts from a M. aequa/M. subbotinae-dominated assemblage (MAS lineage
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in Si and Aubry [2018]) to a M. acuta/M. velascoensis-dominated assemblage (MAV
lineage in Si and Aubry [2018]) across the PETM onset. Si and Aubry [2018] suggested
different depth niches for MAS and MAV linages during the PETM. Therefore, I plot M.
aequa and M. acuta in distinct symbols to clarify the Morozovella spp. record (Fig. 3.1).
Interspecies isotopic values in Acarinina and Subbotina are similar (Fig. 3.S4) and,
therefore, are plotted as monogeneric records, i.e. Acarinina and Subbotina spp. (Fig.
3.1).

Surface dwelling Acarinina and Morozovella spp. show a -1 %o anomaly in
oxygen isotopic values (A3'*0 = §'80 before the CIE onset minus '30 after the CIE
onset) associated with the PETM onset (Figs. 3.1 and 3.S4). Thermocline dwelling
Subbotina spp. 3'30 show a -1.75 %o anomaly. Makarova et al. [2017] attributed the
smaller A3'80 in surface dwelling taxa either to changes in water column structure due to
a more gradual thermocline and/or to a shift in seasonality of blooms. In contrast, Si and
Aubry [2018] interpreted this difference to a depth migration as an adaptation of
Acarinina spp. and the MAV lineage to the environmental stress associated with the
PETM onset.

Since all foraminifera from the Millville core, i.e. Morozovella spp., Acarinina
spp., Subbotina spp., and benthic taxa, show similar carbon isotope excursions (CIEs) of
3.6-4 %o across the P/E boundary (Figs. 3.1 and 3.S4), I argue against the species depth
migration scenario. Recycling of organic matter in deeper parts of the water column
lowers 8'3C of the dissolved inorganic carbon (DIC) in the seawater. Thus, the highest
813C values in symbiont-bearing mixed layer dwelling Morozovella and Acarinina spp.

imply near surface niches, lower 8!°C values in symbiont barren thermocline dwelling
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Subbotina spp. indicate residence in the nutricline/thermocline, and lowest 3'3C values in
benthic taxa indicate seafloor habitats. Such 8!°C relationships among PETM taxa are
reported in other shelf [Zachos et al., 2006, 2007; John et al., 2008; Babila, 2014; Babila
et al., 2016] and pelagic sites [e.g., Kennett and Stott, 1991; Bralower et al., 1995; Lu and
Keller, 1996; Thomas et al., 2002; Hollis et al., 2015] and interpreted as vertical §'3C
isotopic gradients. Consequently, migration of the mixed layer dwelling taxa to deeper
habitats should have also lowered their '*C mimicking DIC isotopic profile. This would
have resulted in larger CIEs recorded by the refuge species of Morozovella and
Acarinina, than by Subbotina spp. and benthic foraminifera that remained their ecological
niches during the PETM. Unchanged carbon isotopic gradients between all taxa at
Millville imply little or no depth migration of surface dwellers during the PETM.

Oxygen isotopic relationships among the foraminifera are likewise interpreted by
most studies as vertical rankings reflecting calcification at different depths. Accordingly,
Makarova et al. [2017] inferred a thermally more homogeneous water column structure
with smoother thermocline to explain diminished gradients in 3!30 values between
surface dwellers and thermocline/benthic species during the PETM. They also mentioned
a change in seasonality of foraminiferal blooms as another factor possibly affecting
generic differences in 8'%0 values that I elaborate on here, using TEXgs and Mg/Ca data
to constrain the problem.

Blooms of planktonic foraminifera are mainly controlled by species thermal
preferences and nutrient supply/food availability [e.g., B¢, 1960; Tolderlund and B¢,
1971; Curry et al., 1983; Thunell et al., 1983; Deuser and Ross, 1989; Fairbanks and

Wiebe, 1980; Ravelo and Fairbanks, 1992]. Sediment trap studies of modern planktonic
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foraminiferal fluxes from the North Atlantic (34°N, which is similar to the New Jersey
paleoshelf latitude during the PETM) show seasonal changes in foraminiferal production
[Wolfteich, 1994]. Maximum fluxes of most taxa in the modern subtropical study area
occur during winter-early spring blooms of phytoplankton. G. bulloides occupies the
niche above the thermocline [Fairbanks et al., 1982] and grows during the peak of
phytoplankton production that supplies food for foraminifera [Wolfteich, 1994]. Thus,
the 8'80 values of G. bulloides from mid latitudes should mainly reflect lower
temperatures of winter-early spring calcification and subsurface habitat. At higher
latitudes, however, G. bulloides peak production is delayed towards summer and fall as a
response to changing food availability defined by seasonal variations in local
phytoplankton blooms [Tolderlund and B¢, 1971]. When primary productivity is low,
surface dwelling, symbiont bearing G. ruber prevails in foraminiferal flux for up to eight
months in the North Atlantic mid latitudes.

Wolfteich [1994] pointed out that seawater temperature also plays a critical role in
foraminiferal succession. In fact, G. ruber is the only species surviving spring-summer
SST of 25°C and dominated G. bulloides in relative abundances at SSTs above 18.5°C
[Wolfteich, 1994]. Seasonality of the main production of G. ruber and G. bulloides is
potentially analogous to surface and thermocline dwelling foraminifera during the PETM.
As a result of temperature limit on foraminiferal calcification, very hot summer
temperatures above the tolerance threshold could have shifted surface dwelling
foraminiferal blooms to colder seasons. If so, the A3'%0 in Morozovella and Acarinina
spp. would not reflect the full change in sea surface temperature as measured 8'*0. In

contrast, thermocline dwelling Subbotina spp., keeping usual season of calcification,
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would reflect the full §'3%0 anomaly in the thermocline during the PETM. Application of a
0.25 %0/°C slope [O’Neil et al., 1969], therefore, gives a 7°C warming in the thermocline

on the New Jersey paleoshelf based on A3'30 of Subbotina spp. at Millville, NJ.

3.5.1.2 TEXgs-derived temperature estimates

The TEX3s indices are calculated based on relative distribution of isoprenoidal
GDGTs (membrane lipids of marine Thaumarchaeota) in surface sediments and
correspond with mean annual SST in the range of 5 to 30°C derived from satellite
measurements [Schouten et al., 2002; Kim et al., 2010]. The composition of
thaumarchaeotal membranes changes with seawater temperature and does not depend on
salinity or nutrients [Schouten et al., 2002; Wuchter et al., 2004, Schouten et al., 2007b].
However, there is a discrepancy in correlation of GDGTs abundancies to SSTs because of
uncertain depths of main GDTGs production and their transport to sediments. In fact,
Thaumarchaeota is the most abundant prokaryotic group that is ubiquitous throughout the
water column with a maximum occurrence at depths less than 200 m [Karner et al., 2001;
Pearson and Ingalls, 2013; Schouten et al., 2013; Tierney, 2014 and references therein].
Indifference to sun light and nitrifying metabolism of Thaumarchaeota are evidential of
their residence below the photic zone [Kdnneke et al., 2005; 2014]. Moreover,
radiocarbon and stable carbon isotopic measurements in archaeal Cso isoprenoids
(constituents of GDGTs) also support the subsurface origin [Pearson et al., 2001; Shah et
al., 2008]. Nonetheless, values of TEXss from coretop sediments reflect modern SST well
[Schouten et al., 2002; Liu et al., 2009; Kim et al., 2010; Tierney and Tingley, 2015]

despite deeper habitats of GDGT producers.
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The TEX3s calibrated temperature anomaly of 6-7°C is identical to the
temperature change estimated from 3'%0 of thermocline dwelling Subbotina spp. and
contrasts with the lower change from surface dwellers at Millville, NJ (Fig. 3.4). It is
remarkable how much temperatures registered by 6'%0 of Subbotina spp. and TEXss
resemble each other (Fig. 3.4). The records show stable high temperatures during the
peak PETM warmth between 881 ft and 896 ft (268.5-273.1 m) and the initial cooling of
2-3°C at 871-881 ft (265.5-268.5 m). There is a secondary warming and then the final
cooling to the pre-PETM temperature values begins at 863 ft (263 m). The final decrease
in temperature corresponds to the CIE recovery (Figs. 3.3 and 2.4 in Chapter Two)
defined by 6'°C values in bulk carbonate and foraminifera [Makarova et al., 2017]. At
this level oxygen isotopic records show a step-like decrease in §!30 values of
Morozovella and Acarinina spp. (Fig. 3.4) and reestablishment of the 6'0 gradient
between surface and thermocline dwellers (Fig. 2.S1 in Chapter Two). The secondary
episode of warming, not described in other locations, might indicate additional input of
carbon in form of greenhouse gases before the system reached the main phase of
recovery. Such possible cascade of multiple carbon injections may have facilitated the
PETM warmth and CIE “core” to persist for 40 to 135 kyr based on various
chronological estimates [Katz et al., 1999; Rohl et al., 2007; Murphy et al., 2010].

If the TEXs6 indeed reflects SST changes as the calibration implies, then water
column warmed uniformly from surface to thermocline during the PETM and lower
temperature anomaly of ~4°C calculated from A3'®0 in surface dwellers did not record
the full warming in the mixed layer (Fig. 3.4). The proposed temporal shift in surface

dwelling taxa blooms is supported by TEX!ss calibrated SST of 35.5°C during the peak
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PETM warmth that is above the limit of foraminiferal survival (~33°C; Bijma et al.
[1990]).

On the other hand, if the TEXg¢-derived temperature signal actually comes from
the subsurface [Ho and Laepple, 2016], then similar anomalies from Subbotina spp. 3'30
and TEXgs are not surprising. If this is true, then neither this study nor previous studies of
lower latitude sites provide firm constraints on the maximum surface temperatures and
SST anomaly associated with the PETM onset. Since most TEXgs-based PETM
temperature estimates come from marine sections containing no or insufficient
foraminifera to compute 3'30 anomaly, it is difficult to decipher whether TEX s
embodies sea surface or thermocline signal. More TEXg¢-foraminiferal 3'30 correlations
from other low-mid latitudinal sites are needed to further address interpretation of TEXgs
paleorecords. Because modern GDGT abundances correlate well with SSTs, I interpret
temperatures estimated from TEXgs as surface, which implies that there was no change in
surface salinities and surface dwelling foraminifera (Morozovella and Acarinina spp.) did

not record SSTs.

3.5.1.3 Mg/Ca-derived temperature estimates

Subbotina spp. Mg/Ca-derived temperature record shows an overall similar
anomaly associated with the CIE onset (898.17 ft; 273.76 m) as those from TEX3gs and
Subbotina spp. 3'30 at Millville, NJ (Fig. 3.5). Temperatures estimated from Subbotina
spp. Mg/Ca remain constant above the CIE onset and then gradually decrease from 881 ft
(268.5 m) upward matching the cooling recorded by TEXse and Subbotina spp. 6'%0. At
the top section (855-863 ft; 260.6-263 m) Subbotina spp. Mg/Ca record does not agree

with the trends from TEXgs and Subbotina spp. 8'0 (Fig. 3.5), with Mg/Ca showing a
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minor warming than cooling versus all cooling in other proxies. Additional Mg/Ca
measurements are required to resolve this issue.

Trace metals analyses at other New Jersey coastal plain sites (Ancora [Babila,
2014] and Bass River [Babila et al., 2016]) indicate identical warming recorded by
Subbotina spp. as at Millville (Fig. 3.S5). Mg/Ca records of Morozovella and Acarinina
spp. also show alike values among three sites (Fig. 3.S5). However, during the peak
warmth, Acarinina spp. Mg/Ca calibrated temperatures are much lower than those from
Morozovella and Subbotina spp. (Fig. 3.S5). This observation is not consistent with
oxygen isotopic records (Fig. 3.1). Such differences in absolute Mg/Ca-derived
temperatures among planktonic foraminifera probably originate from different
mechanisms of trace element incorporation during biomineralization [e.g., Evans et al.,
2018] and do not necessarily indicate lower temperatures recorded by Acarinina spp.
Thus, inter-specific differences in Mg/Ca-derived temperatures should not be used in
reconstructions of temperature gradients between surface and thermocline dwelling taxa
and rather be applied for estimates of temperature anomaly in each taxa. Overall, only
Subbotina spp. provides robust Mg/Ca calibrated temperatures that agree with estimates

from oxygen stable isotopes and TEXss (Fig. 3.5).

3.5.2 Spatial distribution of temperature anomalies on the New Jersey paleoshelf
during the PETM: intersites comparison of TEXss-based estimates

TEX"36 and TEX"s6 indices from four New Jersey coastal plain sites, updip
Medford MAP 3B [Chapter Four] and Wilson Lake A [Zachos at el., 2006], downdip
Millville and Bass River [Sluijs et al., 2007], encompass spatial reconstruction of

temperature variations across the shelf during the PETM (Fig. 3.6). In general, both
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indices indicate larger temperature anomalies at proximal Medford and Wilson Lake than
at distal Millville and Bass River (Fig. 3.6). TEX g6 shows cooler temperatures and
higher amplitude of warming than TEX g during the PETM (Fig. 3.6), however in the
modern ocean both TEX!ss and TEX"s¢ indices agree at SSTs >15°C [Kim et al., 2010].
Kim et al. [2010] suggested using TEX!ss to compute temperature for the PETM sections
due to its smaller error (£2.5°C versus +4°C for TEX"gs and TEX!ss, respectively) and
higher estimated temperatures (28-36°C) that are more expected with high CO; levels
during the PETM. In contrast, Taylor et al. [2013] favored the TEX"ss calibration for the
Paleogene datasets. Taylor et al. [2013] found that the offset between TEX!ss and
TEX"gs depends on the GDGT-2/GDGT-3 ratio that greatly varies with depth. The
coretop dataset for the TEX!g¢ calibration is mostly derived from deep-water settings
(>1,000 m) and can be biased by GDGTs from benthic archacan community; therefore,
the TEX g should be more applicable for the PETM at “shallow” depths (<1,000 m).
However, New Jersey sites were limited to less than 100-200 m water depths during the
PETM based on various paleowater depth reconstructions [Stassen et al., 2015; Makarova
et al., 2017] and shelf deposits should not contain GDGTs of deep origin (>1,000 m).
HPLS analysis detects a set of six isoprenoid GDGTs in polar fractions of organic
extracts (Fig. 3.S3). The most abundant crenarchaeol (60-75% among GDGTs in PETM
sediments from New Jersey coastal plain sites) is not used for TEXgs due to its much
higher concentrations [Schouten et al, 2002]. Interestingly, only crenarchaeol abundances
vary coherently among N1J sites, whereas relative abundances of less abundant GDGTs
differ in proximal versus distal sites. To see which GDGTs drive different temperature

estimates from TEX!ss and TEX 3¢ among N1 sites, I calculated fractions of each GDGT
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normalized to the sum of GDGTs from corresponding calibrations (Figs. 3.S3, 3.S6, and
3.S7). The fractional analyses of lipids from TEX"ss show that GDGT-2 and GDGT-3
covary similarly among NIJ sites and change their relative abundances not at the CIE
onset level but slightly higher, corresponding to the top of the low carbonate zone (Fig.
3.S6). In contrast, change in relative abundance of crenarchaeol regio-isomer across the
CIE onset is larger at Medford than at Millville and Bass River (Fig. 3.S6). This may
account for different temperature anomalies calculated from TEX!s at these sites (Fig.
3.5). Variations in TEX"ss temperatures among N1J sites are driven by relative abundance
of GDGT-2 with a larger increase in GDGT-2 abundance at Medford than at Millville
and Bass River (Fig. 3.S7). In fact, reevaluation of the modern core-top and Paleogene
datasets showed that GDGT-2/GDGT-3 ratio and percent of crenarchaeol regio-isomer
control the offset between TEX"gs and TEX s estimates [Taylor et al., 2013], supporting
observations from the PETM records discussed here (Fig. 3.7).

Spatial variability in TEXgs-based temperature estimates from the New Jersey
coastal plain sites is consistent with TEX3s variability on shelves today. Study of modern
coretops from the South China Sea showed lower TEXgs-based temperatures in coretops
from <100 m depths [Wei et al., 2011]. A dataset from the Mediterranean Sea also
revealed larger offsets between TEXss estimated temperatures and satellite measured
SSTs in the nearshore environments with TEXse indicating colder temperatures [Leider et
al., 2010; Kim et al., 2015]. Leider et al. [2010] suggested that TEX3gs estimates cold-
biased winter temperatures in the nearshore sites that are more affected by seasonal and
spatial changes in nutrients, whereas further offshore sites record true summer

temperatures. Kim et al. [2015] significantly extended the Mediterranean dataset and
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concluded that TEX!gs temperature estimates overall correspond well to satellite annual
mean SSTs and are not determined by seasonal environmental variations. The main bias
in TEX"gs-derived temperatures comes from by organic matter imprint in coastal areas,
also supported by high BIT values, and from water depth on continental shelves. They
also indicated increased fractional abundances of GDGT-2 and crenarchaeol regio-isomer
and decreased abundances of GDGT-1 and GDGT-3 with water depth. These are
responsible for a bias towards higher temperatures imbedded in TEX!ss in deeper water.

Observations from the South China Sea and the Mediterranean are similar to
GDGT fractional analyses in the PETM records from New Jersey coastal plain sites.
Thus, spatial variance of TEX3gs-derived temperatures on the New Jersey paleoshelf
during the PETM is mostly determined by water depth. However, there are still more
uncertainties that might control TEXgs values, such as input of GDGTs from non-marine
sources [Pearson et al., 2016] or other groups of Archaea [Turich et al., 2007], season of
growth [Huguet et al., 2007], oxygen content [Qin et al., 2015], ammonia oxidation rates
[Hurley et al., 2016], and other environmental factors [e.g., Elling et al., 2015; Zhu et al.,
2016; Kim et al., 2016]. As suggested by Hurley et al. [2016], there is a need for regional
calibrations to interpret TEXgs values from paleorecords. The current TEXgs dataset does
not include coretops from the North Atlantic [Kim et al., 2010]. Thus, a calibration,
analogous to the PETM settings on the New Jersey paleoshelf, should be developed on
the modern North Atlantic margin to better understand factors controlling spatial
distributions of GDGT ratios on the shelf.

Influences of other factors on TEXgs-derived temperature estimates in the New

Jersey PETM records are also evident from comparison with foraminiferal $'*0 and
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Mg/Ca data. All sites show similar anomalies in generic 8'%0 (Fig. 2.S3 in Charter two)
and Mg/Ca (Fig. 3.S5) values across the PETM onset suggesting spatially equal warming
across the New Jersey paleoshelf. Therefore, a larger TEXgs temperature anomalies at
Medford and Wilson Lake possibly come from their proximity/shallower depths. Since
nearshore environments exhibit cold-biased TEXss temperatures [Leider et al., 2010; Wei
et al., 2011; Kim et al., 2015], distal/deeper Millville and Bass River would represent
more trustful data because of fully marine conditions at their localities both prior and
during the PETM. Between the two indices, TEX!ss-based estimates show less variance
in amount of warming during the PETM among New Jersey sites than TEX ss (Fig. 3.6),
and thus probably reflect less bias by depth/proximity to the shore. Based on all above,
the TEX!g¢ estimates from more distal Millville and Bass River seem to reflect more

robust temperature anomaly, i.e. 6°C warming during the PETM (Fig. 3.6).

3.5.3 Temperature estimates in other PETM sections from low-mid latitudes

Despite extensive research on the PETM for almost three decades there not many
temperature records from low-mid latitudes [e.g., Dunkley Jones et al, 2013; Sluijs et al.,
2014; Frieling et al., 2017]. TEXss-based estimates were done on sections from the Gulf
coastal plain [32°N paleolatitude; Sluijs et al., 2014] and east Atlantic equatorial sites
offshore Nigeria and Ghana [1-7°S paleolatitude; Frieling et al., 2017; 2018]. Based on
above discussion of uncertainties associated with the TEXss signal, it should be noted that
comparison of TEXgs-derived records from distinct settings might be overprinted by
regional environmental effects. The TEX!ss record from the Gulf coastal plain shows a
7°C warming from 28.5°C to 35.5°C [Sluijs et al., 2014], similar to the anomaly

registered at New Jersey coastal plain sites and the absolute temperature estimates from
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TEX!g6. Equatorial sites from offshore Nigeria [Frieling et al., 2017] and Ghana [Frieling
et al., 2018] show much smaller warming of ~3°C from 34.5°C to 37.5°C (the TEX*g¢
calibration) in the tropics during the PETM that Frieling et al. [2017] attributed to polar
amplification, which is generally suggested by proxy data [e.g., Bijl et al., 2009] and also
reproduced by climate models for greenhouse world [Huber and Caballero, 2011; Lunt et
al., 2012; Kiehl and Shields, 2013]. Such warm tropical TEX"g¢-based temperatures are
above the limit of satellite-based SST calibrations (30°C) [Kim et al., 2010]. Therefore,
Frieling et al. [2018] noted that a smaller amplitude of warming might be underestimated,
though modern GDGT producers from mesocosm studies thrive and display positive
correlation to temperatures up to 40°C [Wuchter et al., 2004; Schouten et al., 2007b].
Nonetheless, they hypothesized that heat stress might have been responsible for decline
in dinoflagellate assemblages and reduced calcification in the tropics.

Isotopic records of planktonic foraminifera from low-mid latitudes are also
scarce. Most of them are from open ocean sites that have condensed PETM sections with
20-40 cm thick CIE “core” intervals (compared to 10 m at Millville). Stable oxygen
isotopic records from Alamedilla, Spain (Tethys, 30°N paleolatitude; Lu et al. [1998]),
ODP Site 1209 (Shatsky Rise, north western Pacific, 22°N paleolatitude; Zachos et al.
[2003]), ODP Site 865 (Allison Guyot, western central equatorial Pacific, 2°N
paleolatitude; Bralower et al. [1995]), and DSDP Site 527 (Walvis Ridge, South Atlantic,
35°S paleolatitude; Thomas et al. [1999]) show smaller §'%0 anomalies ranging from 0 to
1 %o in surface dwelling Morozovella and Acarinina spp. than in thermocline Subbotina
spp. and benthic taxa. Surface dwellers from southern hemisphere high latitudes recorded

larger 8'30 anomalies ranging from 1 to 2.5 %o that is similar or even larger than in
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deeper dwelling foraminifera [Kenneth and Stott, 1991; Lu and Keller, 1993; Thomas et
al., 2002; Hollis et al., 2015]. These observations are consistent with the proposed shift in
calcification season of Morozovella and Acarinina spp. during the PETM on the mid-
Atlantic margin, i.e. surface dwelling foraminifera from low-mid latitudes recorded
smaller §'0 anomaly due to inability to calcify at extreme summer temperatures,
whereas surface dwelling foraminifera from colder high latitudes recorded the full %0
anomaly. Similarly, Aze et al. [2014] estimated tropical SSTs over 40°C corresponding to
8180 values of -5 %o in Morozovella spp. on the Tanzania shelf (19°S paleolatitude) and
suggested surface dwellers exclusion due to heat stress. However, the ~11 m thick section
from Tanzania does not have a defined CIE by foraminifera, n-alkanes, or bulk sediment
organic carbon. Although foraminiferal tests are well-preserved, specimens are scarce
making it difficult to interpret any isotopic changes.

Foraminiferal tests are in general subjected to diagenetic alterations that could
bias isotopic values and trace element ratios [e.g., Pearson et al., 2001; Sexton et al.,
2006]. Dunkley Jones et al. [2013] attributed smaller A3'30 at DSDP Site 527 and ODP
Sites 865 and 1209 to poor preservation of foraminiferal tests and suggested cold-biased
8!80-based temperatures. In contrast to 8'*O temperature estimates, Mg/Ca records of the
same species from these deep sea sections estimated larger warming anomalies during the
PETM [Zachos et al., 2003; Tripati and Elderfield, 2004]. These larger anomalies were
originally explained by changes in precipitation/evaporation dampening A3'30 [Zachos et
al., 2003; Tripati and Elderfield, 2004] and later argued to represent less impact of
recrystallization on trace element ratios [Dunkley Jones et al., 2013]. Despite offsets in

warming estimates between 6'%0 and Mg/Ca, each proxy shows larger temperature
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anomalies in thermocline dwelling species than in surface dwellers. Therefore, this is
consistent with the proposed changes in calcification seasons of surface dwelling taxa
associated with the peak PETM warmth in low-mid latitudes.

Unfortunately, the lack of planktonic foraminifera in marine sections across the
PETM onset and poor test preservation in deep sea sections complicate estimates of
warming from foraminiferal stable isotopes and trace metals analyses. Most existing
reconstructions of sea surface anomalies during the PETM are from Acarinina spp. that
show puzzling 6'%0 records and large variability among all sites. Instead, Morozovella
and Subbotina spp. show more consistent records and less variability between different
locations. Thus, monospecies samples of Morozovella and Subbotina spp. from narrow
size fractions would represent better choice for warming estimates of the surface ocean

and thermocline, respectively.

3.5.4 Salinity evaluations on the New Jersey paleoshelf during the PETM

8180 anomalies interpreted above from surface and thermocline dwelling
foraminifera at Millville, NJ account only for temperature changes. However, variations
in seawater 6'*0 might have affected oxygen isotopic values of foraminifera as well.
Various proxy data and models suggested an increased tropical heat and moisture
transport in response to the PETM warming [e.g., Caballero and Langen, 2005; Pagani et
al., 2006; Carmichael et al., 2016]. The proposed enhanced hydrological cycle would
have increased precipitation and river discharge, resulting in higher sediment
accumulation rates on the continental margins during the PETM [e.g., Schmitz and
Pujalte, 2003; 2007; Giusberti et al., 2007; John et al., 2008; Cui et al., 2011; Harding et

al., 2011]. Studies of New Jersey PETM sections supported enhanced hydrological cycle
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and fresh water input by evidence of expanded flux of the fine sediment, development of
a river-dominated shelf, and abundant low salinity dinoflagellates [Sluijs et al., 2007;
John et al., 2008; Kopp et al., 2009; Sluijs and Brinkhuis, 2009]. Therefore, the mixing of
river runoff and seawater might have affected foraminiferal 5'*0 towards more negative
values that would have resulted in increased foraminiferal A3'30 across the PETM onset.
Following this logic, a fresh water lens should have lowered surface dwelling
Morozovella and Acarinina spp. 5'0 values more than those of thermocline dwelling
Subbotina spp. In contrast, foraminiferal oxygen isotopic records showed larger A3'30
recorded by Subbotina spp. than that by surface dwellers.

Despite these concerns, my comparisons show that salinity variations in the shelf
thermocline can be neglected. Temperature anomalies of 5.5-7°C estimated from TEXgs
and Mg/Ca in Subbotina spp. are comparable to A3'30 in Subbotina spp., suggesting that
1.75 %o decrease in 880 of Subbotina spp. was driven by warming. Though “The
Appalachian Amazon” may be valid analog for the New Jersey paleoshelf during the
PETM [Kopp et al., 2009], it should be noted that modern Amazon drainage system does
not affect seawater salinity further offshore at water depths more than 20 m either
through fresh water lens or by bottom fluid mud [see section 2.5.1 “Environmental and
biotic controls on stable isotope records of foraminifera” in Chapter Two; Makarova et
al., 2017]. Thus, the Millville site with paleowater depth estimates of >70 m during the
PETM [Makarova et al., 2017] should have not been affected by river discharge at its
offshore location (Figs. 2.1 and 2.7 in Chapter Two). Besides, absolute 8'%0 values and

A3'%0 in all foraminifera are similar during the PETM among New Jersey coastal plain
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sites (Figs. 2.S3 in Charter Two), suggesting shelf settings far from the river mouth and
fresh water discharge.

The lower SST anomaly derived from a smaller A3'30 in Morozovella and
Acarinina spp. could also reflect an increase in seawater 3'30 due to enhanced
evaporation in the mixed layer. Use of the TEXs¢-derived temperature anomaly yields an
increase in salinity in surface water. Thus, application of A3'30 from surface dwellers for
SST estimates during the PETM could be misleading, whereas A3'30 from Subbotina

spp. represent more robust temperature anomaly.

3.6 Conclusions

Application of multiple paleotemperature proxies at Millville, NJ provide three
sets of temperature anomaly estimates during the PETM. Thermocline dwelling
Subbotina spp. recorded a 1.75 %o decrease in 8'%0 in contrast to 1 %o in surface dwelling
Morozovella and Acarinina spp. Stable isotopic records from other low-mid latitudinal
locations likewise showed a smaller A§'30 in surface dwellers; however, this is not
observed in sections from high latitudes. If SSTs in low-mid latitudes were above the
limit of foraminiferal calcification (>33°C), this would have interrupted normal season of
surface dwellers blooms and shifted their main production to colder months resulting in
dampened 3'30 anomaly. A more robust 5!30-derived temperature anomaly during the
PETM from low-mid latitudinal sections can be estimated using thermocline dwelling
Subbotina spp. because surface dwellers Morozovella and Acarinina spp. did not record
the full warming during the PETM. In fact, TEXs¢-based temperature estimates mimic the

8180 record of Subbotina spp. suggesting either both recorded thermocline temperature or
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that thermocline and surface water temperature changes were similar. A spatial
comparison of TEXgs records among New Jersey coastal plain sites revealed a larger
warming in proximal sites Medford and Wilson Lake versus distal sites Millville and
Bass River, which is attributed to other than temperature controls on lipid distributions in
the nearshore environments. The TEX g calibration showed larger variance between
sites than the TEX"g¢ calibration. However, Mg/Ca and 6'30 records indicated spatially
similar anomalies during the PETM on the New Jersey paleoshelf. Thus, TEX!ss from
distal sites provided more plausible temperature estimates reflecting a warming of 6°C.
Altogether, TEX"g¢ and Subbotina spp. Mg/Ca, 8'%0 suggested a ~6-7°C warming in the
thermocline with minimal changes in salinity. Oxygen isotopic records of surface
dwelling taxa from the low-mid latitudinal sections should be used cautiously in SST

reconstructions for the PETM because of possible shifts in timing of their calcification.
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Fig. 3.1. Carbon (lower panel) and oxygen (upper panel) isotopic records of
multispecimen samples of foraminifera at Millville, NJ: benthic Cibicidoides spp.
(brown), 4. acuta (purple), G. beccariiformis (gray); thermocline dwelling
Subbotina spp. (blue); surface dwelling Acarinina spp. (green), M. acuta (red
triangulars) and M. aequa (red diamonds). Samples contain spesimens from one
size fraction (>250, 200-250, or 150-200 um) with larger spesimens highlighted
in darker shades and smaller spesimens in lighter. Isotopic values are given in
Table 2.1 in Chapter Two. Data from Si and Aubry [2018] are plotted in black

symbols.
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Fig. 3.2. Multiproxy records used for temperature reconstructions at Millville, NJ: 80

and Mg/Ca of surface dwelling (Morozovella spp. in red; Acarinina spp. in green)
and thermocline dwelling (Subbotina spp. in blue) foraminifera and TEXgs
expressed as GDGT ratio-1 (TEX'ss) and GDGT ratio-2 (TEX!g) [Kim et al.,
2010]. See fig. 3.1 for labels of planktonic foraminiferal 5'30 symbols.
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Lithology and bulk carbonate 8'3C record are from Makarova et al. [2017] and

TEX"gs and TEX g6 are £2.5°C and +£4°C, respectively [Kim et al., 2010].
Wright and Schaller [2013].

Fig. 3.3. TEXss-derived temperature estimates at Millville, NJ. Calibration errors for
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Fig. 3.4. Temperature anomaly (A) at Millville, NJ estimated from A3'30 values of

surface dwelling (Morozovella spp. in red; Acarinina spp. in green) and
thermocline dwelling dwelling (Subbotina spp. in blue) foraminifera considering a
0.25%0/°C gradient [O’Neil et al., 1969] and TEX3s indices from Kim et al.
[2010]. Calibration errors for TEX!ss and TEX g6 are £2.5°C and +4°C,
respectively [Kim et al., 2010]. See fig. 3.1 for labels of planktonic foraminiferal
8180 symbols.
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Fig. 3.5. Temperature anomaly (A) at Millville, NJ estimated from A3'30 (0.25%0/°C

gradient; O’Neil et al. [1969]) and Mg/Ca values of thermocline dwelling
Subbotina spp. and TEX3s indices from Kim et al. [2010]. Mg/Ca values
calibrated to temperatures using Anand et al. [2003] multispecies equation
(calibration error is +1°C). Different colors for Mg/Ca symbols indicate separate
analyses performed in May 2013 (light blue), October 2013 (blue), and June 2018
(black). Calibration errors for TEX"gs and TEX"ss are +2.5°C and +4°C,
respectively [Kim et al., 2010]. See fig. 3.1 for labels of 3'30 symbols.
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Fig. 3.6. TEX!ss (upper panel) and TEX ss (lower panel) calibrated temperature records
from New Jersey coastal plain sites Medford MAP 3B, Wilson Lake Hole A,
Millville, and Bass River aligned by the PETM/CIE onset. See fig. 2.1 in Chapter
Two for the location map. TEX!g¢-derived records at updip Medford and Wilson
Lake show ~7°C temperature increase associated with the PETM onset and
downdip Millville and Bass River indicate less warming of 6°C. TEX"gs-based
estimates from all sites reveal temperature maximum at 36°C and a two-step
warming with a temperature plateau at 33.5-34°C. TEX g estimated temperatures
are lower and indicated a larger temperature anomaly than TEX'g in each site.
Calibration errors for TEX!ss and TEXU g6 are +2.5°C and +4°C, respectively
[Kim et al., 2010].
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Supporting figures

881 ft

Subbotina Subbotina Acarinina Acarinina Morozovella

Fig. 3.S1. Scanning electron microscopy (SEM) and optical photographs of planktonic
foraminifera from clayey silts of the Marlboro Formation at Millville, NJ showing
excellent preservation of tests. Scale bar is 100 pum.
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Fig. 3.S2. Mg/Ca of surface dwelling (Morozovella spp. in red; Acarinina spp. in green)
and thermocline (Subbotina spp. in blue) dwelling foraminifera at Millville, NJ.
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Fig. 3.S3. Structures of isoprenoid glycerol dialkyl glycerol tetraethers (GDGTs) used for

TEXHgs and TEX g6 indices and their calibrations to modern sea surface
temperatures (SSTs) [Kim et al., 2010].
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Modified core depth (ft)

Modified core depth (ft)

multispecimen samples of foraminifera at Millville, NJ: benthic Cibicidoides spp.

(brown), 4. acuta (purple), G. beccariiformis (gray); thermocline dwelling

Subbotina spp. (blue); surface dwelling Acarinina spp. (green), M. acuta (red
triangulars) and M. aequa (red diamonds). Samples contain spesimens from one
size fraction (>250, 200-250, or 150-200 um) with larger spesimens highlighted

in darker shades and smaller spesimens in lighter. Isotopic values are given in
Table 2.1 in Chapter Two. Data from Si and Aubry [2018] are plotted in black

symbols.
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Fig. 3.S5. Mg/Ca of surface dwelling (Morozovella spp. in red; Acarinina spp. in green)
and thermocline (Subbotina spp. in blue) dwelling foraminifera at Ancora [Babila,
2014], Millville, and Bass River [Babila et al., 2016], New Jersey coastal plain
sites.
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Fig. 3.S6. Relative distribution of GDGTs used in TEX!g¢ calibration: GDGT-1 (m/z
1300), GDGT-2 (m/z 1298), GDGT-3 (m/z 1296), and crenarchaeol regio-isomer
(1292) in Medford MAP 3B [Chapter Four], Millville, and Bass River [Sluijs et
al., 2007]. Top panel shows relative distribution of each GDGT in terms of their
fractions normalized to the sum of GDGT-1, GDGT-2, GDGT-3, and
crenarchaeol regio-isomer. Fractions of GDGT-1, GDGT-2, GDGT-3, and
crenarchaeol regio-isomer are plotted separately in lower panels. Note that
TEX"g6 uses the following ratio: (GDGT-2 + GDGT-3 + crenarchaeol regio-
isomer) / (GDGT1 + GDGT-2 + GDGT-3 + crenarchaeol regio-isomer).
Fractional GDGT abundances show that crenarchaeol regio-isomer is most
variable among sites and, therefore, is responsible for larger temeprature anomaly
in proximal Medford MAP 3B versus distal Millville and Bass River.
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Fig. 3.S7. Relative distribution of GDGTs used in TEX!g calibration: GDGT-1 (m/z
1300), GDGT-2 (m/z 1298), and GDGT-3 (m/z 1296) in Medford MAP 3B
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[Chapter Four], Millville, and Bass River [Sluijs et al., 2007]. Top panel shows
relative distribution of each GDGT in terms of their fractions normalized to the
sum of GDGT-1, GDGT-2 and GDGT-3. Fractions of GDGT-1 and GDGT-2 are

plotted separately in lower panels. Note that TEXgs uses the following ratio:

GDGT-2 / (GDGT1 + GDGT-2 + GDGT-3) shown on the bottom panel. Fractions
of each lipid show that only GDGT-2 relative abundance is variable among sites

and, therefore, is responsible for larger temeprature anomaly in proximal Medford
MAP 3B versus distal Millville and Bass River.
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Table 3.1. GDGT abundances and TEXgs estimated temperatures [Kim et al., 2010] from
Millville, NJ. Analyses performed in 2018 are marked in green. Table includes
modified for core expansion depths (mcd). Samples from the core expansion are

marked in quotes.

Interval depth (ft) Ei;iﬂ 1\(/[f: )d 11/[; ;i i;iggﬁet: » » GDGT II);:/aZk areas » »
top bottom  (ff) (®) 1302 1300 1298 1296 129"
84495 84500 84498 84498 257.55  20.0 2137493 874763 1159211 526865 1063435
847.02 84710  847.06 847.06 25818  20.0 2942828 1268134 1649597 795782 1576526
850.90 85095 85093 85092 25936  20.0 2115070 863267 1079972 507629 939654
85295  853.03 85299 85296 25998 172 3394815 1143396 1466292 677673 1134855
85498  855.05 85502 85497 260.59  17.7 2627547 1026599 1349901 652384 1082278
85587 85595 85591 85585 260.86  20.0 588440 153993 337250 136394 537787
856.90  857.10  857.00 85693 261.19 202 1100427 466325 653633 309982 560445
85888  859.07 85898 85889 26179 200 908916 395340 623617 285317 560805
860.00  860.10  860.05 860.05 262.14  19.1 661452 293237 550638 195793 559221
861.10 86130 86120 861.14 26248 199 246053 112068 202713 87573 263003
863.00 86320  863.10 86295 263.03 202 125445 43340 85436 29040 94521
863.95 86400 86398 86379 26328  17.7 1001105 256667 544690 219107 883780
865.10 86524  865.17 86492 26363 202 179351 57236 124989 33084 110017
867.00 86725 867.13 86679 26420 202 329218 104850 186989 60022 199741
869.00 86925  869.13 868.69 26478 202 148534 49835 101984 39810 130638
869.95  870.00 869.98 869.50 265.02 180 873670 343418 724638 173173 723717
870.82  871.00 87091 870.87 26544 197 120935 54609 80068 26125 86512
872.94 87313  873.04 87290 26606  20.1 178659 59570 102424 29775 108586
875.00 87520 87510 87488 266.66  20.1 190356 56955 111386 45081 181751
87695 87720 877.08 87677 26724 202 298648 93501 193946 61381 235958
879.07 87932 87920 878.80 267.86  19.1 288485 118693 247236 98446 466256
881.10 88130 88120 881.14 26857  20.1 217234 73629 171705 78182 330938
883.05 88323  883.14 88298 269.13 203 219157 72714 174121 64189 299406
885.06 88525  885.16 884.89 26971 205 207393 91501 243123 102260 463824
88699  887.20 887.10 88673 27027  20.1 92220 34626 82908 34380 160291
889.08  889.30  889.19 88871 270.88 203 71731 32065 85493 36921 194813
890.90  891.06 89098 890.92 27155 202 171268 53167 129311 50242 225913
893.04 89326  893.15 89296 27217 202 178789 64659 160617 69650 362381
895.09 89530 89520 894.88 27276 202 312908 109203 262773 93201 572069
89625 89635 89630 89592 273.08 200 576391 76661 190026 70399 361499
89644  896.64 89654 896.14 27314 200 26496 9044 15973 6063 22559
89698 89722  897.10 896.67 27330 203 413787 193057 394436 182203 509701
897.66  897.90 897.78 89731 27350 191 343773 123030 255642 119682 308081
89834  898.60 89847 897.95 27370 203 209932 83251 162991 73447 184332
898.80  899.09 89895 898.40 273.83 203 358423 125719 179270 86212 177464
89920  899.40 89930 89873 27393 203 465893 174945 225370 108353 197533
899.65  899.70  899.68 899.08 27404 204 22581 8882 12285 5414 12131
899.73  899.88  899.81 89921 27408 203 459031 169610 239257 115996 228621
"900.07"  "900.29" 900.18 899.56 27419 203 348861 116142 138812 59633 103890
900.18 90040 90029 90028 27440 203 616245 189676 217021 92795 164730
900.65  900.70  900.68 900.64 27452 155 861606 317805 434038 197159 410909
900.95 90130 901.13 901.07 27465 205 312118 124147 168085 70257 121503
901.81  902.00 90191 901.81 27487 204 273234 119220 148307 71845 116607
903.42  903.80 903.61 90344 27537 202 261716 115572 143996 72980 114725
90550 90574  905.62 90535 27595 202 316410 136075 169529 85202 130541
907.45 90775  907.60 90724 27653  20.1 32231 14899 17619 8808 11892
90936  909.52  909.44 90899 277.06  20.1 260443 120329 155415 73490 115964




Table 3.1. Cont.

Interval depth (ft) Mean Med Med GDGT TEX* T GDGT TEX" T
top bottom depth (ft) (ft) (m) ratio-1 86 (°C)  ratio-2 86 (°C)
844.95 845.00 844.98 84498 25755 045 -034 237 076 -0.12 304
847.02  847.10 847.06 847.06 258.18 044  -035 231  0.76 -0.12 305
850.90  850.95 850.93 850.92 25936 044  -036 229 075 -0.13 299
852.95 853.03 852.99 852.96 25998 045 -035 232 074 -0.13  29.7
85498  855.05 855.02 85497 26059 045 -035 232 075 -0.12  30.1
85587  855.95 855.91 855.85 260.86 0.54  -027 287 087 -0.06 344
856.90  857.10 857.00 856.93 261.19 046  -034 240 077 -0.12 307
858.88  859.07 858.98 858.89 26179 048  -032 253  0.79 -0.10 315
860.00  860.10 860.05 860.05 262.14  0.53 -028 283  0.82 -0.09 326
861.10  861.30 861.20 861.14 26248 050  -030 268  0.83 -0.08  33.1
863.00  863.20 863.10 862.95 263.03 054  -027 289  0.83 -0.08  33.0
863.95 864.00 863.98 863.79 26328  0.53 -027 285  0.87 -0.06 343
865.10  865.24 865.17 86492 26363 058  -024 310  0.82 -0.08 329
867.00  867.25 867.13 866.79 26420  0.53 027 284 081 -0.09 323
869.00  869.25 869.13 868.69 26478  0.53 027 284 085 -0.07 336
869.95 870.00 869.98 869.50 265.02 058  -023 311 083 -0.08 329
870.82  871.00 870.91 870.87 26544 050  -030 265 078 011 312
872.94  873.13 873.04 872.90 266.06  0.53 027 285  0.80 -0.10 320
875.00  875.20 875.10 87488 26666 052  -028 278  0.86 -0.07 340
876.95 877.20 877.08 876.77 26724 056  -025 297  0.84 -0.08 334
879.07  879.32 879.20 878.80 267.86  0.53 027 284 087 -0.06 345
881.10  881.30 881.20 881.14 26857  0.53 028 283  0.89 -0.05 351
883.05 883.23 883.14 882.98 269.13 056  -025 299  0.88 -0.06 348
885.06  885.25 885.16 884.89 269.71 056  -025 297  0.90 -0.05 354
886.99  887.20 887.10 886.73 27027  0.55 026 291  0.89 -0.05 351
889.08  889.30 889.19 888.71 27088  0.55 026 296 091 -0.04 357
890.90  891.06 890.98 890.92 27155 056  -026 297  0.88 -0.05 349
893.04  893.26 893.15 892.96 27217 054  -026 291  0.90 -0.04 355
895.09  895.30 895.20 89488 27276 056  -025 302  0.89 -0.05 353
896.25 896.35 896.30 89592 27308 056  -025 30.1  0.89 -0.05 351
896.44  896.64 896.54 896.14 273.14 051 029 274 083 -0.08  33.1
896.98  897.22 897.10 896.67 27330 051 029 273 085 -0.07 337
897.66  897.90 897.78 89731 27350 051 029 273 085 -0.07 337
89834  898.60 898.47 897.95 27370 051 029 272 083 -0.08 332
898.80  899.09 898.95 898.40 273.83 046  -034 240 078 011 312
89920  899.40 899.30 898.73 27393 044  -035 230 0.5 -0.12  30.1
899.65 899.70 899.68 899.08 27404 046  -034 243 077 -0.11 309
899.73 899.88 899.81 89921 27408 046  -034 239  0.77 -0.11 310
"900.07"  "900.29" 900.18 899.56 27419 044  -036 229 072 -0.14 289
900.18  900.40 900.29 90028 27440 043 036 225 071 -0.15 286
900.65  900.70 900.68 900.64 27452 046 034 240 077 -0.12 307
900.95  901.30 901.13 901.07 27465 046  -033 244 074 -0.13 298
901.81 902.00 901.91 901.81 27487 044  -036 226 074 -0.13 296
90342  903.80 903.61 903.44 27537 043 036 224 074 -0.13 297
905.50  905.74 905.62 90535 27595 043 036 224 074 -0.13 296
907.45  907.75 907.60 907.24 27653 043 037 219 072 -0.14 288
90936  909.52 909.44 908.99 277.06 045 035 232 074 -0.13 297
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Table 3.2. GDGT abundances and BIT values from Millville, NJ. Analyses performed in
2018 are marked in green. Table includes modified for core expansion depths

(mcd). Samples from the core expansion are marked in quotes.

Interval depth (ft) Mean Mcd Mcd GDGT peak areas

BIT
top bottom  depth (ff)  (f9) (m  mz1292 mz1050 m/z1036  m/z 1022

844.95 845.00 844.98 844.98 257.55 10313853 35808 63959 611959 0.06
847.02 847.10 847.06 847.06 258.18 15611075 37075 69722 579887 0.04
850.90 850.95 850.93 850.92 25936 10232863 29405 51898 452723 0.05
852.95 853.03 852.99 852.96  259.98 12784604 41829 91385 719069 0.06
854.98 855.05 855.02 854.97 260.59 12093590 38044 87409 749776 0.07
855.87 855.95 855.91 855.85 260.86 3187794 8681 20692 285520 0.09
856.90 857.10 857.00 856.93 261.19 5921114 44881 357360 370843 0.12
858.88 859.07 858.98 858.89 261.79 5269858 30018 297012 333751 0.11
860.00 860.10 860.05 860.05 262.14 3668361 11483 26555 380694 0.10
861.10 861.30 861.20 861.14 262.48 1763461 10380 121037 161364 0.14
863.00 863.20 863.10 862.95 263.03 654761 4246 38336 53250 0.13
863.95 864.00 863.98 863.79 263.28 5293520 13145 31578 416217 0.08
865.10 865.24 865.17 864.92 263.63 684958 3748 35130 53998 0.12
867.00 867.25 867.13 866.79 264.20 1277956 5609 65933 101418 0.12
869.00 869.25 869.13 868.69 264.78 876081 4406 39246 56311 0.10
869.95 870.00 869.98 869.50 265.02 4310965 8016 20271 288390 0.07
870.82 871.00 870.91 870.87 26544 597682 5626 30757 43902 0.12
872.94 873.13 873.04 872.90 266.06 677609 5319 31599 45381 0.11
875.00 875.20 875.10 874.88 266.66 1204090 6160 50573 73546 0.10
876.95 877.20 877.08 876.77 267.24 1541796 7420 50954 78415 0.08
879.07 879.32 879.20 878.80 267.86 2664074 16052 83227 115891 0.07
881.10 881.30 881.20 881.14 268.57 2085924 8376 61709 92297 0.07
883.05 883.23 883.14 882.98 269.13 1840454 5458 52641 76538 0.07
885.06 885.25 885.16 884.89 269.71 3010298 11070 81443 123023 0.07
886.99 887.20 887.10 886.73  270.27 979729 2326 26459 38963 0.06
889.08 889.30 889.19 888.71 270.88 1102632 3237 27525 42803 0.06
890.90 891.06 890.98 890.92 271.55 1385388 3733 46399 72795 0.08
893.04 893.26 893.15 892.96 272.17 2070419 4036 55128 82347 0.06
895.09 895.30 895.20 894.88 272.76 3257431 5715 87423 135049 0.07
896.25 896.35 896.30 895.92 273.08 2210298 3581 63314 97016 0.07
896.44 896.64 896.54 896.14 273.14 155422 352 4546 6501 0.07
896.98 897.22 897.10 896.67 273.30 4331714 11529 125681 163756 0.06
897.66 897.90 897.78 897.31 273.50 2623008 7799 83856 114614 0.07
898.34 898.60 898.47 897.95 273.70 1499069 5164 56866 79209 0.09
898.80 899.09 898.95 898.40 273.83 1655160 8076 78592 92917 0.10
899.20 899.40 899.30 898.73  273.93 2064158 9890 80291 85092 0.08
899.65 899.70 899.68 899.08 274.04 100430 357 2662 3023 0.06
899.73 899.88 899.81 899.21 274.08 2242602 9266 81470 90948 0.07
"900.07"  "900.29" 900.18 899.56 274.19 1049804 6696 58852 66061 0.11
900.18 900.40 900.29 900.28 27440 1704168 11624 97274 108445 0.11
900.65 900.70 900.68 900.64 274.52 3850703 14404 25388 301714 0.08
900.95 901.30 901.13 901.07 274.65 1215816 8985 96772 107376 0.15
901.81 902.00 901.91 901.81 274.87 1229323 8632 77969 87286 0.12
903.42 903.80 903.61 903.44 27537 1284453 9463 75745 81241 0.11
905.50 905.74 905.62 905.35 27595 1514842 9502 93334 101840 0.12
907.45 907.75 907.60 907.24 27653 132365 852 5811 5924 0.09
909.36 909.52 909.44 908.99 277.06 1256378 6810 72015 79296 0.11
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Table 3.3. Mg/Ca ratios in Morozovella, Acarinina, and Subbotina spp. at Millville, NJ.
Mg/Ca values calibrated to temperatures using Anand et al. [2003] multispecies
equation (calibration error is +1°C) and seawater Mg/Ca of 2.5 mmol/mol. Values
in red were rejected due to potential contamination and diagenesis. Table includes
modified for core expansion depths (mcd). Samples from the core expansion are

marked in quotes.

Top (ft) Bottom Mean Mcd Mcd Species Size " Mg25/Ca43 T
(ft) depth (ft) (ft) (m) (um) (mmol/mol)  (°C)

857.00  857.10 857.05 85698 26121 M. aequa 300-400 21 3.77

858.92  859.07 859.00 85891 261.79 M. aequa 300-400 30 3.68

861.10  861.20 861.15  861.10  262.46 M. aequa 300-400 16 4.13

863.00  863.15 863.08 86293  263.02 M. aequa 300-400 10 3.09

865.10  865.18 865.14  864.90 263.62 M. aequa 300-400 14 3.60

867.00  867.15 867.08  866.74 264.18 M. aequa 300-400 14 3.83

869.00  869.10 869.05  868.62 264.76 M. aequa 300-400 21 3.54

873.02  873.13 873.08 87294  266.07 M. aequa 300-400 20 4.47

875.00  875.10 875.05  874.83  266.65 M. aequa 300-400 12 4.94

876.95 877.16 877.06 87675 26723 M. aequa 300-400 25 3.98

881.10  881.20 881.15  881.09  268.56 M. aequa 300-400 11 4.10

885.06  885.17 885.12  884.85  269.70 M. acuta 300-400 12 5.69

886.99  887.10 887.05  886.68 270.26 M. acuta 300-400 14 438

889.08  889.20 889.14  888.66 270.86 M. acuta 300-400 28 3.81

890.90  891.02 890.96  890.90 271.55 M. acuta 300-400 25 4.69

893.04  893.16 893.10 89291 272.16 M. acuta 300-400 13 541

895.09  895.19 895.14  894.83 27274 M. acuta 300-400 30 3.76

857.00  857.10 857.05 85698 26121 A. esnaensis 300-400 20 21.80

858.92  859.07 859.00 85891 261.79 A. esnaensis 300-350 20 3.97

861.10  861.20 861.15  861.10  262.46 A. esnaensis 300-350 18 421

865.10  865.18 865.14  864.90 263.62 A. esnaensis 300-350 15 3.03

867.00  867.15 867.08  866.74 264.18 A. esnaensis 300-400 15 3.33

870.88  871.00 87094 87090 26545 A esnaensis angulosa, 4, a5 14 4.02

soldadoensis

873.02  873.13 873.08 87294  266.07 A. soldadoensis 350-400 14 3.95

876.95 877.16 877.06 87675 26723 A. soldadoensis 300-350 15 5.38

879.07  879.20 879.14 87874 267.84 A. soldadoensis 300-350 20 3.85

881.10  881.20 881.15  881.09 268.56 A. soldadoensis 300-350 20 4.14

883.05  883.16 883.11 88294 269.12 A. soldadoensis 300-350 20 427

885.06  885.17 885.12  884.85 269.70 A. soldadoensis 300-350 20 5.15

886.99  887.10 887.05  886.68 270.26 A. soldadoensis 300 20 5.0

889.08  889.20 889.14  888.66 270.86 A. soldadoensis 300-350 20 4.59

890.90  891.02 890.96  890.90 271.55 A. soldadoensis 300-350 20 3.70

893.04  893.16 893.10 89291 272.16 A. soldadoensis 300-350 15 3.16

895.09  895.19 895.14  894.83 27274 A. soldadoensis 300-350 20 3.16

896.44  896.54 896.49  896.09 273.13 A. soldadoensis 300-400 12 3.14

84492  845.02 84497  845.02 257.56 S. roesnaesensis 250-300 30 3.52 33.5
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IV CHAPTER FOUR
Proximity does it: Reconstructions of the PETM onset at Medford, New Jersey

(USA)

4.1 Abstract

Expanded sections are required to evaluate lead/lag relationships of the
Paleocene-Eocene thermal maximum (PETM) and the carbon isotopic excursion (CIE) to
possibly constrain causal mechanism(s). The Salisbury Embayment contains expanded
PETM sections, with auger cores at Medford, NJ providing the most proximal records
among New Jersey Coastal Plain (NJCP) sites. The Medford cores recorded the most
expanded CIE onset on the NJCP and arguably elsewhere, with gradational lithologic
change from uppermost Paleocene glauconitic silts to lowermost Eocene kaolinitic clays.
TEXse-based temperature estimates indicated no warming prior the CIE onset, rejecting
the precursor warming hypothesis that was based on studies of downdip NJCP sites. A
drop in carbonate content associated with the CIE initiation, attributed to dissolution in
deep ocean locations, represents a dilution event on the New Jersey paleoshelf associated
with rapid, massive input of clay. This is supported by well-preserved foraminiferal tests
found in the low (<1% CaCQO3) carbonate zone at Medford, NJ. Very fast deposition of
clays facilitated preservation of foraminifera, whereas dissolution would have dissolved
calcite tests. I/Ca ratios and benthic fauna do not suggest anoxia on the shelf floor, but

generally low Oo.
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4.2 Introduction

The Paleocene/Eocene (P/E) transition (~56 Ma) is marked by a global
temperature increase of 4-9°C and the carbon isotope excursion (CIE) of 2-7 %o found
ubiquitously in marine and terrestrial realms [e.g., McInerney and Wing, 2011; Dunkley
Jones et al., 2013]. However, the mechanisms of warming and overall changes in the
ocean-atmosphere system during the Paleocene-Eocene thermal maximum (PETM) are
uncertain. Following the rough estimate from early survey work that the CIE occurred in
less than 5-10 kyr [Kennett and Stott, 1991], the rapidity of the PETM onset has been
debated, with estimates ranging from years [Wright and Schaller, 2013] to ~ 4 kyr [Zeebe
et al., 2016; Kirtland Turner and Ridgwell, 2016]. The rate of change is needed to
constrain the causal mechanism(s). An instantaneous release of carbon would imply
catastrophic mechanism, such as cometary impact [Kent et al., 2003; Cramer and Kent,
2005; Schaller et al., 2016; Kent et al., 2017], whereas a prolonged CIE onset would
suggest alternative mechanisms, e.g. methane hydrates dissociation [Dickens et al., 1995,
1997; Katz et al., 2001; Thomas et al., 2002], sill intrusion, or extrusive volcanism
[Svensen et al., 2004; Storey et al., 2007; Dickson et al., 2015; Gutjahr et al., 2017]. See
review of all proposed mechanisms in section 1.1 “Introduction” of Chapter One.

Sections from continental margins with high sedimentation rates and thus high
resolution provide a possible way to resolve the timing of the onset and causal
mechanism(s). Marine PETM records over 10 m thick are found on the New Jersey
Coastal Plain (NJCP) (35-40°N paleolatitude) [Makarova et al., 2017]. Sections at
Medford, NJ are most proximal among NJCP sites (Fig. 4.1) and were originally drilled

by ODP at the Medford Maintenance Yard in 2007 [Sugarman et al., 2010], but the
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PETM recovery was incomplete. The United States Geological Survey (USGS) and
Rutgers University auger drilled six sites (Fig. 4.S1) and nine holes at Medford, NJ in
Summer 2016 [Podrecca, 2018]. The P/E boundary at Medford Auger Project (MAP)
cores is represented by gradual lithologic change (Fig. 4.2) from the uppermost Paleocene
glauconitic silts of the Vincentown Formation to the lowermost Eocene kaolinitic clays of
the Marlboro contrasting with the sharp, possibly unconformable or diastemic boundary
at distal Bass River site [Miller et al., 1998; Stassen et al., 2012; 2015].

The PETM onset at Medford, NJ is not only associated with a gradual reduction
in coarse fraction due to clay input, but also with a gradual decrease in bulk sediment
813C values within a 1.65 ft (0.5 m) thick interval (Fig. 4.3; Podrecca [2018]). In contrast,
carbon isotopic records from most PETM sections show sharp (<<0.5 m) decreases that
are used to delineate the CIE/PETM onset [e.g., Aubry et al., 2007]. Thus, the MAP cores
enable evaluation of the initiation of the PETM at higher resolution and to resolve the
timing and lead/lag relationships of the warming and CIE. In this chapter, I focus on three
questions regarding the PETM onset using multiproxy data from Medford cores: 1)
duration of the onset; 2) precursor warming; and 3) change in productivity on shelves and
deoxygenation of water column.

The timing of the PETM onset can be potentially reconciled from the relationship
among chemical signals imbedded in bulk carbonate and foraminiferal tracers. High-
resolution bulk sediment isotopic records from Millville and Wilson Lake NJCP sites
showed different responses in 8'*C and % CaCOj to the PETM onset, i.e. gradual
decrease (24 ¢cm) in 8'°C values versus sharp (4 mm) drop in % CaCOs [Wright and

Schaller, 2013]. This was explained by instantaneous injection of CO., in regards to
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faster rates of CO» invasion (displayed by % CaCQOs) than the timing of carbon isotopic
equilibration (8!*C) [Wright and Schaller, 2013]. Following this, Schaller et al. [2016]
reported microtektite spherules at the PETM onset level from the North Atlantic shelf
(Millville, Wilson Lake, and Medford; Fig. 4.S4) and slope (Ocean Drilling Program
(ODP) Site 1051B, Blake Nose) sections suggesting their origin from extraterrestrial
impact ejecta and supporting instantaneous trigger for the PETM onset.

Isotopic analyses of single foraminiferal specimens provide possible constraints
on the lead-lags of 8'°C and temperature. High-resolution stable isotopic records of single
foraminiferal tests from open ocean ODP Site 690 [Thomas et al., 2002] showed a
bimodal distribution of isotopic values with the §'80 anomaly preceding the CIE onset.
This apparent lead of temperatures led Thomas et al. [2002] to suggest an instantaneous
release of methane from dissociation of clathrates that had been triggered by initial
warming. However, the CIE “core” at Site 690 is 1 m thick [Bains et al., 1999; Thomas et
al., 2002], and the decrease in §'80 values of surface dwelling Acarinina spp. preceded
the CIE, recorded by same species, by only 7 cm [Thomas et al., 2002]. This is within the
10 cm bioturbation thickness typically seen in pelagic sediments; therefore, the single
specimen data of foraminiferal isotopes from more expanded sections of the PETM onset
are required for more accurate timing estimates.

In contrast to the deep sea where Site 690 provides the thickest section of the CIE
“core” (1 m), NJCP sections have much thicker intervals (>10 m) representing the “core”
(Fig. 2.2 in Chapter Two). Isotopic studies of foraminifera at Millville used multi-
specimen samples of foraminifera, which indicated intermediate 3'*C and 8'%0 values

spanning the PETM onset [Makarova et al., 2017; Si and Aubry, 2018]. Bass River single
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and multi-specimen foraminiferal studies showed bimodal distribution of !*C and §!30
values [Zachos et al., 2007; John et al., 2008]; however the onset there is apparently
truncated [John et al., 2008; Stassen et al., 2012]. The MAP Hole 3A core recovered
well-preserved foraminifera in the expanded section of the PETM onset. Thus, stable
isotopic measurements of single tests of planktonic and benthic foraminifera across the
expanded onset section in the Medford core may reveal the timing of the onset.

The relationship between temperature and carbon isotopic records is critical to
evaluate mechanisms. Temperature estimates from the organic paleothermometer TEXgs
provide high-resolution temperature records. Based on TEXss-derived temperature
estimates at Wilson Lake and Bass River, NJ, Sluijs et al. [2007] suggested a precursor
warming (i.e., with temperature leading the 8!3C decrease) as the trigger to clathrate
destabilization that caused methane release and further temperature increase. The updated
TEXG3s calibrations [Kim et al., 2010] together with the new TEXss record from the
Millville site (see Chapter Three), however, question the precursor warming previously
reported from the New Jersey cores. To evaluate the relation between the CIE onset and
warming initiation, I compare a high-resolution (0.1 ft; 3 cm sampling interval) §'3C
record of bulk sediment supported by planktonic and benthic foraminiferal §'*C values
with TEXge-derived temperature estimates (~0.25 ft; 8 cm sampling interval) across the
expanded section of the PETM onset at Medford MAP 3B core. The CIE onset at
Medford and elsewhere is associated by a drop in carbonate content and rare
foraminiferal tests; therefore, the lipid biomarker analysis provides the best tool for high
resolution temperature reconstructions of the event initiation, especially in the low

carbonate zone.
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The PETM warming is accompanied globally by increased flux of sediments on
continental shelves through enhanced weathering and river runoff [e.g. Kopp et al.,
2009]. Supposedly higher phytoplankton productivity and nutrients supply from the
terrestrial realm should have resulted in the anoxia/dysoxia in the water column,
especially near the seafloor. Previous studies of the NJCP cores suggested an increase of
nutrients supply, productivity, and stratification on shelf resulting in bottom water
hypoxia, though the extent of low O has not been fully evaluated [Zachos et al., 2006;
John et al., 2008; Stassen et al. 2012; 2015]. Here, I use I/Ca ratio, a novel paleoredox
proxy [Lu et al., 2010], in planktonic and benthic foraminifera from MAP 3A core at
Medford, NJ to examine the water column deoxygenation on the New Jersey paleoshelf.

Overall, this chapter provides a detailed investigation of lithology and
foraminiferal assemblages, results of stable isotopes and trace metals analyses in
planktonic and benthic foraminifera, and temperature estimates form the organic

paleothermometer TEXss at nearshore site Medford, NJ.

4.3 Geological Setting and Methods

Six sites from Medford, NJ located on the New Jersey coastal plain represent the
most updip locations along the New Jersey paleoshelf (Figs. 4.1 and 4.S1). The Medford
sections were used as an anchor point in paleowater depth reconstructions of the New
Jersey paleoshelf during the PETM. The Paleocene Vincentown Formation contains
wispy cross laminations suggesting inner neritic, lower shoreface (~25 £ 5 m water
depth) environments near storm wave base [Sugarman et al., 2005]. Benthic foraminiferal

assemblages in the Vincentown Formation from the MAP 3A core indicated slightly
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deeper settings (30-50 m water depths) of the middle shelf. However, Stassen et al.
[2012; 2015] estimated that the Vincentown Formation was deposited in outer neritic
(>100 m) paleodepths, and attributed the low percentage of planktonic foraminifera to
dissolution. I reject this interpretation based on the following: 1) the assemblage of
benthic foraminifera shows a lower diversity of inner to middle neritic assemblage
consisting of Cibicidoides alleni, Cibicidoides succedens, Guttulina, Saracenaria,
Tritaxia, Globulimina, and Bolivina; 2) the regional depth transect shows an expected
change from glauconitic-quartz sands (with reworked glauconite) typical of lower
shoreface environments in outcrops along strike and Medford outcrops and cores to sandy
silts typical of offshore, middle neritic (30-50 m) environments in intermediate sites
(Wilson Lake, Millville) to silty clays with common planktonic foraminifera at Bass
River (Fig. 4.S2). The paleoslope model in fact requires paleodepths of the Vincentown
to be less than 50 m at Medford.

More detailed geological setting on the New Jersey paleoshelf is given in section

2.12.2 “Geological Setting” of Chapter Two.

4.3.1 Lithological description of the MAP 3A, 3B, and SA cores

MAP recovered nine cores from six sites at Medford, NJ (Fig. 4.S1). The P/E
boundary at Medford is characterized by a gradational change from the Upper Paleocene
glauconitic silts of the Vincentown Formation (65-80% coarse fraction >63 um) to the
Lower Eocene kaolinitic clays of the Marlboro Formation (mean grain size 1-2 pum;
Podrecca [2018]) (Figs. 4.2 and 4.4; Table 4.1). A transitional lithology records a gradual
decrease in coarse fraction from 70% to 2% at MAP sections; this transitional unit is 1.5-

2.5 1t (0.46-0.76 m) thick in MAP Holes 5A, 3A, and 3B cores, allowing a detailed study
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of the PETM onset (Fig. 4.2). The thickness of the “pure” clay unit of the Marlboro
Formation that I define by the coarse fraction cutoff of <2% by weight varies among
MAP sites due to erosion by a regional unconformity on top of the Marlboro Formation
(Fig. 4.S2). The thickness of recovered clay is greater in the MAP 5A core (7.2.ft; 2.2 m).
However, planktonic foraminifera are absent in the clay unit at MAP 5A due to shallow
burial depth of this core (the top of the Marlboro Formation is at 17.7 ft; 5.4 m) and
fractured structure of clay that allowed groundwater percolation (Fig. 4.2). Thus, I
studied deeper MAP 3A and MAP 3B cores (Figs. 4.2 and 4.S2) that were drilled 8 ft (2.4
m) apart, that have thinner clay units yet abundant, well-preserved foraminifera. The
recovered thickness of the Marlboro Formation is 4 ft (1.1 m) at MAP 3A and 6.2 ft (1.9
m) at MAP 3B. This difference can be explained by both a coring gap of 2 ft (0.6 m) and
differences in truncation by the overlaying unconformity. Among the NJCP sites, the
Medford sites recovered the thickest section of the onset but a truncated CIE “core”.
Here, I focus on the transitional interval that has recorded the PETM onset, arguably the
most expanded across the New Jersey paleoshelf as suggested by the delta clinoform
model of fluid mud deposition (Fig. 4.S3; Podrecca [2018]). Figure 4.4 shows a more
detailed lithological summary of the MAP 3A core that has been used for foraminiferal

studies.

4.3.2 Methods

Core samples were disaggregated in a sodium metaphosphate solution (5.5 g of
sodium metaphosphate per liter) to deflocculate clays and then washed through a 63 pm
sieve to separate the fine fraction (<63 pum). The >63 um fraction was dried overnight in a

50°C oven and weighed dry to compute the percentage of coarse sediment.
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For stable isotope analyses of single- and multi-specimen planktonic foraminifera,
specimens of Morozovella (M. aequa, M. acuta), Acarinina (A. soldadoensis, A.
coalingensis, A. angulosa), and Subbotina (mostly S. roesnaesensis) were picked from
the >300 pum, 250-300 pm, 212-250 pm, and 150-212 pum size fractions using the
taxonomy of Olsson et al. [1999] and Pearson et al. [2006]. For stable isotope analyses of
single- and multi-specimen benthic foraminifera, specimens of Anomalinoides (mostly A.
acuta) and Cibicidoides (C. alleni, C. howelli, C. succedens) were picked mainly from
the >300 pum, 250-300 pm, 212-250 pm, and 150-212 pum size fractions using the
taxonomy of Cushman [1951] and Berggren and Aubert [1975]. To avoid species bias,
most of the samples analyzed consisted of single species of one size fraction (Table 4.2).

Stable isotope analyses of foraminifera were conducted on a Micromass Optima
Mass Spectrometer with an attached multi-prep device. See method description in section
2.4.1 “Analyses” of Chapter Two.

Glycerol dialkyl glycerol tetraethers (GDGTs) used for the TEX3s
paleothermometer were extracted from powdered freeze-dried sediments (~20 g dry
mass) and analyzed on an Agilent 1100 series high-performance liquid chromatographer
(HPLC) using high resolution method proposed by Hopmans et al. [2016]. See method
description in section 3.3.1 “Lipid biomarker analyses (TEX3gs)” of Chapter Three.

For trace elemental analyses foraminiferal tests were crushed and cleaned
following the protocol reported by Boyle and Keigwin [1985] and Rosenthal et al.
[1997]. Elemental ratios were measured on a Thermo Finnigan Element XR Sector Field
Inductively Coupled Plasma Mass Spectrometer (SF-ICP-MS) operated in low resolution

(m/Am =300) and medium resolution (m/Am =4300) settings outlined in the protocol of
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Rosenthal et al. [1999]. See method description in section 3.3.2 “Trace element analyses
of foraminifera” of Chapter Three.

Depths of lithologic boundaries and samples at Medford cores MAP 3A, 3B, and
5A reported here are modified for core expansion (modified core depth; med), by
adjusting the core recovery length to a 5 ft (1.5 m) interval per run. The true core depths

of analyzed samples are given in data tables.

4.3.3 Paleoredox reconstructions from I/Ca in foraminifera

I/Ca ratio is a novel proxy for reconstruction of paleoredox conditions. The
modern ocean contains two species of iodine in the seawater, iodate [I037] and iodide [I7].
Only iodate is incorporated in CaCO; and under dysoxic conditions iodate is reduced to
iodide [Lu et al., 2010; Zhou et al., 2014 and references therein]. Therefore, I/Ca ratio in
foraminiferal calcite is controlled by redox conditions: lower concentrations of dissolved
O: in the seawater cause decrease of I/Ca ratios in foraminifera. lodine speciation is
affected by productivity. The biologic uptake (primary production) and release
(decomposition of organic matter) may result in lower iodate concentrations in surface
waters and higher iodide contents deeper in the ocean. Nonetheless, both increased
productivity and lower oxygen levels cause decrease of I/Ca in planktonic foraminifera
[Lu et al., 2010; Zhou et al., 2014 and references therein].

The I/Ca proxy has been applied for pelagic PETM sections. Zhou et al. [2014]
measured I/Ca in planktonic foraminifera from open ocean cores in Atlantic, Sothern,
Indian, and Pacific Oceans and observed overall decrease in I/Ca at the onset of the

PETM. They interpreted this decrease as widespread deoxygenation in the upper ocean
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waters caused by enhanced stratification and productivity. This chapter presents the first

study to measure I/Ca ratio in foraminifera from shelf sections.

4.4 Results
4.4.1 Bulk sediment isotopic records from Medford Sites MAP 3A and 3B

The CIE onset is marked by sharp decreases in 8'°C values recognized globally
from isotopic records of carbonate and organic carbon. However, the CIE onset in bulk
813C at Medford, NJ is gradational (Fig. 4.3), unlike the 8!3C excursion seen from bulk
sediment record at distal Bass River that is sharp [Kent et al., 2003; John et al., 2008]
(Fig. 4.S4). The decrease of 3.5 %o in bulk carbonate §'°C values at MAP 3A and MAP
3B cores occurs over a 1.65 ft (0.5 m) interval (Fig. 4.3) and is comparable to that at
proximal Wilson Lake site [Wright and Schaller, 2013] (Fig. 4.S4). Bulk carbonate
analyses at MAP 3A and MAP 3B [Podrecca, 2018] showed not only a lower CIE
magnitude (3.5 %o versus 4.5-6.5 %o at other sites; Wright and Schaller [2013]), but also
lower absolute 3'3C values (-5 %o), than in other NJCP sites (Fig. 4.S4). This can be
explained by shallower depths and more proximal location of Medford sites on the New
Jersey paleoshelf during the PETM with a greater influence of riverine dissolved
inorganic carbon and a shift in relative abundances of carbonate species associated with
the PETM onset (i.e. changing abundances of planktonic foraminifera, benthic
foraminifera, and calcareous nannoplankton taxa). The CIE magnitude of 3.5 %o taken
from bulk sediment is also confirmed by 8'3C values from surface dwelling Acarinina

spp. and benthic species of Cibicidoides and Anomalinoides (Fig. 4.5).
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The bulk sediment §'*C records from MAP 3A and MAP 3B cores show slightly
different geometry of the 8'3C decrease complicating firm placement of the CIE onset
(Fig. 4.3). Isotopic and percent CaCOs records generally agree between the two cores
when applying adjusted for core expansion depths, i.e. modified core depth (Fig. 4.S5).
MAP 3A recorded a gradual decrease in bulk sediment §'*C values from 57 ft (17.4 m) to
55.4 ft (16.9 m) (Fig. 4.3) that is confirmed by 8'*C decreases in benthic foraminifera and
surface dwelling Acarinina spp. (Fig. 4.5). Foraminifera showed the excursion between
56.5 ft (17.2 m) and 56 ft (17.1 m) defining the sensu stricto placement of CIE onset
below 56 ft at MAP 3A (Fig. 4.3). MAP 3B showed sharp decrease at 55.9 ft (17 m) with
sporadic PETM 8'3C values occurring below in the 56.3-56.7 ft interval (17.2-17.3 m)
(Fig. 4.3). In contrast to discrepancy in the CIE onset placement, the onset of low
carbonate (<1% CaCQO3) zone appeared at the same depth (56.3 ft; 17.2 m) in both cores
corresponding with the decrease in coarse fraction due to clay input (Fig. 4.3). Altogether
these suggest a firm CIE onset placement at 55.9-56.3 ft (17-17.2 m) with initial decrease

in 8'3C values striking below at 57 ft (17.4 m) at MAP 3A and MAP 3B.

4.4.2 Foraminiferal assemblages at MAP 3A, Medford, NJ

The foraminiferal assemblages of the Vincentown Formation are dominated by
benthic species (Figs. 4.4 and 4.6). The benthic foraminifera assemblage represents
typical Paleocene Midway fauna [Berggren and Aubert, 1975], suggesting middle shelf
settings with paleowater depths of ~30-50 m. Cibicidoides spp. are most abundant
benthic taxa in the Vincentown Formation. Planktonic foraminifera are dominated by
Acarinina spp. with fewer Subbotina spp. and rare M. aequa in the Vincentown

Formation. The planktonic to benthic ratio (P/B) is less than 1 in the Vincentown
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Formation (Fig. 4.6). With the onset of the low (<1% CaCO3) zone, the P/B in the 212-
250 pm and 250-300 um size fractions increases to 2-3 and is above 25 in the Marlboro
Formation (Figs. 4.6 and 4.7). The increased abundances of % planktonics in larger size
fractions (higher P/B ratio; Fig. 4.7) in the low carbonate zone argue against a cause by
dissolution since planktonics are less resistant to dissolution. Rather, this argues for a
strong dilution control.

A low carbonate zone at Medford, NJ (54.8-56.3 ft; 16.7-17.2 m) spanning the
interval of transitional lithology (10-75% coarse fraction) is characterized by a decrease
of foraminiferal number per gram dry sediment (Fig. 4.6). However, foraminiferal tests
are well preserved (Fig. 4.S6) within this 1.5 ft (0.5 m) thick zone and the assemblage
mostly consists of Acarinina spp. and Anomalinoides spp, and a few smaller specimens
of Morozovella and Subbotina. Highest occurrence of G. beccariiformis is at 55.55 ft
(16.9 m) and Cibicidoides spp. disappear from 55.3 ft (16.9 m) upward. Rare malformed
tests of planktonic foraminifera with abnormal chamber shapes and additional champers
(Fig. 4.S7) are present in 54.0-55.75 (16.5-17 m).

The Marlboro Formation is dominated by large planktonic foraminifera with
abundant M. acuta, Acarinina spp., and Subbotina spp. M. acuta is the dominant
Morozovella species in the Marlboro Clay in contrast to M. aequa-dominated
Vincentown Formation. Benthic foraminifera are only present in the <212 pm size
fraction and the most abundant benthic species are A. acuta and A. midwayensis (Fig.
4.S8). Planktonic foraminifera reached maximum abundance at 52.85-54.55 ft (16.1-16.6
m) and gradually decreased in abundance from 52.85 ft (16.1 m) upward (Fig. 4.6).

Foraminiferal wall textures are well preserved; however, both benthic and planktonic
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species have pyrite framboids, infilling and coatings, giving them “dirty” appearance
(Fig. 4.S8).

The foraminiferal assemblage in the Manasquan Formation shows a return to
settings similar to those during the latest Paleocene. Benthic taxa are dominated by
Cibicidoides spp. and planktonic foraminifera are present by most abundant Subbotina
spp., M. aequa and fewer Acarinina spp. (Fig. 4.4). P/B is less than 1 in the >300 um

fraction and is 2-3 in smaller size fractions (Fig. 4.6).

4.4.3 Foraminiferal stable isotopes from multiple-specimen analysis at MAP 3A,
Medford, NJ

Multiple specimen 8'3C records showed 3.5 %o decreases in all genera
(Morozovella spp., Acarinina spp., Subbotina spp., benthic taxa) mimicking the CIE in
bulk sediment (Fig. 4.8; Table 4.2). Among foraminiferal isotopic records Acarinina are
the only species spanning the low carbonate zone and recording intermediate 5'3C values
of the gradual CIE onset at MAP 3A (Fig. 4.8). Species of Subbotina and Morozovella
are too rare within the low carbonate zone to reconstruct changes in isotopic values
across the PETM onset. Oxygen isotopic records revealed -1.5 %o 6'30 anomalies in
benthic taxa and Subbotina spp. (A8'80 = 3'30 before the CIE onset minus §'80 after the
CIE onset), whereas A38'%0 in surface dwelling Morozovella spp. and Acarinina spp. were
~1.0-1.2 %o (Fig. 4.8). Specifically, Acarinina spp. show a 0.5 %o increase in 8'0 values
associated with the CIE onset and then a steplike decrease of 1.2 %o above the low
carbonate zone (Fig. 4.8). Moreover, the oxygen isotopic record of Acarinina spp. shows
a delayed anomaly (A8'®0) in regards to the CIE onset. The decrease in 8'°C values of

Acarinina spp. preceded the 5'30 decrease by at least 1 ft (30 cm) (Fig. 4.8). Benthic
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foraminiferal species recorded a gradual decrease in §'80 values in contrast to abrupt
change in 8'3C values (Fig. 4.8). Interestingly, surface dwelling Acarinina spp. recorded
values similar to benthic 4. acuta and thermocline Subbotina spp. 8'30 values within the
Marlboro Formation (Figs. 4.5 and 4.8). Also, the 5'%0 isotopic gradient between surface
to thermocline to benthic foraminifera is less than 1 %o in the Marlboro Formation in
contrast to the 1.75 % &'%0 gradient in the Vincentown Formation (Fig. 4.8). Overall,
foraminiferal isotopic records from the MAP 3A core are consistent with observations

from other NJCP sites [Makarova et al., 2017].

4.4.4 Preliminary results of foraminiferal stable isotopes from single-specimen
measurements at MAP 3A, Medford, NJ

The averaged 8'3C and 8'*0 values measured in single tests of foraminifera agree
with the isotopic records from multi-specimen measurements (Tables 4.2 and 4.3). Stable
isotopes analyses of single foraminiferal tests showed bimodal distribution of !*C and
8180 values between specimens from the Vincentown Formations and those from the
Marlboro Formation (Fig. 4.9). Single specimens from the important transitional interval
that spans the PETM onset at the MAP 3A core (54.5-56.5 ft; 16.6-17.2 m) are pending.
A bimodal distribution in 8!°C values in the transition zone would imply very rapid onset
of the CIE and the observed gradual carbon excursion in bulk sediment at MAP 3A
would represent artifact of bioturbation and mixing of the pre- and post-CIE '3C values.
Intermediate values mimicking changes in bulk sediment would suggest slower rates of
the PETM onset. Similarly, distributions of 3'%0 values would reveal fast versus gradual,

slow warming. Therefore, additional data from the 54.5-56.5 ft (16.6-17.2 m) interval is
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critical to reconcile the timing of the PETM onset from the high-resolution record of

single specimen foraminiferal stable isotopes at Medford, NJ.

4.4.5 Trace elements (Mg/Ca, I/Ca) in foraminifera at MAP 3A, Medford, NJ

Trace elements analyses of planktonic and benthic foraminifera showed increases
in Mg/Ca ratios in all species associated with the PETM onset at the MAP 3A core (Fig.
4.10; Table 4.4). Subbotina spp. indicated a 1.05 mmol/mol increase in Mg/Ca from 3.2
mmol/mol to 4.25 mmol/mol (Fig. 4.10). Acarinina spp. recorded a 0.75 mmol/mol
increase in Mg/Ca from 2.94 mmol/mol to 3.7 mmol/mol (Fig. 4.10). The M. acuta
Mg/Ca record shows average values of 3.8 mmol/mol in the Marlboro Formation (Fig.
4.10). The absolute values of Mg/Ca in surface dwelling Morozovella and Acarinina spp.
are generally lower than in thermocline dwelling Subbotina spp. in the recovered at the
MAP 3A core Marlboro Formation. The observed absolute values and changes of Mg/Ca
ratios in planktonic foraminifera at MAP 3A are consistent with records from Ancora,
Millville, and Bass River NJCP sites (Fig. 4.S9). The benthic foraminifera trace
elemental ratios have been never reported for the PETM section from NJCP sites. The
benthic A. acuta Mg/Ca record indicated a 1.05 mmol/mol increase from 3.34 mmol/mol
to 4.34 mmol/mol at the MAP 3A core (Fig. 4.10). Mg/Ca anomalies recorded by
benthics, thermocline dwelling Subbotina spp., and A. acuta correspond to warming of
3.1-3.2°C based on multi-species calibration of Anand et al. [2003].

Measurements of I/Ca showed distinct differences in values from planktonic
versus benthic foraminifera at the MAP 3A core (Fig. 4.11). Surface dwelling
Morozovella spp. and thermocline dwelling Subotina spp. recorded I/Ca values of less

than 2 umol/mol (Fig. 4.11). Within the Marlboro Clay, Subbotina spp. show slightly
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elevated I/Ca values at 53.8-54.25 ft (16.4-16.53 m), Morozovella spp. have negligibly
small I/Ca values, and I/Ca values in Acarinina spp. were below the detectable limit (Fig.
4.11). In contrast, benthic foraminifera recorded higher I/Ca values in the ~9-27
umol/mol range (Fig. 4.11). A. acuta show I/Ca of 9-11 umol/mol within the Marlboro
Formation Cibicidoides spp. show 1/Ca values of 11-18 pmol/mol in the Vincentown
Formation (Fig. 4.11). Generally, I/Ca values in benthic foraminifera in the Marlboro
Clay are lower than in above and below units (Fig. 4.11).

Ratios of other trace elements to calcium showed elevated values above the low
carbonate zone at the base of the Marlboro Clay in the MAP 3A core (Fig. 4.12). There
are noticeable spikes in Ba/Ca, Mn/Ca, U/Ca, and Fe/Ca at 54.55-54.65 ft (16.63-16.66
m). Values of Mn/Ca, Ba/Ca, U/Ca, and Fe/Ca remain elevated at 53.8-54.25 (16.4-16.53
m). All taxa showed higher Nd!#/Ca values within the Marlboro Formation than in over-

and underlying sediments.

4.4.6 TEX36 derived temperature estimates at MAP 3B, Medford, NJ

Temperature records derived from TEX!gs and TEX s¢ indices [Kim et al., 2010]
showed an abrupt warming starting at 56.3 ft (17.2 m) at the MAP 3B core (Fig. 4.13;
Table 4.5). Using TEX"gs, I estimated a total warming of 6.2°C from 29.9°C to 36.1°C,
whereas TEX!gs showed larger warming of 8°C and cooler temperatures increasing from
23.1°C to 31.1°C (Fig. 4.13). Lower absolute temperature values and larger warming
anomaly estimated by the TEX g calibration are consistent with TEXss-based estimates
in other NJCP sites (Fig. 3.6 in Chapter Three). Warming at MAP 3B appeared in two
steps with a temperature plateau at 55.1-55.8 ft (16.8-17 m): 1) a larger initial sharp

temperature increase of 4.8-6.2°C from 56.3 ft (17.2 m) to 55.8 ft (17 m); and 2) a
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smaller second temperature increase of 1.4-1.8°C from 55.1 (16.8 m) to 54.4 ft (16.6)
(Fig. 4.13). The total warming with two steps and a temperature plateau appeared within
a low (<1% CaCQO3) carbonate zone (Fig. 4.13), which corresponded to the decrease in
coarse fraction and input of the Marlboro Clay at MAP 3B (Fig. 4.3). Although the
placement of the CIE onset is arguable at MAP 3B (see section 4.4.1 “Bulk sediment
isotopic records from Medford Sites MAP 3A and 3B”), the TEXgs-derived warming
initiated either at the same level or above the CIE onset based on sensu stricto onset
definition at 55.9-56.3 ft (17-17.2 m) or initial decrease in §'°C values at 57 ft (17.4 m),
respectively (Fig. 4.13). Particularly important, the MAP 3B TEXss records indicated no
warming below the CIE onset (Fig. 4.13). The BIT values are below 0.1 suggesting low

soil organic matter input (Table 4.6).

4.5 Discussion
4.5.1 Depositional model for the New Jersey paleoshelf during the PETM

The distribution of PETM strata on the NJCP suggests increased sedimentation
rates on the New Jersey paleoshelf associated with the PETM onset. Given >10 m in
<<200 kyr mean sedimentation rate must be >>5 cm/kyr. Units of transitional from
glauconitic silts of the Vincentown Formation to kaolinitic clays of the Marlboro
Formation lithologies are the thickest in the MAP cores from Medford, NJ and are
progressively thinner in more distal sections (Fig. 4.S2). Similarly, the low carbonate
(<1% CaCO3) zones are thicker in proximal and middle shelf sites than at distal Bass
River. Moreover, good preservation of planktonic foraminifera within the low carbonate

zone at the MAP 3A core suggests very rapid sedimentation rates and dilution associated
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with the clay input rather than the dissolution. The interpretation of increased
sedimentation rates was based on observations from sediment lithologies, carbonate
content, and bulk 3'3C records that were explained by deltaic progradational deposition
[Podrecca, 2018]. The clinoform depositional model implies a fluid mud reservoir source
bypassing shallow zones and rapidly building foresets seaward of the rollover point (Fig.
4.S3). Therefore, the build up of successive clinoforms prograding offshore would result
in thicker sections of the PETM onset in more proximal sites and thicker sections of later
phases of the PETM in more distal sites, as seen in records of % coarse fraction, %
CaCO:s, and bulk 8'3C values from NJCP sites (Fig. 4.S2, 4.S3, and 4.S4) [Podrecca,

2018].

4.5.2 Precursor warming? Results of multi proxy temperature estimates at Medford,
NJ

The TEXgs-derived temperature records at the expanded section of the PETM
onset at MAP Hole 3B core refutes the precursor warming hypothesis. Previously
published TEXgs temperature calibrations showed a possible precursor warming at
Wilson Lake Hole A [Zachos et al., 2006; Sluijs et al., 2007] and Bass River [Sluijs et al.,
2007]. However, the precursor warming may be spurious when applying the TEX!gs and
TEX"ss calibrations from Kim et al. [2010]. In fact, only the distal Bass River record
showed a precursor warming (less than 2°C using the TEXU ¢ calibration and ~ 4°C using
the TEXs¢ calibration) in relation to the CIE onset, whereas the Wilson Lake Hole A and
Millville (Fig. 3.6 in Chapter Three) TEXgs-based temperature records showed a little to
no precursor warming. The record at MAP Hole 3B explicitly indicates no warming

based on TEXgs temperature estimates prior to the CIE onset, even despite the slightly
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uncertain level of CIE onset in the core (see section 4.4.1 “Bulk sediment isotopic records
from Medford Sites MAP 3A and 3B”). The abrupt warming indicated by TEXss-based
temperature records at MAP 3B corresponds to the base of low carbonate zone and
decrease in coarse fraction (Fig. 4.13) suggesting that the temperature increase was
syncronous with the beginning of rapid clay deposion on the New Jersey paleoshelf at the
initiation of the PETM, but lagged the carbon input.

Temperature estimates from stable oxygen isotopes and Mg/Ca ratios of
foraminifera showed smaller warming anomalies (3.1-3.2°C) than TEXgs-based
temperature records (6.2-8°C). Values of TEXgs might be influenced by factors other than
factors in the nearshore environments (see section 3.5.2 “Spatial distribution of
temperature anomalies on the New Jersey paleoshelf during the PETM: intersite
comparisons of TEXss-based estimates” and Fig. 3.6 in Chapter Three). Therefore, most
proximal, shallow settings of the Medford site during the PETM might have resulted in a
slightly overestimated TEXgs-derived warming anomaly than that recorded by
foraminifera.

In general, specific Mg/Ca records at MAP 3 Hole A resemble the 3'80.
However, Mg/Ca-based temperature anomalies are not consistent with A3'®0. Surface
and thermocline species A3'%0 are larger than Mg/Ca-derived temperature increases (Fig.
4.10). This is seen in 8'%0 and Mg/Ca records of planktonic foraminifera from other
NIJCP sites. In contrast to planktonic foraminifera, the oxygen isotopic record of benthic
A. acuta shows minimal changes in §!%0 values within the Marlboro Formation at MAP
Hole 3A, whereas Mg/Ca-based temperature estimates suggest a warming of ~3°C (Fig.

4.10). The discrepancy between 3!30- and Mg/Ca-derived temperature anomalies might
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be associated with various degree of trace element inclusion during growth of different
foraminiferal species and with the application of single Mg/Ca calibration equation for all
species (i.e., the multispecies equation from Anand et al. [2003]).

The TEX3gs estimated warming and bulk sediment 3'%0 records from Medford
cores revealed sharp two-step changes associated with the PETM onset, whereas bulk
sediment 8'3C records showed gradual changes (over 50 cm) not recording such a sharp
step (Figs. 4.3 and 4.13). The intermediate values of the “step interval” occur within the
low carbonate zone. The same step-like changes in TEXgs and 630 values associated
with the onset of low carbonate zone and decrease in coarse fraction were observed in
records from other NJCP sites. Since carbon isotopic records displayed gradual decreases
in 8'3C values, the step-like intermediate values in TEXgs and 8'30 were not an artifact of
sediment mixing due to bioturbation.

Among the foraminiferal stable isotopes data from MAP Hole 3A, only Acarinina
spp. provided continuous 8'*C and 8'30 records through the low carbonate zone (Fig.
4.8). Acarinina spp. showed a gradual decrease in §!3C values within the low carbonate
zone that is similar to bulk sediment. In contrast, oxygen isotopic values are stable and
high in the low carbonate zone and the main negative §'®0 anomaly recorded by
Acarinina spp. occurs at the top of the low carbonate zone (Fig. 4.8). Such step-like
changes observed in TEXgs and bulk sediment and Acarinina spp. 8'*0 records from
Medford cores and confirmed by records from other NJCP sites can be associated either
with: 1) much higher initial sedimentation rates during the PETM onset thus creating
intermediate values in dilution (low carbonate) interval; and/or 2) by indeed two-step

structure of the PETM warming. Stable isotopic measurements from single tests of
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foraminifera from the low carbonate zone are required to further address this issue and

constrain the nature of the PETM onset.

4.5.3 Paleoredox evaluation from trace metals in planktonic and benthic
foraminifera from Medford, NJ

Variations in foraminiferal I/Ca ratios suggest lowered oxygen concentrations on
the New Jersey paleoshelf, but not completely deoxygenated water column during the
PETM. In general, lower I/Ca values recorded by planktonic foraminifera and higher I/Ca
values recorded by benthic foraminifera at the MAP 3A core (Fig. 4.11) can be explained
by higher productivity in the upper water column (lower [I0%*]) and remineralization of
organic matter near at the bottom water (higher [IO*]). The decrease in I/Ca of
Cibicidoides spp. from 16-18 umol/mol to 11 umol/mol associated with the PETM onset
(Fig. 4.11) is interpreted as a decrease in bottom water oxygen concentrations. The lower
I/Ca ratios of 9-11 pmol/mol recorded by 4. acuta within the Marlboro Formation could
represent even less oxygenated bottom waters after the PEMT onset. However, bottom
water did no go fully anoxic, otherwise benthic foraminifera would not detect iodine at
any trace concentrations.

Other trace elemental ratios from foraminifera at the MAP 3A core also suggest
lower oxygen concentrations on the New Jersey paleoshelf during the PETM. Elevated
Fe/Ca and Mn/Ca indicate dysoxic sediments and low oxygen stress even in the
nearshore environments. Development of fluid mud belt, abundant pyrite framboids in
the Marlboro Clay, and a change in benthic foraminiferal assemblage to impoverished,
oligotrophic taxa altogether support the suggested development of dysoxia in sediments

coincident with PETM onset. Moreover, other paleoredox indicators from bulk sediment
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at the Bass River section, NJ (vanadium enrichment and reactive iron concentration) are
along the lines of evidence for transition toward dysoxia on the New Jersey paleoshelf
during the PETM [Chen, 2014].

Changes in productivity are hard to decipherer based on trace elemental
concentrations from foraminiferal calcite in the Medford PETM section. Elevated Nd/Ca
ratio at the MAP 3A core (Fig. 4.12), however, suggest an increased influence of river
discharge [e.g. Goldstein and Jacobsen, 1987]. Different redox signals from the North
Atlantic and Tethyan shelf sections implied eutrophication associated with the riverine
water influx on shelves [e.g., Crouch et al., 2003; Egger et al.., 2003; Gavrilov et al.,
2003; Zachos et al., 2006; John et al., 2008; Aleksandrova and Shcherbinina, 2011;
Schulte et al., 2011; Stassen et al. 2012; 2015; Khozyem et al., 2013; 2015; Shcherbinina
et al., 2016]. The increased surface productivity in its turn would have caused higher
concentrations of organic matter trapped in sediment, whereas sediment dysoxia and
increased rates of mud deposition would have facilitated preservation of organic matter
on the New Jersey paleoshelf. However, none of the NJCP sections showed much
variation in percent of total organic matter in the sediment during the PETM (Fig. 4.S10).
Thus, the eutrophication of the New Jersey paleoshelf associated with the PETM onset is

debatable based on the availbale data.

4.6 Conclusions
Cores drilled at Medford, NJ provide a great potential to study the PETM onset on
the mid-Atlantic shelf at a much higher resolution than in other New Jersey Coastal Plain

(NJCP) sites and elsewhere in the marine realm due to its expanded section of the base of
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the Marlboro Formation. The CIE at MAP sections is associated with input of kaolinitic
clays, a gradual decrease in coarse fraction, and the onset of a low (<1% CaCQO3)
carbonate zone. Foraminifera are rare but well preserved in the onset interval. All
together this implies higher sedimentation rates and dilution of carbonate rather than
dissolution. Thicker sections of the PETM onset at proximal Medford sites and
progressively thinner onset sections in further offshore locations are explained by the
depositional model of fluid mud in series of prograding seaward clinoforms. Thicker
onset sections at Medford suggest higher sedimentation rates in the nearshore locations
than in distal areas corresponding to the initiation of the PETM.

All foraminiferal taxa recorded a ~3.5 %o 8'°C decrease associated with the PETM
onset similar to the bulk sediment CIE, validating the fidelity of the bulk records,
whereas thermocline dwellers and benthic foraminiferal species showed larger 6'%0
decreases compared to surface dwellers. This is consistent with observations from other
NJCP sites interpreted as a change in the water column structure and/or a change in
calcification season of the surface dwellers due to environmental stress [Makarova et al.,
2017]. TEXge-based temperature estimates showed a larger warming (anomaly of 6.2-
8°C) than in foraminiferal tracers that occurred in two step-like increases within the low
carbonate zone. No warming is observed the TEXgs record prior to the CIE onset at
Medford refuting the precursor warming hypothesis.

Trace element analyses showed development of dysoxic conditions on the New
Jersey paleoshelf during the PETM. Decreased benthic foraminiferal I/Ca values in the
Marlboro Formation imply lower oxygen concentration, but not fully anoxic bottom

waters. Higher Nd/Ca ratio within the Marlboro clay supports the increased river
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discharge on shelf associated with the mud deposition. Enhanced riverine input and
attendant eutrophication on the shelf has been suggested from studies of magnetotactic
bacteria [Kopp et al., 2009], but are difficult to validate based on trace elemental ratios

from foraminifera.
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Fig. 4.1. Location map of the PETM sections on the New Jersey coastal plain: Medford,
Wilson Lake, Ancora, Millville, and Bass River. Black solid lines represent projection of
sites onto a dip profile drawn through Medford outcrop and Bass River [Makarova et al.,
2017].
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lithological description

planktonic to benthic foraminifera relative
abundance (P stands for planktonic foraminifera and B for benthic foraminifera)

general description of planktonic and benthic foraminifera assemblages.
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panels — all foraminifera; middle panels — benthic foraminifera; bottom panels —

planktonic foraminifera. Temperature scale is given for a relative change in

tempertature for each species.
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Fig. 4.13. Bulk sediment records (% CaCO3, 8!3C; Podrecca [2018]) and TEXg¢-derived

temperature estimates from MAP 3B core, Medford, NJ. Calibration errors for

TEX"s6 and TEXUg6 are £2.5°C and +4°C, respectively [Kim et al., 2010]. The
CIE onset at the MAP 3B core is shaded in red with top level representing sensu
stricto placement of the CIE onset.
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Supporting figures
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Fig. 4.S1. Medford Auger Project (MAP) holes location and cross section through the dip
line with surface elevation, top and bottom of the Marlboro Formation, containing
kaolinitic clay deposits of the PETM at Medford, NJ [Podrecca, 2018].
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Fig. 4.S3. Clinoform depositional model showing a fluid mud reservoir source bypassing

shallow zones and rapidly building foresets at the rollover point. Overlaying
NIJCP sections from Medford, Wilson Lake, Millville, and Bass River support

variation in CIE preservation between sites [Podrecca, 2018].
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Fig. 4.S4. Correlation of bulk sediment 8'3C records from Medford MAP 3A and 3B
[Podrecca, 2018], Wilson Lake B [Wright and Schaller, 2013], Millville [ Wright
and Schaller, 2013; Makarova et al., 2017], and Bass River [Kent et al., 2003;
John et al., 2008] New Jersey coastal plain cores leveled to the base of low (<1%)
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reconstruction during the latest Paleocene (c). Spherules counts per gram from
Wilson Lake B and Millville are from Schaller et al. [2016].
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Fig. 4.S6. Scanning electron microscopy (SEM) and optical photographs of planktonic
foraminifera from low carbonate (<1% CaCO3) zone in MAP 3A core at Medford,
NJ. Scale bar is 100 pm. Quotation marks indicate depths from core catcher.
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Fig. 4.S6. Cont.



176

55.75 ft 55.75 ft 55.75 ft 55.75 ft 55.75 ft

Subbotina Acarinina Subbotina Acarinina Morozovella

Fig. 4.S6. Cont.
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Fig. 4.S7. Scanning electron microscopy (SEM) and optical photographs of malformed
tests of planktonic foraminifera with abnormal chamber morphology or abnormal
additional chambers from MAP 3A core at Medford, NJ. Scale bar is 100 um.
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Fig. 4.S8. Scanning electron microscopy (SEM) and optical photographs of benthic
foraminifera with pyrite coatings and filling from MAP 3A core at Medford, NJ.
Scale bar is 100 um.
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sites during the PETM.
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Fig. 4.S10. Percent total organic carbon (TOC) at Bass River [John et al., 2008], Wilson
Lake A [Zachos et al., 2006], and Millville [Kopp et al., 2009; this study] New

Jersey coastal plain sites during the PETM.
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4.10 Tables

Table 4.1. Percent coarse (>63 um) fraction at MAP 3A, 3B, and 5A, Medford, NJ. Table
includes modified for core expansion depths (mcd). Samples from the core
expansion are marked in quotes.

Top (ft) Bottom (ft) Mean depth (ft) Mcd (ft) Mcd (m) Fraction > 63um (%)

MAP 3A
46.00 46.10 46.05 46.05 14.04 65.0
47.00 47.10 47.05 47.05 14.34 68.9
47.95 48.05 48.00 48.00 14.63 71.5
50.10 50.20 50.15 50.14 15.28 96.7
51.00 51.10 51.05 50.98 15.54 1.1
52.00 52.10 52.05 51.92 15.82 0.6
53.00 53.10 53.05 52.85 16.11 0.9
54.00 54.10 54.05 53.79 16.39 1.6
54.50 54.57 54.54 54.24 16.53 12.1
54.70 54.80 54.75 54.44 16.59 17.3
54.83 54.90 54.87 54.55 16.63 24.0
54.93 55.00 54.97 54.64 16.65 19.3
"55.12" "55.20" 55.16 54.82 16.71 20.6
55.10 55.17 55.14 55.14 16.81 56.7
55.30 55.37 55.34 55.34 16.87 65.8
55.55 55.62 55.59 55.59 16.94 67.5
55.75 55.82 55.79 55.79 17.00 75.2
56.00 56.10 56.05 56.05 17.08 65.2
56.50 56.57 56.54 56.54 17.23 68.8
57.00 57.10 57.05 57.05 17.39 60.5
57.19 57.26 57.23 57.23 17.44 70.3
57.35 5741 57.38 57.38 17.49 64.6
57.50 57.57 57.54 57.54 17.54 56.9
58.00 58.10 58.05 58.05 17.69 74.7
59.00 59.10 59.05 59.05 18.00 77.8
MAP 3B
47.20 47.27 47.24 47.24 14.40 73.6
47.70 47.77 47.74 47.74 14.55 1.2
48.23 48.30 48.27 48.27 14.71 0.6
48.70 48.77 48.74 48.74 14.85 1.7
49.20 49.27 49.24 49.24 15.01 0.5
49.70 49.77 49.74 49.74 15.16 0.5
50.20 50.27 50.24 50.24 15.31 0.9
50.70 50.77 50.74 50.74 15.46 0.7
51.20 51.27 51.24 51.24 15.62 42
52.20 52.27 52.24 52.22 15.92 1.2
53.20 53.27 53.24 53.18 16.21 2.0
53.70 53.77 53.74 53.65 16.35 23
54.20 54.27 54.24 54.13 16.50 9.1
54.70 54.77 54.74 54.60 16.64 19.5
54.95 55.02 54.99 54.84 16.72 26.5
55.20 55.27 55.24 55.08 16.79 36.0
55.45 55.52 55.49 55.32 16.86 50.8
55.70 55.77 55.74 55.56 16.93 60.7
56.30 56.37 56.34 56.13 17.11 68.6
56.70 56.77 56.74 56.51 17.22 71.8
"57.10" "57.17" 57.14 56.90 17.34 66.7

57.20 57.27 57.24 57.24 17.45 55.5



57.40 57.47 57.44 57.44 17.51 61.6
57.60 57.67 57.64 57.64 17.57 64.5
57.80 57.87 57.84 57.84 17.63 63.5
58.40 58.47 58.44 58.44 17.81 72.7
59.00 59.07 59.04 59.04 17.99 81.1
60.00 60.07 60.04 60.04 18.30 78.1
MAP 5A
15.25 15.32 15.29 15.29 4.66 62.6
15.55 15.62 15.59 15.59 4.75 60.4
15.75 15.82 15.79 15.79 4.81 65.4
16.15 16.22 16.19 16.19 493 75.1
16.35 16.42 16.39 16.39 4.99 80.2
16.55 16.62 16.59 16.59 5.06 77.3
16.75 16.82 16.79 16.79 5.12 74.3
16.95 17.02 16.99 16.99 5.18 74.8
17.15 17.22 17.19 17.19 5.24 73.8
17.35 17.42 17.39 17.39 5.30 72.2
17.55 17.62 17.59 17.59 5.36 72.0
17.80 17.87 17.84 17.84 5.44 0.6
18.00 18.07 18.04 18.04 5.50 0.2
18.20 18.27 18.24 18.24 5.56 0.4
18.40 18.47 18.44 18.44 5.62 0.5
20.10 20.17 20.14 20.13 6.14 0.6
20.30 20.37 20.34 20.32 6.19 0.6
20.45 20.52 20.49 20.46 6.24 0.5
20.70 20.77 20.74 20.70 6.31 0.6
20.90 20.97 20.94 20.89 6.37 0.4
21.10 21.17 21.14 21.09 6.43 0.6
21.30 21.37 21.34 21.28 6.49 0.3
21.45 21.52 21.49 21.42 6.53 0.2
21.70 21.80 21.75 21.67 6.61 0.7
21.90 22.00 21.95 21.87 6.66 0.3
22.10 22.18 22.14 22.05 6.72 0.6
22.30 22.37 22.34 22.23 6.78 0.8
22.50 22.57 22.54 22.43 6.84 0.9
22.70 22.77 22.74 22.62 6.89 1.2
22.90 22.97 22.94 22.81 6.95 0.5
23.10 23.17 23.14 23.00 7.01 0.7
23.30 23.37 23.34 23.19 7.07 0.7
23.50 23.57 23.54 23.38 7.13 0.8
23.70 23.77 23.74 23.57 7.19 0.9
23.90 23.97 23.94 23.77 7.24 0.6
24.10 24.17 24.14 23.96 7.30 0.6
24.30 24.37 24.34 24.15 7.36 0.8
24.50 24.57 24.54 24.34 7.42 0.8
24.70 24.77 24.74 24.53 7.48 0.7
24.90 24.97 24.94 24.72 7.54 0.9
25.20 25.27 25.24 25.23 7.69 2.4
25.40 25.47 25.44 25.42 7.75 23
25.60 25.67 25.64 25.61 7.81 7.7
25.80 25.87 25.84 25.80 7.86 43
26.00 26.07 26.04 26.00 7.92 59
26.20 26.27 26.24 26.19 7.98 15.5
26.40 26.47 26.44 26.38 8.04 223
26.60 26.67 26.64 26.57 8.10 27.6
26.80 26.87 26.84 26.76 8.16 31.1
27.00 27.07 27.04 26.96 8.22 30.2
27.20 27.27 27.24 27.15 8.28 52.0
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27.40
27.60
27.80
28.00
28.20
28.40
28.60
28.80
29.00
29.20
29.40
29.60
29.80

2747
27.67
27.87
28.07
28.27
28.47
28.67
28.87
29.07
29.27
29.47
29.67
29.87

27.44
27.64
27.84
28.04
28.24
28.44
28.64
28.84
29.04
29.24
29.44
29.64
29.84

27.34
27.53
27.73
2792
28.11
28.30
28.50
28.69
28.88
29.07
29.26
29.46
29.65

8.33
8.39
8.45
8.51
8.57
8.63
8.69
8.74
8.80
8.86
8.92
8.98
9.04

66.0
66.4
71.2
75.0
76.0
80.6
76.6
65.2
73.9
72.2
72.6
70.2
69.9
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Table 4.2. Stable isotopic values measured in multi-specimen samples of planktonic and
benthic foraminifera at MAP 3A, Medford, NJ. Table includes modified for core
expansion depths (mcd). Samples from the core expansion are marked in quotes.

Top Bottom Mean depth Mcd Mcd Species 4 Size fraction 3¢ 30
(ft) (ft) (ft) (ft) (m) (pm) (%o) (%o)
46.00 46.10 46.05 46.05 14.04 M. aequa 3 250-300 2.37 -3.83
47.00 47.10 47.05 47.05 14.34 M. aequa 3 250-300 1.97 -2.44
47.00 47.10 47.05 47.05 14.34 M. acuta 4 212-250 1.80 -4.10
51.00 51.10 51.05 50.98 15.54 M. acuta 3 250-300 -0.11 -4.09
52.00 52.10 52.05 51.92 15.82 M. acuta 3 250-300 -0.36 -4.17
52.00 52.10 52.05 51.92 15.82 M. aequa 2 212-250 -0.65 -4.28
53.00 53.10 53.05 52.85 16.11 M. acuta 4 250-300 -0.40 -3.70
54.00 54.10 54.05 53.79 16.39 M. acuta 4 250-300 -0.51 -3.92
54.50 54.57 54.54 54.24 16.53 M. acuta 4 250-300 -0.63 -3.73
54.70 54.80 54.75 54.44 16.59 M. acuta 4 250-300 -0.27 -4.19
54.83 54.90 54.87 54.55 16.63 M. acuta 3 250-300 -0.45 -3.55
54.93 55.00 54.97 5464  16.65 i’él:fzzn(fl)v (]M) 3 250-300 035 342
"55.12" "55.20" 55.16 54.82 16.71 M. acuta 3 250-300 -2.03 -3.39
57.00 57.10 57.05 57.05 17.39 M. aequa 2 250-300 2.49 -3.00
58.00 58.10 58.05 58.05 17.69 M. acuta 3 212-250 2.63 -3.47
46.00 46.10 46.05 46.05 14.04 Acarinina spp. 3 250-300 2.57 -3.32
47.00 47.10 47.05 47.05 14.34 Acarinina spp. 3 250-300 2.25 -2.96

A. soldadoensis
51.00 51.10 51.05 50.98 15.54 (2), A. angulosa 4 250-300 -0.76 -3.60

)

A. soldadoensis

52.00 52.10 52.05 51.92 15.82 (3), A. angulosa 4 250-300 -0.37 -3.35
(1)

53.00 53.10 53.05 52.85 16.11 A. soldadoensis 4 250-300 -0.75 -3.57
54.00 54.10 54.05 53.79 16.39 A. soldadoensis 4 250-300 -0.89 -3.68
54.50 54.57 54.54 54.24 16.53 A. soldadoensis 3 250-300 -0.36 -3.11
54.70 54.80 54.75 54.44 16.59 A. soldadoensis 4 250-300 -0.70 -3.02
54.83 54.90 54.87 54.55 16.63 A. soldadoensis 3 250-300 -0.51 -3.34
54.93 55.00 54.97 54.64 16.65 A. soldadoensis 3 250-300 -0.92 -3.06
"55.12" "55.20" 55.16 54.82 16.71 Acarinina spp. 3 250-300 -1.39 -2.84

A. soldadoensis,
55.10 55.17 55.14 55.14 16.81 ang.ulosa,. 3 2251(;__32%%((12))’ -1.25 -2.42

coalingensis
55.30 55.37 55.34 55.34 16.87 A. soldadoensis 2 250-300 -1.22 -2.69
55.55 55.62 55.59 55.59 16.94 Acarinina spp. 3 250-300 -1.70 -2.48
55.75 55.82 55.79 55.79 17.00 Acarinina spp. 3 250-300 -0.36 -2.46
56.00 56.10 56.05 56.05 17.08 A. soldadoensis 4 250-300 -0.44 -2.77
56.50 56.57 56.54 56.54 17.23 Acarinina spp. 2 250-300 1.44 -3.18
57.00 57.10 57.05 57.05 17.39 Acarinina spp. 3 212-250 0.76 -2.85
58.00 58.10 58.05 58.05 17.69 Acarinina spp. 3 250-300 (1), 2.23 -2.97
212-250 (2)

46.00 46.10 46.05 46.05 14.04 S. roesnaesensis 3 250-300 0.89 -2.41
47.00 47.10 47.05 47.05 14.34 S. roesnaesensis 4 250-300 0.13 -2.00
50.10 50.20 50.15 50.14 15.28 Subbotina spp. 3 212-250 -0.56 -2.04
51.00 51.10 51.05 50.98 15.54 Subbotina spp. 3 250-300 -1.87 -3.86
52.00 52.10 52.05 51.92 15.82 S. roesnaesensis 4 250-300 -2.01 -3.65
53.00 53.10 53.05 52.85 16.11 S. roesnaesensis 4 250-300 -2.21 -3.49
54.00 54.10 54.05 53.79 16.39 Subbotina spp. 4 250-300 -2.22 -3.45
54.50 54.57 54.54 54.24 16.53 Subbotina spp. 3 250-300 -2.44 -3.28
54.70 54.80 54.75 54.44 16.59 Subbotina spp. 3 250-300 -2.13 -3.56
54.83 54.90 54.87 54.55 16.63 Subbotina spp. 3 250-300 -2.30 =311
54.93 55.00 54.97 54.64 16.65 Subbotina spp. 2 250-300 -2.53 -3.58
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"55.12"  "5520" 55.16 5482 1671 S roesnaesensis 3 250-300 257 283
55.10 55.17 55.14 5514 1681 S roesnaesensis 2 250-300 0.17 -1.95
56.50 56.57 56.54 56.54 1723 Subbotina spp. 3 250-300 0.86 -1.96
57.00 57.10 57.05 5705 1739  Subbotina spp. 2 250-300 0.16 233
58.00 58.10 58.05 5805  17.69  Subbotina spp. 3 250-300 0.63 254
59.00 59.10 59.05 59.05  18.00  Subbotina spp. 3 212-250 0.77 -1.56
46.00 46.10 46.05 46.05  14.04 C. howelli 3 212-250 2040 124
47.00 47.10 47.05 47.05 1434 C. howelli 3 250-300 1049 4120
47.95 48.05 48.00 48.00  14.63 C. howelli 4 212-250 4120 131
50.10 50.20 50.15 5014 1528 C. howelli 2 250-300 078 -1.51
55.75 55.82 55.79 5579 17.00 C. alleni 3 250-300 174 -1.51
56.00 56.10 56.05 5605  17.08 C. alleni 4 212-250 -0.53 159
56.50 56.57 56.54 56.54 1723 C. succedens 2 250-300 0.08 130
57.00 57.10 57.05 57.05 1739 C. alleni 4 250-300 0.67 138
58.00 58.10 58.05 5805  17.69 C. succedens 3 250-300 048 128
59.00 59.10 59.05 5905 18.00 C. alleni 3 250-300 1049 -1.01
46.00 4610 46.05 46.05  14.04 A”(’m;;l;”o’d“ 3 212-250 145 4133
47.00 47.10 47.05 4705 1434 A”(’m;;l;”o’d“ 4 212-250 -1.80 2131
4795 48.05 48.00 4800  14.63 A”(’m;;l;’fo’d“ 2115%2251% ((12)) 089 -1.01
51.00 51.10 51.05 5098  15.54 A. acuta 9 150-212 3.17 3.44
52.00 52.10 52.05 5192 15.82 A. acuta 8 150-212 3.18 330
53.00 53.10 53.05 5285  16.11 A. acuta 10 150-212 328 323
54.00 54.10 54.05 5379 1639 A. acuta 10 150-212 323 -3.13
54.50 54.57 54.54 5424 1653 A. acuta 8 150-212 327 -3.04
54.70 54.80 54.75 5444 1659 A. acuta 3 212-250 3.46 326
54.70 54.80 54.75 5444 1659 A. acuta 9 150-212 342 -3.05
54.83 54.90 54.87 5455 16.63 A. acuta 8 150-212 3.40 3.09
54.93 55.00 54.97 5464 1665 A. acuta 8 150-212 335 296

"55.12"  "5520" 55.16 5482 16.71 A. acuta 7 150-212 3.84 2.90
55.10 55.17 55.14 5514 1681 A. acuta 8 150-212 -3.45 274
55.10 55.17 55.14 5514 16.81 A. acuta 7 150-212 3.49 275
55.30 5537 55.34 5534 16.87 Anom;;l;”o’des 3 212-250 3.87 2.50
55.55 55.62 55.59 5559  16.94 A”(’m;;l;”o’d“ 4 212-250 3.78 242
56.00 56.10 56.05 56.05  17.08 A”(’m;;l;”o’d“ 3 212-250 3.28 230
57.00 57.10 57.05 57.05 1739 Anom;;l;”o’des 4 150-212 -1.40 2.03
58.00 58.10 58.05 5805  17.69  Anomalinoides 2 212-250 -1.67 -1.80

Spp.
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Table 4.3. Stable isotopic values measured in single specimens of planktonic and benthic

foraminifera at MAP 3A, Medford, NJ. Table includes modified for core

expansion depths (mcd).

Top Bottom Mean depth Mcd Mcd Species 4 Size fraction 3¢ 30
(ft) (ft) (ft) (ft) (m) (um) (%0) (%0)
50.10 50.20 50.15 50.14 15.28 M. aequa 1 212-250 238 325
52.00 52.10 52.05 51.92 15.82 M. acuta 1 212-250 0.00 -3.93
52.00 52.10 52.05 51.92 15.82 M. acuta 1 212-250 -0.34 -4.19
52.00 52.10 52.05 51.92 15.82 M. acuta 1 212-250 -0.85 -3.54
52.00 52.10 52.05 51.92 15.82 M. acuta 1 212-250 -0.66 -3.38
53.00 53.10 53.05 52.85 16.11 M. acuta 1 212-250 0.33 -3.40
53.00 53.10 53.05 52.85 16.11 M. acuta 1 212-250 0.02 -3.69
53.00 53.10 53.05 52.85 16.11 M. acuta 1 212-250 -0.63 -4.54
53.00 53.10 53.05 52.85 16.11 M. acuta 1 212-250 0.22 3.75
54.00 54.10 54.05 53.79 16.39 M. acuta 1 212-250 0.54 -4.16
54.00 54.10 54.05 53.79 16.39 M. acuta 1 212-250 -0.52 3.17
54.00 54.10 54.05 53.79 16.39 M. acuta 1 212-250 0.02 -3.80
54.00 54.10 54.05 53.79 16.39 M. acuta 1 212-250 0.06 -3.38
54.00 54.10 54.05 53.79 16.39 M. acuta 1 212-250 -0.02 -3.97
54.70 54.80 54.75 54.44 16.59 M. acuta 1 212-250 -0.95 -3.35
54.70 54.80 54.75 54.44 16.59 M. acuta 1 212-250 -1.35 3.25
54.70 54.80 54.75 54.44 16.59 M. acuta 1 212-250 -0.81 -3.20
56.50 56.57 56.54 56.54 17.23 M. aequa 1 >300 4.03 -2.35
57.00 57.10 57.05 57.05 17.39 M. aequa 1 212-250 2.61 -2.73
57.00 57.10 57.05 57.05 17.39 M. aequa 1 212-250 1.81 251
51.00 51.10 51.05 50.98 15.54 A. soldadoensis 1 212-250 -1.57 326
51.00 51.10 51.05 50.98 15.54 A. soldadoensis 1 212-250 -1.28 3.12
51.00 51.10 51.05 50.98 15.54 A. soldadoensis 1 212-250 027 3.63
51.00 51.10 51.05 50.98 15.54 A. soldadoensis 1 212-250 -1.12 3.64
52.00 52.10 52.05 51.92 15.82 A. soldadoensis 1 212-250 -0.85 351
52.00 52.10 52.05 51.92 15.82 A. soldadoensis 1 212-250 -0.74 -4.18
52.00 52.10 52.05 51.92 15.82 A. soldadoensis 1 212-250 -1.89 -4.05
52.00 52.10 52.05 51.92 15.82 A. soldadoensis 1 212-250 -1.11 347
52.00 52.10 52.05 51.92 15.82 A. soldadoensis 1 212-250 -1.20 330
53.00 53.10 53.05 52.85 16.11 A. soldadoensis 1 212-250 -0.54 3.17
53.00 53.10 53.05 52.85 16.11 A. soldadoensis 1 212-250 -0.69 335
53.00 53.10 53.05 52.85 16.11 A. soldadoensis 1 212-250 -0.76 -3.52
53.00 53.10 53.05 52.85 16.11 A. soldadoensis 1 212-250 -0.48 3.54
54.00 54.10 54.05 53.79 16.39 A. soldadoensis 1 212-250 -1.17 361
54.00 54.10 54.05 53.79 16.39 A. soldadoensis 1 212-250 -0.94 4.08
54.00 54.10 54.05 53.79 16.39 A. soldadoensis 1 212-250 -1.24 392
54.00 54.10 54.05 53.79 16.39 A. soldadoensis 1 212-250 -0.58 327
54.70 54.80 54.75 54.44 16.59 A. soldadoensis 1 212-250 -1.34 -3.38
54.70 54.80 54.75 54.44 16.59 A. soldadoensis 1 212-250 2.01 3.63
54.70 54.80 54.75 54.44 16.59 A. soldadoensis 1 212-250 -1.86 -4.05
54.70 54.80 54.75 54.44 16.59 A. soldadoensis 1 212-250 -1.45 3.57
54.70 54.80 54.75 54.44 16.59 A. soldadoensis 1 212-250 -1.40 345
56.00 56.10 56.05 56.05 17.08 Acarinina sp. 1 212-250 1.30 -2.30
57.00 57.10 57.05 57.05 17.39 A. soldadoensis 1 212-250 1.20 3011
51.00 51.10 51.05 50.98 15.54 S. roesnaesensis 1 212-250 -1.75 -3.53
51.00 51.10 51.05 50.98 15.54 S. roesnaesensis 1 212-250 -1.48 348
51.00 51.10 51.05 50.98 15.54 S. roesnaesensis 1 212-250 -2.30 4.63
51.00 51.10 51.05 50.98 15.54 S. roesnaesensis 1 212-250 -1.63 348
51.00 51.10 51.05 50.98 15.54 S. roesnaesensis 1 212-250 -1.30 -3.81
52.00 52.10 52.05 51.92 15.82 S. roesnaesensis 1 212-250 -2.40 -3.84
52.00 52.10 52.05 51.92 15.82 S. roesnaesensis 1 212-250 2.02 -3.80
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52.00 52.10 52.05 51.92 15.82 S. roesnaesensis 1 212-250 217 -3.83
52.00 52.10 52.05 51.92 15.82 S. roesnaesensis 1 212-250 -2.26 -4.19
52.00 52.10 52.05 51.92 15.82 S. roesnaesensis 1 212-250 2.08 -3.60
53.00 53.10 53.05 52.85 16.11 S. roesnaesensis 1 212-250 2.04 345
53.00 53.10 53.05 52.85 16.11 S. roesnaesensis 1 212-250 -1.97 -3.44
53.00 53.10 53.05 52.85 16.11 S. roesnaesensis 1 212-250 255 -3.69
53.00 53.10 53.05 52.85 16.11 S. roesnaesensis 1 212-250 224 -4.02
54.00 54.10 54.05 53.79 16.39 S. roesnaesensis 1 212-250 -2.66 -3.28
54.00 54.10 54.05 53.79 16.39 S. roesnaesensis 1 212-250 231 342
54.00 54.10 54.05 53.79 16.39 S. roesnaesensis 1 212-250 2.63 -3.62
54.00 54.10 54.05 53.79 16.39 S. roesnaesensis 1 212-250 2.82 -3.64
54.70 54.80 54.75 54.44 16.59 S. roesnaesensis 1 212-250 2.76 -3.98
54.70 54.80 54.75 54.44 16.59 S. roesnaesensis 1 212-250 2.63 373
54.70 54.80 54.75 54.44 16.59 S. roesnaesensis 1 212-250 -2.20 -3.72
55.75 55.82 55.79 55.79 17.00 Subbotina sp. 1 250-300 0.86 -0.94
57.00 57.10 57.05 57.05 17.39 Subbotina sp. 1 212-250 0.75 -3.09
57.00 57.10 57.05 57.05 17.39 Subbotina sp. 1 212-250 -0.03 358
57.00 57.10 57.05 57.05 17.39 Subbotina sp. 1 212-250 0.74 2.60
57.00 57.10 57.05 57.05 17.39 Subbotina sp. 1 212-250 0.64 -1.92
57.00 57.10 57.05 57.05 17.39 Subbotina sp. 1 212-250 0.14 -1.59
52.00 52.10 52.05 51.92 15.82 A. acuta 1 150-212 -3.20 -3.33
52.00 52.10 52.05 51.92 15.82 A. acuta 1 150-212 2.87 -3.56
52.00 52.10 52.05 51.92 15.82 A. acuta 1 150-212 2.58 -3.06
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Table 4.4. Trace elemental ratios in planktonic and benthic foraminifera at the MAP 3A
core, Medford, NJ. Table includes modified for core expansion depths (mcd).

Samples from the core expansion are marked in quotes.

Mean
Bottom Mcd Mcd . . Mg25
Top (ft) (ft) dz:g;h (f) (m) Species #, Size (um) 1Cad3
46.00 46.10 46.05 46.05 14.04 M. acuta 7x212, 50(?)x150 3.89
4>300, 2x250,
47.00 47.10 47.05 47.05 14.34 M. aequa 302212 3.17
51.00 51.10 51.05 50.98 15.54 M. acuta 6x250, 38x212 3.86
5200 5210 5205 5192 1582 M. acuta, velascoensis > X25105’X31°5’6212’ 378
53.00 53.10 53.05 52.85 16.11 M. acuta, velascoensis 18x250, 40x212 3.77
54.00 54.10 54.05 53.79 16.39 M. acuta, velascoensis 12x250, 40x212 3.87
54.50 54.57 54.54 54.24 16.53 M. acuta, velascoensis 30x250, 10x212 3.75
54.70 54.80 54.75 54.44 16.59 M.acuta, velascoensis 9x250, 39x212 3.87
54.83 54.90 54.87 54.55 16.63 M. acuta, velascoensis 17x212, 60x150 4.11
54.93 55.00 54.97 54.64 16.65 M. acuta, velascoensis 8x212, 20x150 428
46.00 46.10 46.05 46.05 14.04  Acarinina spp., mostly soldadoensis 2>34(1)(());;25;(2250, 342
L . 1>200, 4x250,
47.00 47.10 47.05 47.05 14.34  Acarinina spp., mostly soldadoensis 58(7)x212 3.08
51.00 51.10 51.05 50.98 15.54 A. soldadoensis 5>300, 30x250 3.14
5200 5210 5205 5192 1582 A. soldadoensis 10x250, 15x212, 3.17
25x150
53.00 53.10 53.05 52.85 16.11 A. soldadoensis 25x250,20x212 3.40
54.00 54.10 54.05 53.79 16.39 A. esnehnsis 7x250, 20x212, 3.70
20x150
54.50 54.57 54.54 54.24 16.53  Acarinina spp., mostly soldadoensis 20x250, 30x212 3.59
54.70 54.80 54.75 54.44 16.59 Acarinina spp. 9x250, 40x212 3.48
. 5>300, 16x250,
54.83 54.90 54.87 54.55 16.63 mostlly 4. soldadoensis 25x212, 20x150 3.28
mostlly 4. soldadoensis, A. 2>300, 2x250,
>4.93 3300 >4.97 >4.64 16.65 esnehensis 15x212, 40x150 3.26
w55 1o ns5 0 5516 5480 16.71 mostlly 4. soldad.oenszs, A. 4x250, 5x212, 349
esnehensis 28x150
57.00 57.10 57.05 57.05 17.39 mostlly 4. soldadoensis 10x212, 45x150 2.94
L 2x250, 18x212,
58.00 58.10 58.05 58.05 17.69 Acarinina spp. 36x150 3.16
. 1>300, 11x250,
46.00 46.10 46.05 46.05 14.04 Subbotina spp. 20x212 3.23
47.00 47.10 47.05 47.05 14.34 Subbotina spp. 6x250, 42x212 2.93
51.00 51.10 51.05 50.98 15.54 Subbotina spp. 48x150 3.87
52.00 52.10 52.05 51.92 15.82 Subbotina spp. 7x250, 40x212 3.62
53.00 53.10 53.05 52.85 16.11 Subbotina spp. 12x250, 40x212 4.02
54.00 54.10 54.05 53.79 16.39 Subbotina spp. 5x212, 70x150 4.19
54.50 54.57 54.54 54.24 16.53 Subbotina spp. 7x212, 59x150 4.24
54.70 54.80 54.75 54.44 16.59 Subbotina spp. 16x250, 30x212 426
54.83 54.90 54.87 54.55 16.63 Subbotina spp. 2x250,13x212, 3.97
55x150
54.93 55.00 54.97 54.64 16.65 Subbotina spp. 4x212, 60x150 4.05
"55.12"  "55.20" 55.16 54.82 16.71 Subbotina spp. 10x212, 42x150 3.71
57.00 57.10 57.05 57.05 17.39 Subbotina spp. 18x212, 60x150 3.20
) 6x250, 19x212,
58.00 58.10 58.05 58.05 17.69 Subbotina spp. 35%150 3.20
46.00 46.10 46.05 46.05 14.04 C. alleni, C. howelli 5x250, 31x212 3.19
47.00 47.10 47.05 47.05 14.34 C. alleni, C. howelli 2.300, 2x250, 38x212 3.31
. . 2x250, 14x212, 30
47.95 48.05 48.00 48.00 14.63 C. alleni, C. howelli (407)x150 2.79
50.10 50.20 50.15 50.14 15.28 mostly C. howelli, C. alleni §>300, 1x250, 3.22

6x212,30x150
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5700 5710  57.05  57.05  17.39 C. howelli (mosty), C. alleni 50x212, 30x150 3.18
5800  58.10 5805 5805  17.69 C. alleni (mostly), C. howelli 5"21%’)(235’6212’ 3.37
5900  59.10  59.05  59.05  18.00 C. alleni (mostly), C. howelli 3 x256(()),le(;>(<)212, 3.64
46: 1x250, 7x212,
46.00 47.10 46.55 46.55 14.19 Anomalinoides spp. 8x150; 47: 1x250, 2.28
12x212, 15x150
5100 5110  51.05 5098  15.54 A. acuta 80x150 4.47
53.00 5310  53.05 5285  16.11 A. acuta 70x150 434
5400 5410 5405 5379 1639 A. acuta 70x150 3.98
5450 5457 5454 5424 1653 A. acuta 70x150 3.82
5470 5480 5475 5444 16.59 A. acuta 80x150 3.80
5483 5490 5487 5455  16.63 A. acuta 70x150 3.66
5493 5500 5497 5464 1665 A. acuta 70x151 3.55
5512 "5520"  55.16 5482 1671 A. acuta 67x150 3.69
5510 5537 5524 5524 16.84 A. acuta 35.10: 30x150; 3.34

55.30: 40x150
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Mcd (ft) Species Mn55/Ca43  1127/Ca43  Nd143/Ca43 U238/Ca43 Fe56/Ca43
46.05 M. acuta 232.89 0.83 1.03 97.90 1054.06
47.05 M. aequa 181.56 -0.64 0.71 70.19 509.39
50.98 M. acuta 594.18 -1.27 5.25 50.54 523.57
51.92 M. acuta, velascoensis 783.72 -0.42 5.89 67.40 695.11
52.85 M. acuta, velascoensis 759.40 0.12 6.72 82.20 595.38
53.79 M. acuta, velascoensis 715.18 0.11 5.76 80.84 988.60
54.24 M. acuta, velascoensis 776.24 0.05 4.81 88.52 1768.40
54.44 M.acuta, velascoensis 690.14 -0.06 4.55 94 .88 1170.80
54.55 M. acuta, velascoensis 861.09 -0.17 5.56 138.95 3662.97
54.64 M. acuta, velascoensis 841.48 0.60 5.36 137.18 4158.99
46.05 Acarinina spp., mostly soldadoensis 144.17 0.23 0.43 60.78 493.33
47.05 Acarinina spp., mostly soldadoensis 155.52 -0.41 0.51 55.76 546.54
50.98 A. soldadoensis 452.17 0.07 4.20 57.65 645.69
51.92 A. soldadoensis 461.86 -0.46 5.80 60.28 905.43
52.85 A. soldadoensis 474.86 -0.03 4.91 67.57 826.05
53.79 A. esnehnsis 619.68 -0.09 5.44 82.57 781.11
54.24 Acarinina spp., mostly soldadoensis 598.78 -0.02 4.07 74.63 1178.72
54.44 Acarinina spp. 463.26 -0.56 3.87 82.72 1437.77
54.55 mostlly 4. soldadoensis 620.66 0.05 5.29 114.00 874.33
54.64 mostlly 4. soldadoensis, A. esnehensis 507.20 -0.28 4.02 98.94 3147.02
54.82 mostlly 4. soldadoensis, A. esnehensis 408.57 -1.81 3.10 88.98 1407.41
57.05 mostlly 4. soldadoensis 206.27 -4.32 1.45 68.54 1843.32
58.05 Acarinina spp. 269.53 0.39 1.16 68.92 1162.92
46.05 Subbotina spp. 187.09 0.42 0.67 73.43 318.10
47.05 Subbotina spp. 187.43 0.22 0.92 62.43 539.18
50.98 Subbotina spp. 442.78 1.40 4.11 49.77 1476.80
51.92 Subbotina spp. 522.60 0.12 4.58 55.30 588.87
52.85 Subbotina spp. 495.18 0.37 4.40 52.89 795.52
53.79 Subbotina spp. 846.00 0.75 6.98 98.36 1419.39
54.24 Subbotina spp. 881.74 0.65 5.80 99.57 1423.30
54.44 Subbotina spp. 654.54 0.28 4.26 87.30 1173.08
54.55 Subbotina spp. 742.64 0.08 4.61 95.83 1928.30
54.64 Subbotina spp. 639.50 -0.45 4.34 97.18 1576.60
54.82 Subbotina spp. 629.29 -2.83 3.37 103.75 3283.73
57.05 Subbotina spp. 261.69 -0.22 1.58 73.77 1486.15
58.05 Subbotina spp. 265.89 0.59 1.06 56.68 762.61
46.05 C. alleni, C. howelli 201.05 17.60 0.73 85.38 479.58
47.05 C. alleni, C. howelli 267.57 20.02 1.03 95.44 651.96
48.00 C. alleni, C. howelli 146.38 16.74 223 104.27 592.41
50.14 mostly C. howelli, C. alleni 386.06 19.20 0.92 75.80 487.07
57.05 C. howelli (mosty), C. alleni 467.34 19.52 2.40 112.99 1082.02
58.05 C. alleni (mostly), C. howelli 462.03 11.82 1.18 62.66 794.30
59.05 C. alleni (mostly), C. howelli 430.81 10.72 1.44 96.99 1601.23
46.55 Anomalinoides spp. 25532 17.60 0.92 97.87 1176.15
50.98 A. acuta 715.27 17.29 6.84 48.69 903.74
52.85 A. acuta 675.39 17.78 6.51 55.37 2192.41
53.79 A. acuta 748.55 17.44 6.06 62.25 3313.15
54.24 A. acuta 649.01 16.93 4.08 64.71 3176.93
54.44 A. acuta 622.34 16.32 4.16 61.05 3179.36
54.55 A. acuta 750.99 18.75 5.76 106.51 4592.80
54.64 A. acuta 661.14 17.46 7.03 95.59 4410.25
54.82 A. acuta 625.87 17.18 4.37 89.07 2464.97
55.24 A. acuta 499.26 15.69 2.37 96.33 1109.82




191

Table 4.5. GDGT abundances and TEX3gs estimated temperatures [Kim et al., 2010] from

the MAP 3B core at Medford, NJ. Table includes modified for core expansion

depths (mcd).

{f(?)) B(Etftt())m Mea?fgepth 1\(/[f:)cl 1}41;;1 m/z 1302 1%20 II;{)ZS II;{)ZG m'z 1292
4607 46.15 46.11 46.11  14.05 13269340 5385307 6690966 3206105 4914781
4713 4720 47.17 4717 1438 8424596 3416303 4367901 2077540 3075529
4803  48.10 48.07 4807 14.65 1941759 913449 2871290 1010788 6592713
4899  49.06 49.03 4903 1494 3054912 1042977 3132958 1212528 7568874
4999  50.05 50.02 5002 1525 2486119 1104122 3522998 1367654 8300755
5098  51.05 51.02 51.02 1555 2783317 1386234 4313546 1665680 10173581
5213 5220 52.17 5216 1590 2661881 1140066 3508255 1348560 7627030
5299 53.06 53.03 5298 16.15 2258522 1015117 3051972 1190677 6888301
5325 5332 53.29 5322 1622 3767997 1521748 4578094 1839277 10373064
5350  53.55 53.53 5345 1629 2111591 930764 2991796 1191482 6946424
5377 53.82 53.80 5371 1637 3633333 1509269 4589582 1805779 9885073
5400  54.07 54.04 53.94 1644 4252961 1797979 5516539 2204408 11993736
5425 5430 54.28 5417 1651 2898724 1274412 3918036 1522296 8263512
5451 54.56 54.54 5441 1659 2972691 1393436 4324054 1750996 9720939
5476 54.80 5478 5465 16.66 2689639 1166310 3247536 1362109 6437672
5503 55.07 55.05 5490 1673 3463112 1761766 4911905 2021121 8335840
5527 5531 5529 55.13  16.80 5492223 2893543 7332912 3155281 10397778
5551 55.55 55.53 5536 16.87 3702233 1843548 4513762 1879145 6064231
5576 55.80 55.78 55.60 1695 4949959 2820299 6787643 2876776 8451958
5598  56.03 56.01 5581 17.01 3549594 1938478 4499652 1921126 5299255
5624 56.28 56.26 56.06  17.09 4335047 1984100 3321298 1503266 3126273
56.50  56.54 56.52 5630 17.16 4525293 1959848 2556262 1234356 1987106
5675  56.80 56.78 5655 1724 5117610 2116716 2657238 1301079 2045025
5695  57.00 56.98 5674 1729 8152713 3190684 3715504 1858247 2703397
5725 57.30 57.28 5728 1746 5552939 2402841 2911974 1386860 1999262
5749  57.54 57.52 5752 1753 5680385 2293796 2687057 1307137 1841506
5770  57.74 57.72 5772 1759 4089215 1681490 1978070 975550 1340914
5796  58.01 57.99 5799  17.67 3108051 1278332 1538292 714269 1067464
5896  59.03 59.00 59.00 17.98 4592757 1803352 1953106 1005333 1227896
5996  60.03 60.00 60.00 1829 3964017 1498077 1603191 815626 987851

6096  61.00 60.98 60.98 1859 6090379 2499890 2891157 1431394 1908296
61.55 6161 61.58 61.58 1877 6077820 2551861 2965248 1525702 1974386
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L H
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46.07 46.15 46.11 46.11 14.05 0.44 -0.36 22.7 0.73 -0.13 29.4
47.13 47.20 47.17 47.17 14.38 0.44 -0.35 23.0 0.74 -0.13 29.5
48.03 48.10 48.07 48.07 14.65 0.60 -0.22 319 0.92 -0.04 36.1
48.99 49.06 49.03 49.03 14.94 0.58 -0.24 31.0 0.92 -0.04 36.1
49.99 50.05 50.02 50.02 15.25 0.59 -0.23 31.3 0.92 -0.03 36.2
50.98 51.05 51.02 51.02 15.55 0.59 -0.23 31.2 0.92 -0.04 36.2
52.13 52.20 52.17 52.16 15.90 0.59 -0.23 31.2 0.92 -0.04 36.0
52.99 53.06 53.03 52.98 16.15 0.58 -0.24 31.0 0.92 -0.04 36.0
53.25 53.32 53.29 53.22 16.22 0.58 -0.24 30.8 0.92 -0.04 36.0
53.50 53.55 53.53 53.45 16.29 0.59 -0.23 31.2 0.92 -0.03 36.2
53.77 53.82 53.80 53.71 16.37 0.58 -0.24 31.0 0.92 -0.04 36.0
54.00 54.07 54.04 53.94 16.44 0.58 -0.24 309 0.92 -0.04 36.0
54.25 54.30 54.28 54.17 16.51 0.58 -0.23 31.1 091 -0.04 36.0
54.51 54.56 54.54 54.41 16.59 0.58 -0.24 309 0.92 -0.04 36.1
54.76 54.80 54.78 54.65 16.66 0.56 -0.25 30.0 0.90 -0.04 35.6
55.03 55.07 55.05 54.90 16.73 0.56 -0.25 30.2 0.90 -0.05 354
55.27 55.31 55.29 55.13 16.80 0.55 -0.26 293 0.88 -0.06 34.7
55.51 55.55 55.53 55.36 16.87 0.55 -0.26 29.3 0.87 -0.06 345
55.76 55.80 55.78 55.60 16.95 0.54 -0.26 29.0 0.87 -0.06 343
55.98 56.03 56.01 55.81 17.01 0.54 -0.27 28.7 0.86 -0.07 34.1
56.24 56.28 56.26 56.06 17.09 0.49 -0.31 259 0.80 -0.10 32.0
56.50 56.54 56.52 56.30 17.16 0.44 -0.35 23.1 0.75 -0.13 299
56.75 56.80 56.78 56.55 17.24 0.44 -0.36 22.7 0.74 -0.13 29.6
56.95 57.00 56.98 56.74 17.29 0.42 -0.37 21.7 0.72 -0.14 28.9
57.25 57.30 57.28 57.28 17.46 043 -0.36 22.5 0.72 -0.14 29.0
57.49 57.54 57.52 57.52 17.53 043 -0.37 22.0 0.72 -0.14 28.8
57.70 57.74 57.72 57.72 17.59 043 -0.37 219 0.72 -0.14 28.8
57.96 58.01 57.99 57.99 17.67 0.44 -0.36 22.5 0.72 -0.14 28.9
58.96 59.03 59.00 59.00 17.98 041 -0.39 20.8 0.70 -0.16 28.0
59.96 60.03 60.00 60.00 18.29 041 -0.39 20.7 0.69 -0.16 27.8
60.96 61.00 60.98 60.98 18.59 0.42 -0.37 21.7 0.71 -0.15 28.6
61.55 61.61 61.58 61.58 18.77 0.42 -0.38 21.5 0.72 -0.14 28.7
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Table 4.6. GDGT abundances and BIT values from the MAP 3B core at Medford, NJ.
Table includes modified for core expansion depths (mcd).

{f(?)) B‘Etftt‘)’m Mea?fgepth l\éf)d 12/1;1;1 mz 1292 miz 1292' 1‘8“520 1‘8“326 1‘8“222 BIT
4607 46.15 46.11 46.11 1405 54580112 4914781 137105 256361 1680381 0.04
4713 4720 47.17 47.17 1438 36089232 3075529 113057 209372 1363259 0.04
4803 48.10 48.07 48.07  14.65 33728392 6592713 37722 146831 1771740 0.05
4899  49.06 49.03 49.03 1494 37009684 7568874 42470 137304 1639564 0.05
4999 50.05 50.02 5002 1525 41217996 8300755 40137 131860 1317155 0.03
5098  51.05 51.02 5102 1555 51906332 10173581 37971 145878 1491814 0.03
5213 5220 52.17 5216 1590 39902372 7627030 39086 171892 1518699 0.04
5299 53.06 53.03 5298 1615 37162520 6888301 34946 132713 1209393 0.04
5325 5332 53.29 5322 1622 53360428 10373064 79051 314687 2382671 0.05
53.50  53.55 53.53 5345 1629 38682232 6946424 44819 174701 1565154 0.04
5377 53.82 53.80 5371 1637 52273532 9885073 60268 205793 1726620 0.04
5400  54.07 54.04 5394 1644 62469496 11993736 100753 404609 2922861 0.05
5425 5430 54.28 5417 1651 44671172 8263512 49162 191480 1739057 0.04
5451 54.56 54.54 5441 1659 51083776 9720939 67161 241466 2005333  0.04
5476 54.80 54.78 5465 1666 37359164 6437672 72063 248471 1766107 0.05
5503 55.07 55.05 5490 1673 48848436 8335840 80924 247994 1874971 0.04
5527 5531 55.29 5513 1680 66587312 10397778 105557 364500 2659147 0.04
5551  55.55 55.53 5536 16.87 41941388 6064231 65239 235214 1645896 0.04
5576 55.80 55.78 5560 1695 60276404 8451958 82045 294015 2215417 0.04
5598  56.03 56.01 5581 1701 40538648 5299255 57307 190492 1431306 0.04
5624 5628 56.26 56.06  17.09 28347438 3126273 67992 184278 1253364 0.05
56.50  56.54 56.52 5630  17.16 21504910 1987106 57946 106917 764945  0.04
5675  56.80 56.78 56.55 1724 23067130 2045025 60155 115522 775927  0.04
5695  57.00 56.98 5674 1729 32925722 2703397 108480 198902 1376166 0.05
5725 5730 57.28 5728 1746 22669172 1999262 104588 197378 1845169 0.09
5749 57.54 57.52 5752 1753 21977958 1841506 84186 156055 1325858 0.07
5770 57.74 57.72 5772 1759 16424008 1340914 61043 120672 1028410 0.07
5796  58.01 57.99 5799 17.67 12574431 1067464 51483 92416 713435  0.06
5896 59.03 59.00 5900 1798 16727530 1227896 56081 104342 733897  0.05
5996  60.03 60.00 60.00 1829 14582810 987851 53285 100654 724917  0.06
6096  61.00 60.98 6098 1859 23299552 1908296 86397 170093 1462158 0.07
6155 6161 61.58 6158 1877 23933874 1974386 85181 164039 1443153  0.07
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V CONCLUSIONS AND DISSERTATION FINAL REMARKS

My study of the Paleocene-Eocene Thermal Maximum (PETM) is novel and
significant because I integrate chemostratigraphic correlations across paleoshelf sites
using planktonic and benthic foraminiferal stable isotopic records and paleotemperature
estimates from independent paleoproxies. This high-resolution research is unique in its
attempt to explain variations in isotopic gradients recorded by foraminifera from both
biotic and environmental perspectives and provides a new interpretation of hydrographic
changes on the mid-Atlantic margin (Chapters Two and Three). Additionally, I present a
detailed discussion of other possible factors that could have influenced foraminiferal
stable isotopic values, such as symbiont loss, carbonate ion concentration, fresh water
input, and changes in seasonality (Chapters Two and Three).

Another objective of my work is validation of different proxies for temperature
estimates of past climate changes, using the PETM warming as a case study. Chapters
Three and Four provide comparisons of warming anomalies estimated from §'30 and
Mg/Ca in planktonic and benthic foraminifera and from the organic paleothermometer
TEXG3s. Based on all proxies, I conclude that the New Jersey paleoshelf experienced a 6-
7°C warming during the PETM (Chapter Three). Intersite correlation of these records
shows minimal spread in absolute foraminiferal 5'%0 and Mg/Ca values between sites
and a slightly amplified TEXss-based warming anomaly estimated from proximal sites
versus distal sites. I suggest that the TEXss values might be affected by factors other than
temperature in shallow, proximal locations on the shelf (Chapter Three).

Moreover, this dissertation attempts to address the timing of the PETM onset and

causal mechanism by integrating multiple proxy analyses from the most proximal site at
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Medford, NJ. Correlation based on patterns of lithologic and isotopic changes in bulk
sediment among New Jersey Coastal Plain (NJCP) sections suggests that the PETM onset
at Medford is the most expanded of all NJCP sites. The high-resolution TEXgs-based
temperature record from the thick onset interval in the Medford core clearly shows no
warming prior to the CIE onset, rejecting the precursor warming hypothesis. I suggest
conducting a survey to collect sediment coretops from the modern North Atlantic margin,
analogous setting to the New Jersey paleoshelf. Such analysis of the spatial TEXse
variability would help to elaborate factors controlling archaeal membrane lipids
distribution in shallow marine environments, improving the TEXss temperature
calibration.

Finally, my Ph.D. work explores the novel paleoredox proxy (I/Ca) to examine
deoxygenation of the water column on the New Jersey paleoshelf during the PETM
(Chapter Four). The decrease of I/Ca ratio in benthic foraminifera associated with the
onset of the PETM indicates lowered O2 concentrations in the water column that was
previously suggested for shelf settings during the PETM. However, the foraminiferal I/Ca
values from the Medford section did not indicate fully anoxic conditions on the shelf. My
current results suggest I/Ca is a promising paleo-redox proxy that needs to be
investigated more for the PETM.

A future contribution, critical to the my studies of the Medford section from
Chapter Four, is to complete stable isotopes analyses in single-specimen foraminiferal
samples. I suggest examining the nature of the PETM onset by investigating the lead-lags
between 8'°C and 8'%0 values from individual tests of foraminifera. Although the PETM

onset at Medford, NJ is associated with an attendant drop in carbonate content to less
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than 1% CaCQOs, foraminifera are rare, but well-preserved within the onset interval.
Single specimens from the transitional interval of 54.5-56.5 ft (16.6-17.2 m) at the MAP
3A core from Medford, NJ are pending. Therefore, additional data from this expanded
PETM onset interval characterized by a gradual decrease in bulk sediment 8'*C values at
the Medford section are critical to reconcile the timing of the PETM onset. Study of
single specimens can evaluate artifacts due to stratigraphic mixing across the
Paleocene/Eocene transition by revealing bimodal distribution in 6'3C and §'%0 values
versus intermediate values across the PETM onset. Also, the nature of the PETM onset,
fast versus slow, could be characterized by lead/lag relationships between 8'*C and 3'30
anomalies versus synchronous decreases in carbon and oxygen isotopic records.

A corollary and important continuation of my research on the New Jersey
paleoshelf would be a comparison of coastal regions with the deep ocean, including slope
and basin locations. The PETM sections from NJCP display low carbonate (<1% CaCO3)
zones above the CIE onset varying in thickness between ~0.5 m at proximal Wilson Lake
and Medford to ~0.1 m at distal Bass River. Arguing against a shelf dissolution event like
in the deep sea or diagenesis, I conclude dilution of carbonate on the shelf associated with
the rapid input of clay is responsible for the low carbonate zone (Chapter Four). To
further address the role of dilution versus dissolution, I suggest tying New Jersey shelf
records to the continental slope section from DSDP Site 605 that is located in 2,200 m
water depth 100 mi southeast from Atlantic City. Analyses of percent carbonate (%
CaCO0:3) and stable isotopes of both bulk carbonate and foraminifera at DSDP Site 605
would reveal not only hydrographic and ecological responses on the continental slope,

but also assist in evaluation of carbonate dilution versus dissolution on the extended mid-
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Atlantic section contributing to our understanding of changes in carbon cycle during the
PETM on more global scale.

In summary, my Ph.D. dissertation presents an integrated study of environmental,
ecological, and hydrographic changes on the mid-Atlantic continental margin during the
PETM. Combination of paleoproxies applied in this work improved our constraints in
thermal evaluation and showed that the multiproxy approach is extremely useful in
studies of critical transitions of past climates, such as the PETM. The proposed future
work on single foraminiferal tests at the Medford can greatly contribute to our knowledge
of the rapidity of the PETM onset and its causal mechanism. Supplemental research of
the PETM section from DSDP Site 605 could provide insights on environmental
perturbations associated with the PETM in the deep ocean. Comparison of shelf records
from NJCP sites with that from continental slope at DSDP Site 605 would promote
extrapolation of findings from this dissertation to the global impact of the PETM on the

Earth’s system.
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APPENDICES

Appendix 1. Trace elements ratios in in Morozovella, Acarinina, and Subbotina spp. at
Millville, NJ (Chapter Three).

*See attached excel spread sheet
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Appendix 2. Percent coarse (>63 pum) fraction at Millville, NJ (Chapter Two). Table
includes modified for core expansion depths (mcd). Samples from the core
expansion are marked in quotes.

Top (ft) Bottom (ft) Mean depth (ft) Mcd (ft) Mcd (m) Fraction > 63um (%)
844.92 845.02 844.97 844.97 257.55 40.27
846.10 846.20 846.15 846.15 25791 58.87
847.40 847.50 847.45 847.45 258.30 42.84
847.82 847.90 847.86 847.86 258.43 38.44
850.10 850.20 850.15 850.15 259.13 44.12
851.10 851.20 851.15 851.14 259.43 48.85
851.90 852.00 851.95 851.93 259.67 51.67
852.30 852.40 852.35 852.33 259.79 52.39
852.80 852.90 852.85 852.82 259.94 13.59
853.14 853.26 853.20 853.17 260.05 11.51
853.90 853.96 853.93 853.89 260.27 9.89
854.38 854.48 854.43 854.39 260.42 10.49
855.20 855.30 855.25 855.20 260.66 14.20
855.90 856.00 855.95 855.89 260.88 11.40
857.00 857.10 857.05 856.98 261.21 9.17
858.00 858.10 858.05 857.97 261.51 2.68
858.56 858.61 858.59 858.50 261.67 2.00
858.92 859.07 859.00 858.91 261.79 5.04
859.21 859.27 859.24 859.15 261.87 2.38
859.53 859.58 859.56 859.46 261.96 3.51
859.95 860.00 859.98 859.88 262.09 1.56
860.47 860.55 860.51 860.49 262.28 1.10
861.10 861.20 861.15 861.10 262.46 1.58
861.90 862.00 861.95 861.86 262.69 1.05

"863.00" "863.15" 863.08 862.93 263.02 1.09
864.00 864.10 864.05 863.86 263.30 1.10
865.10 865.18 865.14 864.90 263.62 0.93
867.00 867.15 867.08 866.74 264.18 0.64
869.00 869.10 869.05 868.62 264.76 1.06
870.88 871.00 870.94 870.90 265.45 0.77
873.02 873.13 873.08 872.94 266.07 0.92
875.00 875.10 875.05 874.83 266.65 2.09
876.95 877.06 877.01 876.70 267.22 0.82
879.07 879.20 879.14 878.74 267.84 1.18
881.10 881.20 881.15 881.09 268.56 1.06
883.05 883.16 883.11 882.94 269.12 1.05
885.06 885.17 885.12 884.85 269.70 0.51
886.99 887.10 887.05 886.68 270.26 0.98
889.08 889.20 889.14 888.66 270.86 1.19

"890.35" "890.45" 890.40 889.86 271.23 0.92
890.90 891.02 890.96 890.90 271.55 0.84
891.83 891.95 891.89 891.77 271.81 0.73
893.04 893.16 893.10 892.91 272.16 1.17
894.00 894.06 894.03 893.78 272.43 0.98
894.60 894.65 894.63 894.34 272.60 1.03
895.09 895.19 895.14 894.83 272.74 1.39
895.46 895.50 895.48 895.15 272.84 0.76
895.84 895.89 895.87 895.51 272.95 1.44
896.44 896.54 896.49 896.09 273.13 1.80
896.75 896.80 896.78 896.36 273.21 1.30
896.98 897.11 897.05 896.62 273.29 3.34

897.31 897.43 897.37 896.92 273.38 491



897.66
"898.16"
898.34
898.64
898.94
899.05
899.20
899.73
"900.16"
900.18
901.12
901.87
902.90
903.67
905.66
907.63
909.36

897.72
"898.23"
898.45
898.74
899.09
899.20
899.31
899.82
"900.29"
900.30
901.30
902.00
903.01
903.80
905.74
907.75
909.45

897.69
898.20
898.40
898.69
899.02
899.13
899.26
899.78
900.23
900.24
901.21
901.94
902.96
903.74
905.70
907.69
909.41

897.22
897.70
897.88
898.16
898.46
898.57
898.69
899.18
899.61
900.23
901.15
901.84
902.81
903.56
905.43
907.32
908.96

273.47
273.62
273.67
273.76
273.85
273.88
273.92
274.07
274.20
274.39
274.67
274.88
275.18
275.40
27597
276.55
277.05

4.72
8.33
11.91
13.33
14.32
17.26
18.78
19.47
35.13
26.34
32.21
35.55
48.70
44.87
45.11
42.41
34.59
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Appendix 3. Bulk sediment §'3C, §!80, and % CaCOs at Millville, NJ (Chapter Two).
Table includes modified for core expansion depths (mcd). Samples from the core
expansion are marked in quotes.

Top (ft) Bottom (ft) Mean depth (ft) Mcd (ft) Mcd (m)  8'3CPDB (%0) &8O PDB (%) % CaCOs
844.92 845.02 844.97 844.97 257.55 0.12 -1.43 8.41
846.10 846.20 846.15 846.15 25791 0.11 -1.23 6.05
847.40 847.50 847.45 847.45 258.30 -0.14 -1.66 9.52
847.82 847.90 847.86 847.86 258.43 0.26 -1.40 8.09
850.10 850.20 850.15 850.15 259.13 0.50 -1.43 5.53
851.10 851.20 851.15 851.14 259.43 0.55 -1.28 4.74
851.90 852.00 851.95 851.93 259.67 0.29 -1.33 5.11
852.30 852.40 852.35 852.33 259.79 0.52 -1.44 4.24
852.80 852.90 852.85 852.82 259.94 0.00 -0.97 8.90
853.14 853.26 853.20 853.17 260.05 0.20 -1.24 5.53
853.90 853.96 853.93 853.89 260.27 0.20 -1.00 5.61
854.38 854.48 854.43 854.39 260.42 0.26 -1.14 5.25
855.00 854.95 260.59 0.15 -1.35 5.57
855.20 855.30 855.25 855.20 260.66 -0.09 -1.37 591
855.90 856.00 855.95 855.89 260.88 -0.46 -1.50 2.99
856.00 855.94 260.89 -0.39 -1.53 293
856.90 857.10 857.00 856.93 261.19 -0.65 -1.63 2.81
858.00 858.10 858.05 857.97 261.51 -0.92 -1.38 4.95
858.56 858.61 858.59 858.50 261.67 -1.00 -1.23 5.48
858.88 859.07 858.98 858.89 261.79 -1.03 -2.04 2.62
859.21 859.27 859.24 859.15 261.87 -1.16 -2.01 441
859.53 859.58 859.56 859.46 261.96 -1.14 -2.08 5.30
859.95 860.00 859.98 859.88 262.09 -1.26 -2.36 441
860.47 860.55 860.51 860.49 262.28 -1.45 -2.46 2.90
861.10 861.30 861.20 861.14 262.48 -1.42 -2.60 3.58
861.90 862.00 861.95 861.86 262.69 -2.23 -2.64 3.86
863.00 863.20 863.10 862.95 263.03 -1.69 -2.83 3.73
864.00 864.10 864.05 863.86 263.30 -1.74 -2.60 4.39
865.10 865.24 865.17 864.92 263.63 -2.02 -2.87 2.73
866.00 865.71 263.87 -2.16 -2.84 3.03
867.00 867.25 867.13 866.79 264.20 -2.28 -2.82 2.92
869.00 869.25 869.13 868.70 264.78 -2.48 -2.75 3.07
870.82 871.00 870.91 870.87 265.44 -2.56 -2.83 3.47
872.94 873.13 873.04 872.91 266.06 -2.48 -2.99 3.28
875.00 875.20 875.10 874.88 266.66 -2.23 -3.21 3.05
876.00 875.74 266.93 -2.42 -2.96 3.06
876.95 877.20 877.08 876.78 267.24 -2.55 -2.94 2.87
878.00 877.66 267.51 -2.48 -2.86 291
879.07 879.32 879.20 878.80 267.86 -2.46 -3.01 2.53
880.00 880.00 268.22 -2.87 -2.83 3.14
881.10 881.30 881.20 881.14 268.57 -2.81 -3.12 2.94
882.00 881.90 268.80 -2.53 -2.91 3.82
883.05 883.23 883.14 882.98 269.13 -2.71 -3.00 2.96
884.00 883.79 269.38 -2.83 -2.85 297
885.06 885.25 885.16 884.89 269.71 -3.08 -2.97 245
886.99 887.20 887.10 886.73 270.28 -2.78 -3.24 242
889.08 889.30 889.19 888.71 270.88 -3.37 -3.03 3.50
890.90 891.06 890.98 890.92 271.55 -3.08 -3.08 3.07
893.04 893.26 893.15 892.96 272.17 -2.88 -3.47 3.75
895.09 895.30 895.20 894.88 272.76 -2.54 -3.39 3.75
896.44 896.64 896.54 896.14 273.14 -2.33 -3.23 2.71

897.31 897.43 897.37 896.92 273.38 -1.99 -2.78 0.45



898.16
898.34
898.64
898.80
899.20
899.65
899.73
900.07
900.18
900.95
901.81
903.42
905.50
907.45

909.36

898.23
898.60
898.74
899.09
899.40
899.70
899.88
900.29
900.40
901.30
902.00
903.80
905.74
907.75

909.52

898.20
898.47
898.69
898.95
899.30
899.68
899.81
900.18
900.29
901.13
901.91
903.61
905.62
907.60
908.00
908.20
908.40
908.60
908.80
909.00
909.20
909.40
909.44
909.60
909.80
"910.00"
"910.20"
"910.40"
"910.55"
910.08
910.20
910.40
910.57
910.80
911.00
911.20
911.40
911.60
911.80
912.00
912.20
912.40
912.60
912.80
913.00
913.20
913.40
913.60
913.80
914.00
914.20
914.40
914.60
914.80
915.00
915.20
915.40
915.60

897.70
897.95
898.16
898.40
898.73
899.09
899.21
899.56
900.28
901.08
901.82
903.44
905.35
907.24
907.62
907.81
908.00
908.19
908.38
908.57
908.76
908.95
908.99
909.14
909.33
909.52
909.71
909.90
910.05
910.08
910.19
910.39
910.55
910.78
910.97
911.17
911.36
911.55
911.75
911.94
912.14
912.33
912.52
912.72
91291
913.11
913.30
913.50
913.69
913.88
914.08
914.27
914.47
914.66
914.85
915.05
915.24
915.44

273.62
273.70
273.76
273.83
273.93
274.04
274.08
274.19
274.40
274.65
274.87
27537
275.95
276.53
276.64
276.70
276.76
276.82
276.87
276.93
276.99
277.05
277.06
277.11
277.16
277.22
277.28
277.34
277.38
277.39
277.43
277.49
277.54
277.60
277.66
277.72
277.78
277.84
277.90
277.96
278.02
278.08
278.14
278.20
278.26
278.31
27837
278.43
278.49
278.55
278.61
278.67
278.73
278.79
278.85
27891
278.97
279.03

-0.68
-0.26
-0.17
1.21
1.01
0.93
0.94
1.18
1.34
1.88
1.71
2.08
2.30
2.26
2.05
1.91
1.94
2.29
2.20
1.86
1.92
2.11
2.20
1.97
2.05
1.82
1.97
2.11
2.07
2.09
2.22
2.13
231
2.48
2.46
2.77
2.32
2.37
2.48
2.26
2.33
2.39
2.09
2.16
2.34
2.36
249
241
2.61
2.60
2.65
2.69
2.62
2.54
2.64
2.24
2.22
243

-1.84
-1.91
-2.02
-1.77
-1.71
-1.63
-1.93
-1.50
-1.48
-1.35
-1.40
-1.20
-1.19
-1.12
-1.44
-1.40
-1.42
-1.33
-1.55
-1.42
-1.44
-1.42
-1.58
-1.50
-1.45
-1.50
-1.47
-1.55
-1.56
-1.54
-1.49
-1.49
-1.48
-1.27
-1.37
-1.23
-1.26
-1.22
-1.21
-1.33
-1.36
-1.33
-1.81
-1.46
-1.39
-1.37
-1.22
-1.21
-1.24
-1.16
-1.18
-1.38
-1.28
-1.29
-1.17
-1.03
-1.18
-1.17

0.69
0.25
0.34
3.03
2.87
2.63
2.00
241
2.35
2.97
2.53
1.90
1.80
2.15
2.00
2.09
2.06
2.23
2.12
2.34
1.16
2.13
1.75
1.72
1.79
1.18
1.58
1.63
1.47
1.02
1.81
1.35
1.33
2.10
1.46
1.72
1.44
1.07
1.40
1.39
1.44
1.44
1.25
0.98
0.83
1.04
1.28
1.27
1.10
1.06
1.41
1.28
1.04
0.98
0.91
0.75
0.71
0.79
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915.80
916.00
916.20
916.40
916.60
916.80
917.00
917.20
917.40
917.60
917.80
918.00
918.20
918.40
918.60
918.80
919.00
919.20
919.40
919.60
919.80
920.00
920.00

915.63
915.83
916.02
916.21
916.41
916.60
916.80
916.99
917.18
917.38
917.57
917.77
917.96
918.16
918.35
918.54
918.74
918.93
919.13
919.32
919.51
919.71
919.71

279.08
279.14
279.20
279.26
279.32
279.38
279.44
279.50
279.56
279.62
279.68
279.74
279.79
279.85
279.91
279.97
280.03
280.09
280.15
280.21
280.27
280.33
280.33

2.49
2.39
2.58
2.52
2.23
2.14
2.47
2.62
249
2.35
1.65
241
2.44
245
243
2.44
2.57
243
2.47
2.38
2.35
1.72
1.93

-1.22
-1.22
-1.19
-1.33
-1.48
-1.46
-1.39
-1.24
-1.40
-1.37
-0.95
-1.06
-1.16
-1.26
-1.30
-1.29
-1.42
-1.27
-1.36
-1.19
-1.08
-1.56
-1.23

1.26
0.76
1.27
1.21
1.31
0.78
1.03
0.97
1.02
0.91
0.29
0.96
0.72
0.95
0.98
0.91
0.92
0.63
0.74
0.63
0.89
0.48
0.39
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Appendix 4. Organic carbon data (TOC, 8'3C, Total N, C:N) at Millville, NJ (Chapter
Two). Table includes modified for core expansion depths (mcd). Samples from
the core expansion are marked in quotes.

Top (ft)  Bottom (ft)  Meandepth (ft) Mecd () Mecd (m) &§”Corg (%) TOC N (ppm) C:N
855.00 854.95 260.59 -26.73 0.69 427 19.0

856.00 855.94 260.89 -28.69 0.50 420 14.0

857.00 856.93 261.19 -28.46 0.58 407 16.7

858.00 857.92 261.49 -27.13 0.73 452 18.7

858.56 858.61 858.59 858.50 261.67 -27.77 0.51 425 13.9
859.21 859.27 859.24 859.15 261.87 -29.11 0.42 428 11.5
859.53 859.58 859.56 859.46 261.96 -28.96 0.31 358 10.2
859.95 860.00 859.98 859.88 262.09 -29.99 0.24 341 8.1
860.47 860.55 860.51 860.49 262.28 -29.74 0.24 360 7.7
878.00 877.66 267.51 -29.89 0.55 535 12.1

879.07 879.32 879.20 878.80 267.86 -30.05 0.40 548 8.6
881.10 881.30 881.20 881.14 268.57 -30.18 0.40 569 8.1
883.05 883.23 883.14 882.98 269.13 -30.21 0.37 568 7.6
885.06 885.25 885.16 884.89 269.71 -30.36 0.44 594 8.6
886.00 885.69 269.96 -30.32 0.47 591 93

887.00 886.64 270.25 -30.44 0.45 579 9.0

889.60 889.10 271.00 -30.01 0.58 615 11.0

896.44 896.64 896.54 896.14 273.14 -30.15 0.37 546 8.0
897.31 897.43 897.37 896.92 273.38 -29.48 0.53 513 12.0
899.65 899.70 899.68 899.09 274.04 -27.33 0.37 351 12.4
"900.07" "900.29" 900.18 899.56 274.19 -27.37 0.37 337 12.8
901.60 901.52 274.78 -28.14 0.37 205 21.0

903.00 902.86 275.19 -28.37 0.34 146 27.4

903.42 903.80 903.61 903.44 275.37 -26.88 0.25 205 14.0
904.00 903.81 275.48 -26.12 0.21 199 12.0

905.50 905.74 905.62 905.35 275.95 -26.26 0.19 210 104
907.45 907.75 907.60 907.24 276.53 -27.06 0.21 188 13.1
909.36 909.52 909.44 908.99 277.06 -27.32 0.35 275 14.8
910.00 910.00 277.37 -27.60 0.46 345 15.4

910.30 910.29 277.46 -27.24 0.36 249 16.8

910.80 910.78 277.60 -26.89 0.31 249 14.6

911.50 911.46 277.81 -26.77 0.27 243 13.0

912.00 911.94 277.96 -27.04 0.40 297 15.6

912.60 912.52 278.14 -26.86 0.32 260 14.2

913.60 913.50 278.43 -27.12 0.30 216 16.1

914.80 914.66 278.79 -26.89 0.26 218 14.0

916.00 915.83 279.14 -26.45 0.21 215 114

917.20 916.99 279.50 -26.70 0.19 197 11.3

918.20 917.96 279.79 -26.34 0.26 244 12.4

920.00 919.71 280.33 -27.00 0.26 228 13.5
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Appendix 5. Trace elements ratios in in Morozovella, Acarinina, Subbotina,
Cibicidoides, and Anomalinoides spp. at MAP 3A, Medford, NJ (Chapter Four).

*See attached excel spread sheet



