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Abstract

The role played by ocean circulation in major transitions in Earth’s climate is debated.
Here, we investigate the physical evolution of the Deep Western Boundary Current (DWBC) in
the western North Atlantic Ocean through the late Eocene-to-mid Oligocene (35-26 Ma) using
terrigenous grain size and geochemistry records of marine sediment cores. Our records cover the
most pivotal transition in Cenozoic climate history, the Eocene-Oligocene Transition (EOT; ~33.7
Ma), when Earth first became sufficiently cool to sustain large ice sheets on Antarctica. To assess
changes in deep-water circulation in the northwest Atlantic across the EOT, we assembled sortable
silt (10-63 ['m) grain-size and Nd, Hf, and Pb radiogenic isotope records at two Integrated Ocean
Drilling Program (IODP) drill sites on the Newfoundland ridges (Sites U1406 and U1411). These
records reveal an overall gradual increase in sortable silt abundance (SS%) at both sites with no
change in sediment provenance. We interpret a steady, long-term invigoration of the DWBC, likely
driven by deepening of the Greenland-Scotland Ridge and resultant enhanced inflow of waters
sourced from deep-water production sites in the Nordic Seas to the North Atlantic Ocean. Our
results do not support abrupt and widespread invigoration of bottom current activity in the North
Atlantic synchronous with accelerated cooling and Antarctic ice growth at the EOT. Instead, our

records suggest that the DWBC started to intensify before this pivotal event in Cenozoic climate
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history (at ~35 Ma) and then further strengthened gradually across the EOT (~34 Ma) and through
the early-to-mid Oligocene (~34-26 Ma).

1. Introduction

The role of oceanic thermohaline circulation in modulating Earth’s climate has long been
appreciated (e.g. Clark et al., 2002, and references therein) and has received considerable attention
in recent years in light of ongoing anthropogenic climate change (e.g. Thornalley et al., 2018). Yet
the relationship between ocean circulation and major changes in Cenozoic climate remains poorly
understood. Atlantic Meridional Overturning Circulation (AMOC), the modern circulation system
operating within the Atlantic Ocean basins, plays a major role in global climate and accounts for
about one-third of global northward heat flux (Trenberth & Caron, 2001; Zickfield et al., 2007).
AMOC constitutes a significant component of the global carbon cycle and climate system by
effectively transporting heat from the atmosphere to the deep ocean (Kostov et al., 2014; Buckley
& Marshall, 2016).

AMOC has been implicated in modulating the evolution of global climate for past climate
transitions, for example leading into and following the Last Glacial Maximum (e.g. Du et al., 2020;
Bohm et al., 2021). However, both the timing of AMOC initiation and the role played by AMOC
in relation to the inception of a unipolar (Antarctic) glacial climate state (Zachos et al., 1992; Scher
et al., 2011; Spray et al., 2019) at the Eocene-Oligocene Transition (EOT) are debated (Abelson
& Erez, 2017; Elsworth et al., 2017; Hutchinson et al., 2021). Of particular interest is the evolution
of North Atlantic Deep Water (NADW), the water mass formed in the northern North Atlantic and
a major limb of the broader AMOC system. The timing and catalyst for production of the precursor
to NADW, known as Northern Component Water (NCW), and its relation to the development of
AMOC, especially prior to the Neogene, remains unclear (Sijp & England, 2004; Poore et al.,
2006). For example, Sijp et al. (2011), in contrast to earlier hypotheses by Scher & Martin (2008),
suggested that North Atlantic bathymetric changes were probably more critical to initiating
southward transport of NCW than reorganization of circulation in the Southern Ocean.
Additionally, recent studies based on radiogenic isotope (Coxall et al., 2018) and sea surface
temperature (SST) records (Sliwinska et al., 2023) from the North Atlantic suggest significant

oceanographic change occurred prior to the EOT.
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The overflow of NCW into the North Atlantic Ocean and its incorporation into AMOC
during the Neogene is suggested to have been heavily influenced by changes in the sill depth of
the Greenland-Scotland Ridge (GSR) due to dynamic heat flux associated with the Icelandic Hot
Spot (Wright & Miller, 1996; Poore et al., 2006; Parnell-Turner et al., 2015; Uenzelmann-Neben
& Gruetzner, 2018). In this interpretation, deep-water exchange between the Nordic Seas and the
North Atlantic Ocean was triggered by the cessation of spreading and subsidence of ridges,
commonly referred to as tectonic gateways, separating the open North Atlantic from deep-water
production sites to the north (e.g. Via & Thomas, 2006; Coxall et al., 2018). Deepening of the GSR
is interpreted to have occurred in several phases during the mid-to-late Cenozoic, including during
the early Oligocene (i.e. Davies et al., 2001; Via & Thomas, 2006; Abelson et al., 2008;
Uenzelmann-Neben & Gruetzner, 2018; Straume et al., 2020). It is hypothesized that this
deepening allowed outflow of NCW, ultimately leading to the hemispheric interchange of oceanic
water masses and promoting early AMOC. Deepening of the GSR to a critical threshold depth
triggers the initiation of outflow and incorporation of NCW to the Atlantic circulation system in
the climate model simulations of Vahlenkamp et al. (2018a). However, other simulations
emphasize the role of connectivity (or lack of) between the Arctic and Atlantic oceans as a key
factor influencing early AMOC (e.g. Hutchinson et al., 2019; Straume et al., 2022).

Seismic-reflection data reveal a regional unconformity that spans the late Eocene through
the mid Oligocene throughout parts of the deep North Atlantic basin (e.g. Mountain & Tucholke,
1985; Mountain & Miller, 1992; Wright & Miller, 1993). This unconformity, which in some areas
of the western North Atlantic is erosional in nature (the ‘Au’ horizon of Mountain & Tucholke
[1985]), has been interpreted to record invigoration of deep ocean currents during the latest Eocene
to earliest Oligocene (Mountain & Tucholke, 1985). Early support for this interpretation came
from suggestions that the inception of contourite drifts, sedimentary features deposited under the
influence of deep ocean currents (Rebesco et al., 2014), in the North Atlantic also date to the EOT
(e.g. Wold, 1994; Davies et al., 2001). However, Hohbein et al. (2012) suggested a much earlier
onset of vigorous deep-water circulation near the early/middle Eocene boundary at ~48.5 Ma,
based on seismic-reflection profiles in the Faeroe-Shetland Basin. This interpretation is supported
by seismic-stratigraphic analysis and drillcore age calibration of sediment drifts of the
Newfoundland ridges, which began accumulating at ~47 Ma (Boyle et al., 2017). Seismic-
stratigraphic horizon A" (Mountain & Tucholke, 1985; R4, Wright & Miller, 1993) is not well-
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expressed or mapped in either of these drift systems, but the interpretations of Hohbein et al. (2012)
and Boyle et al. (2017) are consistent with the main finding of Vahlenkamp et al. (2018) suggesting
onset of NCW and modern-style AMOC in the Middle Eocene, predating the EOT by millions of
years. Despite the valuable insights from these seismic-stratigraphic studies, there is little to no
physical proxy data from drillcores that document the timing and development of NCW strength
and variability during this time.

Here, we present terrigenous grain size and provenance records from two sites drilled
during Integrated Ocean Drilling Program (IODP) Expedition 342 into the Newfoundland ridges
drift complex, offshore Newfoundland, Canada. These records from IODP Sites U1406 and U1411
span the latest Eocene to the mid-Oligocene (35-26 Ma) and document grain-size characteristics
and provenance of terrigenous clay and silt deposited under the influence of the DWBC on the J-
Anomaly Ridge (JAR) [Site U1406] and the Southeast Newfoundland Ridge (SENR) [Site
Ul411]. Our data fill a major gap in knowledge for the EOT, because strata of latest Eocene—
earliest Oligocene age are extremely rare in the North Atlantic (Mountain & Tucholke, 1985).

2. Geologic Setting

2.1 North Atlantic basin and modern oceanographic setting

Pangean rifting led to the opening of the North Atlantic, beginning in the middle Jurassic
and Newfoundland was separated from Iberia by the Early Cretaceous (~128 Ma; Pe-Piper, 2007).
Subsequent rifting progressed northward, ultimately opening the Labrador Sea and northeastern
Atlantic Ocean (Pe-Piper, 2007). Today, the North Atlantic is a major locus of modern global
oceanic circulation; North Atlantic Deep Water (NADW) is a key component of AMOC and
moderates global water mass density properties (e.g. Fer et al., 2010). NADW is composed of
water masses produced primarily in the Labrador Sea and Nordic Seas (e.g. Haine et al., 2008),
including the Greenland-Scotland Overflow Water, Iceland Strait Overflow Water, and Labrador
Sea Water. The confluence of these water masses creates the resultant properties of NADW (Haine
et al., 2008), which then flows south along the western Atlantic basin as the DWBC (Fig. 1). The
GSR is a prominent bathymetric high in the North Atlantic basin, separating the Nordic Seas to
the north, and sites of modern deep convection and NADW production from the open North
Atlantic Ocean to the south (Wright & Miller, 1996; Abelson et al., 2008).
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2.2 Newfoundland ridges drift complex

The Newfoundland ridges drift complex is situated along the lower continental slope
offshore of the Grand Banks in ~3000-5000 m water depth. This contourite complex is large
(>70,000 km? up to >1 km thick) and comprised of several ‘plastered’ drifts (e.g. McCave &
Tucholke, 1986; Faguéres et al., 1999) that formed under the influence of bottom currents (Norris
et al., 2014a; Boyle et al., 2017). The active contourite phase of sedimentation on the
Newfoundland ridges broadly spans the interval between ~47 Ma (middle Eocene) and 3 Ma
(Pliocene) (Boyle et al., 2017). Contourites are effective archives of high-resolution
paleoceanographic records (e.g. Rebesco et al., 2014; McCave et al., 2017), not least because rates
of sedimentation are typically much higher than in pelagic settings (Stow et al., 2008). Thus, the
Newfoundland sediment drifts provide a long-term record of paleoceanographic change in the
North Atlantic Ocean spanning the mid to late Cenozoic.

We studied two IODP sites, U1406 (Norris et al., 2014b) and U1411 (Norris et al., 2014c).,
positioned at water depths of ~3800 m and ~3300 m, respectively (Figs. 1 and 2). The Eocene-
Oligocene paleodepth of Site U1406, located on the ENE-WSW trending JAR, is interpreted to be
~450 m deeper than the WNW-ESE trending Site U1411, which is ~250 km northeast on the SENR
but well above the Paleogene calcite compensation depth (CCD). Both sites are carbonate-bearing
to carbonate-dominated, though Site U1406 sediments contain significantly higher carbonate
concentration than Site Ul411 (Fig. 2). A lower Eocene through lower Miocene sedimentary
package was recovered at Site U1406, whereas the base of U1411 penetrates uppermost Eocene
sediments. Together, these two sites provide companion records leading into, across, and following

the EOT.

3. Methods and Data

3.1 Site selection and suitability for sortable-silt reconstructions of current strength

We use terrigenous grain-size records from Sites U1406 and U1411 to reconstruct the
evolution of the DWBC and interpret associated deep circulation history in the North Atlantic from
the latest Eocene to mid Oligocene (35-26 Ma), spanning the EOT interval (~34 Ma) (Fig. 2). We

focus on sortable silt, the terrigenous 10-63 um fraction commonly used to assess changes in
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bottom current intensity from the sedimentary record (McCave et al., 1995; McCave & Hall, 2006;
Culp et al., 2021). The sortable silt proxy is based on the rationale that sediments are size-sorted
according to bottom current strength. The lower limit of the sortable silt size range (10 um) is
necessitated by the tendency of fine silt and clay particles below this size to act cohesively.
Sortable silt is especially applicable in deep-water settings, where contour currents are typically
strong enough and persist over enough time to transport and deposit medium-to-coarse silt. The
critical depositional velocity for sortable silt (i.e. the maximum velocity under which deposition
will occur) in such deep-marine settings is ~18—20 cm/s (McCave et al., 2017), consistent with the
long-term average velocity of bottom currents (e.g. Ledbetter, 1986).

First, we review the applicability of the sortable silt method to our study taking the
limitations of the proxy into consideration (McCave & Hall, 2006). Migration of large-scale
bedforms (10s of m amplitude; >km wavelength), which are common within drifts (e.g., Flood,
1988), over a single location can plausibly induce changes in the grain-size distribution unrelated
to changes in current strength. Seismic-stratigraphic analysis of the Newfoundland ridges by Boyle
et al. (2017) lends assurance that this is not an issue for our study, because there are no visible
large-scale bedforms in the part of the drift studied (Fig. 2). Flow speeds may also vary within the
current itself, due to local interactions with bathymetric obstacles (e.g., seamounts) and eddies
(e.g. McCave et al., 2006). Therefore, lateral and vertical shifts in flow axis can result in changes
in energy conditions, and the associated grain-size distribution, at a given location that are
unrelated to temporal changes in overall current strength. Our study was designed to addresses this
issue by developing records from two sites in different water depths, separated by ~250 km
distance, and positioned on different bathymetric highs (Figs. 1 and 2), allowing for comparison
between sites and more confidence in identifying long-term trends. Also problematic is the
potential for input of sediment transported by other processes, such as ice rafting or sediment
gravity flows. At Sites U1406 and U1411, there is no evidence for the presence of turbidity current
deposits (i.e. graded beds are absent) in keeping with the bathymetric isolation of the
Newfoundland ridges from downslope sediment transport from the adjacent Grand Banks (Fig. 1)
and this is a primary reason that IODP Exp 342 targeted these drifts (Norris et al., 2014a). Work
by Spray et al. (2019) at Sites U1406 and U1411 reports trace amounts of very fine-grained (63—

125 pum) terrigenous well-sorted sand, which is interpreted to have been transported by bottom
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currents (not ice-rafting as hypothesized shipboard during IODP Exp 342, Norris et al., 2014a),
supporting the interpretation that drift architecture reflects long-term dynamics of the DWBC.

3.2 Site lithology, age models, and sediment accumulation rates

Sites U1406 and U1411 contain relatively continuous and, in the case of Site Ul411,
significantly expanded, EOT sections (Fig. 2; Norris et al., 2014a). The Eocene-Oligocene sections
at Sites U1406 and U1411 contain calcareous nannofossil ooze and clay, with variable amounts of
terrigenous clay and silt (Fig. 2; Norris et al., 2014b; Norris et al., 2014c). Silty clay and very fine
sand are common at Site U1411. The analyzed Site U1406 sediments contain larger proportions
of CaCO3 wt.% (mean = 54 wt.%) compared to Site U1411 (mean =28 wt.%) (Fig. 2). Age models
were constructed using biostratigraphic and magnetostratigraphic age constraints from Norris et
al. (2014c) for Site U1411 and from Norris et al. (2014b) and van Peer et al. (2017) for Site U1406
(Fig. 3). A recent review of the EOT by Hutchinson et al. (2021) defines key boundaries across
the ~750 kyr duration of the event that are used in this paper: extinction of D. saipanensis at 34.44
Ma marking the onset of the EOT, the Eocene-Oligocene Boundary (EOB) at 33.9 Ma, the base of
Chron C13n at 33.705 Ma, and the earliest Oligocene oxygen isotope step (EOIS), coincident with
the increase in §!80 that marks the event at 33.65 Ma (see Table S1 for depth positions of these
important biostratigraphic and magnetostratigraphic datums). We note however that there are some
uncertainties in our age models. For example, within the EOT interval of Site U1406 the last
occurrence of the calcareous nannofossil D. saipanensis (Norris et al. 2014b) and the base of Chron
C13n are identified at nearly the same stratigraphic level, which could indicate the presence of a
hiatus in the early part of the EOT (Fig. 3). We use the refined Site U1406 age model of van Peer
et al. (2017), which does not include a significant hiatus in the EOT interval, but acknowledge that
our interpretations during the latest Eocene of Site U1406 are dependent on the inferred the
continuity of the record within this interval. Further refinement of the shipboard calcareous
nannofossil biostratigraphy is required to clarify this issue.

Mass-accumulation rates (MAR) were calculated using site-specific linear sedimentation
rates (LSR) and dry bulk densities (p,) based on interpolation from shipboard physical properties

measurements (Norris et al., 2014a).

MAR (g/cm?/kyr) = LSR (cm/kyr) * p, (g/cm?) Eq. 1
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Terrigenous MARs were determined by multiplying MAR by the fraction of non-carbonate
material (i.e., residue after carbonate dissolution) at a given interval for that sample (Fig. 4). 329
samples (137 from Site U1406; 192 from Site U1411; Fig. 2) of ~10 cm?® were selected from
sediment cores for grain-size analysis. Samples from both sites span the interval between 35-26
Ma, with a higher sampling density within the EOT interval at both sites (Fig. 2). Temporal
resolution ranges from 10 kyr within the EOT to 100 kyr in other intervals. A mid-Oligocene intra-
formational slump interval at U1406 identified by van Peer et al. (2017) (~182-176 m CCSF)
results in a ~1.8-Myr gap in our record, from ~29.0 to ~27.2 Ma (Fig. 3). We did not analyze any
samples from this interval, and the extent of the slumped interval is indicated by shaded interval

in our data plots.

3.3 Sample preparation and grain-size measurement

A Micromeritics SediGraph 5120 was used to generate mass abundance data of the <63
um range and grain-size metrics of the 1-63 um range of the terrigenous fraction of the bulk
sediment. The SediGraph measures sediment concentration and particle settling velocity within an
X-ray monitored suspension chamber and, by Stoke’s Law, determines particle size (Coakley &
Syvitski, 1991). Several studies have indicated that the SediGraph is a preferable method for the
analysis of clay-rich sediments because it uses the physical process of sedimentation rather than
other, indirect techniques (see McCave et al., 2006 for a review). To isolate the terrigenous
fraction, CaCOs (e.g., dominated by coccoliths with some foraminifera; Norris et al., 2014b; Norris
et al., 2014c) was removed following the procedures of Nicolo & Dickens (2006), via two-hour
sessions of digestion in a 25% acetic acid solution, performed twice, during which samples were
constantly agitated on a rocking table. Samples did not require chemical treatment for removal of
biogenic opal because radiolaria and diatoms are absent or in negligible amounts in these
sediments in our study interval (Norris et al., 2014b; Norris et al., 2014c).

Following CaCOs removal and freeze drying, samples were weighed to determine the mass
percentage of the carbonate fraction that was removed prior to SediGraph analysis. They were then
re-hydrated using NanoPure (18.2 MQ-cm) water, after which samples were sieved at 63 um to
obtain the fine fraction for grain-size analysis. A solution of 0.5% tetrasodium pyrophosphate

(TSPP) was used during sieving to prevent flocculation of samples. The coarse fraction was left to
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dry on the sieve in an oven at 50°C, then weighed to determine mass percentage of >63 um fraction
(% sand). The fine (<63 um) fraction was left to settle in beakers for five days, at which point
excess liquid was siphoned off and samples were freeze dried. A 1.0 g aliquot of each fine fraction
was removed for analysis in the SediGraph. Immediately prior to analysis, each sample was
dispersed in 65 mL of 0.5% TSPP and sonicated for 15 minutes at 40 kHz to aid in disaggregation
of clays. Our analysis is focused on the <63 um fraction; see Spray et al. (2019) for analysis and

interpretation of the >63 pm fraction from Sites U1406 and U1411.

3.4 SediGraph data processing and calculation of grain-size metrics

SediGraph output data (cumulative frequency tables) were imported into customized
Python scripts for processing and calculation of the desired statistical metrics. Raw data were
mathematically corrected to account for occasional cumulative distribution function (CDF) values
>1.0 that resulted from SediGraph measurement. Sortable silt percent (SS%) was calculated as the
proportion of mass in 10-63 pm range. Mean sortable silt (SS) was calculated following McCave
& Andrews (2019) from the natural log transformed bin sizes, 6; = In(d;) where d; is the percent
finer than the bin edge in microns, in the context of the total grain size distribution of a sample’s

output by the SediGraph. SS is thus defined as:

SS =e” Eq. 2

with 0,, defined as:

Om = ?=1 glfss,i Eq. 3

where 60;is equivalent to the “natural log of the bin’s geometric mid-point diameters” as discussed
by McCave & Andrews (2019), and fs,1 is the fraction of material associated with the SS size range
(10-63 um) in bin i (i=1 is associated with the bin whose lower edge is 10 pm and i=n is associated
with the bin whose upper edge is 63 pm). We report SS% in addition to SS and emphasize trends
in SS% as a bottom-current indicator to mitigate the uncertainty associated with SS calculation in

deposits with very low (<5%) SS abundance (Bianchi et al., 1999).
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Moving averages for SS and SS% were calculated by computing the average of the four
surrounding values for each data point. To better compare the long-term trends of Sites U1406 and
U1411 mass abundance data, plots are scaled to their respective minima and maxima (Fig. 4). Plots
showing the distribution of SS and SS% data (as combined density curve and boxplot) for the

Eocene and Oligocene were constructed to compare sites (Fig. 5).

3.5 Detrital provenance data

For sequential extraction of the detrital terrigenous fraction, 1-5 mg sediment samples from
Site U1411 were freeze dried and weighed. Samples were rehydrated in 18 MQ-cm water and
mechanically disaggregated on a shaker table overnight. To remove the carbonate fraction, liquid
was extracted after centrifugation and 1M acetic acid was added to the samples at 35 ml/g of
sediment. After resuspending the sediment using a vortex mixer, samples were rocked on a rocking
tray for 12 hours. Vials were degassed regularly. After centrifugation the supernatant was
discarded and the samples were rinsed 3 times with 18 MQ-cm water with centrifugation and
resuspension in between. Samples were then leached with MgCl to remove adsorbed ions from
the carbonate removal step. Supernatant was discarded and samples were rinsed three times with
18 MQ-cm water with centrifugation and resuspension in between. The dispersed FeMn
oxyhydroxide fraction, or coating, was removed using a two-phase oxidative leach with
hydroxylamine hydrochloride and EDTA. The first (weak) leach was retained for future study.
Following the second (strong) leach the supernatant was discarded and the samples were rinsed 3
times with 18 MQ-cm water with centrifugation and resuspension in between. Samples were then
treated with MgCla to remove adsorbed ions from the dispersed FeMn removal step. Supernatant
was discarded and samples were rinsed three times with 18 MQ-cm water with centrifugation and
resuspension in between. After a final rinse in methanol, the sample was dried and weighed.

500 mg of the residual detritus was transferred to steel jacketed Teflon bombs and digested
in HF/HNOs. In a metal-free clean room the sample digests were heated to dryness in Teflon vials,
reconstituted in HCI, and processed through cation exchange columns to separate Hf and Nd for
mass spectrometry. Hf and Nd isotopes were measured on a ThermoFisher Neptune multi-collector
inductively coupled plasma mass spectrometer (MC-ICPMS) with the Plus upgrade.
Measurements were made in static mode and samples were introduced to the plasma via an Apex-

Q with a 50 ul/min Teflon nebulizer. Isotope ratios were corrected for instrumental mass bias using

10
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IPH{/'THE = 0.7325 and Nd/!*Nd = 0.7219. The 7Hf/!"Hf ratios were normalized to JMC
Patchett = 0.282160 and '**Nd/***Nd ratios to INdi-1 = 0.512115.

We also explored changes in the provenance of the detrital fraction within the studied
interval using 2°°Pb/2%4Pb, 297Pb/2%4Pb, and 2**Pb/>**Pb isotope ratios of detrital feldspars originally
reported in Spray et al. (2019). Specifically, 350-500 sand-sized (>63 pm) feldspar grains were
hand-picked from 24 samples from Site U1411. The grains from each sample were then digested
en masse, following the methods of Taylor et al. (2015), and column chemistry (AG1x8 anion
exchange resin) was performed to isolate Pb, following Baker et al. (2004). Pb isotopes were then
analyzed using a ThermoFisher Neptune MC-ICPMS). The obtained values were corrected for
instrumental mass fractionation using the SBL74 double spike method (Taylor et al., 2015).
Repeated measurements of the Pb isotope reference NBS981 (>100 measurements during four
years prior to analysis) gave a 2%Pb/2%Pb value of 16.9400 = 0.0023, 2°7Pb/2%Pb of 15.496 +
0.0026, and 2%%Pb/?%Pb of 36.7124 + 0.0076. The given values for NBS981 are 2°Pb/?%*Pb of
16.9418 + 6, 297Pb/2%Pb of 15.500 =+ 6, and 2°8Pb/2%*Pb of 36.7265 +19 (Baker et al., 2004).

4. Results

4.1 Site U1406

At Site U1406, terrigenous silt % increases abruptly at ~34.7 Ma immediately prior to the
EOT and then decreases steadily to ~33.9 Ma (Fig. 4a). A subsequent marked increase at the EOIS
(33.65 Ma; Hutchinson et al., 2021) is followed by a minor decrease. The silt % remains elevated
until ~30 Ma, after which it sharply decreases and then fluctuates into the mid Oligocene (~29.3
to 26 Ma). SS% steadily increases from the latest Eocene into the EOT interval and, similar to silt
%, decreases in the middle of the EOT interval before increasing abruptly at the EOIS (Fig. 4b).
This shift at the EOIS is followed by a modest, yet notable, increase through the early-to-mid
Oligocene interval (~33 to 29 Ma). SS exhibits two abrupt increases during the EOT (Fig. 4c), but
the pre- and post-EOT record exhibits little change and does not track the increasing trends of silt
% and SS%. Overall, SS% is higher in the Oligocene than the Eocene at Site U1406 and is much
less variable in the Oligocene (Fig. 5), though sample resolution is generally lower in the

Oligocene. SS in the Eocene is slightly higher on average than in the Oligocene (Fig. 5).

11
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4.2 Site Ul411

At Site Ul411, silt % increases abruptly and significantly at ~34.5 Ma immediately
preceding the base of the EOT. This increase continues, overall, through most of the EOT before
decreasing across the EOIS (Fig. 4a). The post-EOT record at Site U1411 is characterized by a
gradual increase in silt % through the early to mid Oligocene (~33.5 to 26 Ma). SS% similarly
increases sharply near the base of the EOT (Fig. 4b). A steady decrease to ~34.0 Ma is followed
by an increase to ~33.8 Ma, after which SS% again decreases across the EOIS to ~33.1 Ma. Similar
to the silt % record, SS% exhibits a protracted increase through the early to mid Oligocene. The
SS record at Site U1411 is variable, especially in the pre-EOT section, but shows a systematic
increase over the entire studied interval (Fig. 4c). Both SS% and SS are higher in the Oligocene

than the Eocene at Site U1411 (Fig. 5).

4.3 Detrital provenance data

Our provenance data from Site U1411 does not extend across the entire 35-26 Ma study
interval and, thus, is displayed in Figure 6, which focuses on the EOT and time intervals
immediately preceding and after (35-32.5 Ma). Broadly, ¢Hf, eNd, and Pb/Pb data do not exhibit
any well-defined trends. However, a transient, less-radiogenic spike at the end of the EOT is
exhibited by eNd, coupled with a peak in 2°°Pb/>**Pb. The detrital lithogenous eNd and ¢Hf data
do not exhibit a long-term trend, nor any protracted inflections associated with the first 8'30 step
(33.9 Ma; Hutchinson et al., 2021) or the EOIS. A one-point outlier in éNd values coincides with
the EOIS.

4.4 Intersite comparison of sortable silt mass abundance and terrigenous mass-accumulation rates

Coupling terrigenous grain-size records from two IODP study sites at different paleodepths
affords a regional, robust perspective of long-term change in bottom-current conditions. Here, we
summarize and compare the SS% records exhibited at both Sites U1406 and U1411 from the late
Eocene to the late Oligocene (Fig. 4b). The 4-point moving averages superimposed on the data
reflect the longer-term trends. SS% decreases between ~34.2 and 34.0 Ma at Site U1406 before
increasing slightly to the EOIS. At Site U1411, SS% increases sharply from ~34.2 Ma to the EOB,
before decreasing steadily to the EOIS. SS% trends notably diverge during the EOT and appear to
exhibit an anti-phase relationship from ~34.2 Ma to the EOIS (Figs. 4a and 6a). Post-EOT, both

12



376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406

records gradually increase through the early Oligocene into the mid Oligocene. These changes in
SS% suggest a variable bottom-current flow speed history preceding and throughout the EOT,
followed by an increase at both sites from the EOIS through the top of our study interval in the
mid Oligocene.

Terrigenous MARs at both sites exhibit little change within the pre-EOT interval, with the
exception of an anomalously high value at Site U1411 at 34.5 Ma (Fig. 4d). Site U1411 exhibits
an abrupt increase in terrigenous MAR at 34.0 Ma, whereas terrigenous MAR at Site U1406
decreases at this same time. Terrigenous MAR at Site U1406 steadily decreases starting at ~34.2
Ma before increasing abruptly at the EOIS, whereas Site U1411 exhibits an increase at ~34.1 Ma
before mimicking the steady decrease at Site U1406. Terrigenous MAR at Site U1411 decreases
appreciably at the EOIS and then both sites exhibit a steady increase, similar to the SS% records,
in the post-EOT period between ~33.6-32.5 Ma.

5. Discussion

5.1 Controls on terrigenous grain-size records in Newfoundland ridges contourite drifts

Before we can assess the imprint of the DWBC on our records we must first consider the
influence of other processes that may have influenced our terrigenous grain-size data. First, we
might expect an increase in sediment supply to have been associated with glacioeustatic sea-level
fall in response to the growth of ice sheets on Antarctica (e.g., Miller et al., 2020). For example,
during sea-level fall, an addition of coarser material derived from coastal and shelf staging areas
may have been transported via sediment gravity flows further into the deep basin (e.g., Posamentier
et al., 1991), intercepted by the DWBC and incorporated into the construction of contourites on
the Newfoundland ridges. SS% increases gradually and systematically at both sites over a multi-
million-year timescale and SS is generally higher in the Oligocene compared to the Eocene (Figs.
4,5, 6, and 7). Spray et al. (2019) show that sand (>63 um) abundance increases in the earliest
Oligocene at both Sites U1406 and U1411, which may support a sea-level-lowstand driver of
sediment supply interpretation. However, the onset of the long-term coarsening trend in Site
U1411 pre-dates the beginning of the EOT (Fig. 6). Moreover, the systematic coarsening in both
of our records continues for millions of years post-EOT (Fig. 7). Thus, a longer-term process is

the more likely driver of the coarsening trend that we document than sea-level fall-induced change,
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and we note that Spray et al. (2019) interpreted bottom current intensity/activity to have been the
fundamental process controlling sand abundance in their records.

A second process with the potential to alias our records is changing sediment source
through time. To address source-area changes, we studied the radiogenic isotope composition
(eNd, eHf) of the bulk detrital fraction and 2°°Pb/?**Pb in hand-picked feldspar grains at Site U1411
(Figs. 6f and 6g). Detrital provenance data from Site U1411 reveal no significant changes in
sediment source area across the EOT. Although eNd exhibits a transient excursion to less-
radiogenic values associated with the EOIS, neither eHf nor 2°Pb/2%*Pb data reveal an abrupt and
sustained shift coincident with the EOT (Fig. 6). Overall, eHf and eNd display little variability
across the EOT and 2°°Pb/2*Pb data show no discernible overall trend. Here, we emphasize the
lack of systematic change in these provenance metrics and do not analyze them for the purpose of
interpreting specific source areas (see Spray et al. [2019] for analysis and interpretation of

sediment source areas for these drift deposits).

5.2 Long-term invigoration of DWBC in response to GSR deepening and overflow

The onset of contourite sedimentation is well constrained prior to 36 Ma on the
Newfoundland ridges (Boyle et al., 2017) and elsewhere in the North Atlantic (Hohbein et al.,
2012), but the relative intensity of the DWBC cannot be constrained by seismic stratigraphy alone.
Our terrigenous grain-size records reveal a gradual and long-term (35-26 Ma) increase in SS% at
two sites in different water depths in the Newfoundland ridges drift complex (Figs. 4 and 7). This
pattern of change suggests a protracted strengthening of the DWBC pre-, syn-, and post-EOT.
Although we emphasize the abundance of sortable silt (SS%) in Figures 6 and 7, it is worth noting
that SS is also generally coarser in the Oligocene compared to the Eocene (Fig. 5). Our
sedimentological records highlight the difference in timescales of DWBC strengthening (multiple
million years) versus the relatively abrupt climate shift associated with the EOT (hundreds of
thousands of years). These physical proxies reveal a steady increase the strength of deep circulation
from the EOT through the mid Oligocene, potentially representing the gradual establishment of
AMOC. Additionally, our records suggest that widespread invigoration of deep-water circulation
previously interpreted to coincide with the EOT based on regional seismic-stratigraphic mapping
across the western North Atlantic (e.g., Mountain & Tucholke, 1985; Wright & Miller, 1993) could

have occurred later in the Oligocene.
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The long-term and gradual trends in our data appears inconsistent with a major influence
exerted by faster-acting processes associated with onset of significant Antarctic glaciation.
Tectonic forcing has been proposed as an underlying control on late Eocene to EOT ocean
circulation changes in the South Atlantic (Borelli et al., 2014; Langton et al., 2016) and Southern
Ocean (Scher & Martin, 2006; Scher et al., 2015; Scher, 2017). In the North Atlantic, the
tectonically driven deepening and shoaling of the Greenland-Scotland Ridge (GSR) during the
Cenozoic has been invoked as a major control on deep-water production and flow from the
shallower Nordic Seas southward into the deeper North Atlantic (Davies et al., 2001; Via &
Thomas, 2006; Abelson et al., 2008; Hutchinson et al., 2019). During the Neogene, for example,
Wright & Miller (1996) and Poore et al. (2006) showed that temporal variability in Northern
Component Water (NCW) production correlates with well-documented vertical motions of the
GSR during the middle Miocene through Pliocene (i.e., when the GSR subsided, overflow of NCW
into the North Atlantic was enhanced). The Uenzelmann-Neben & Gruetzner (2018) review of
GSR overflow chronology, which does not include information from the Newfoundland ridges
drifts, indicates that the GSR subsided from ~32 to 23 Ma, suggesting that deep waters sourced
from the Nordic Seas may have contributed to the observed bottom-current invigoration in the
Oligocene part of our record.

Another potential source of deep/bottom water that could have influenced sediment
transport on the Newfoundland ridges, but is not directly associated with a tectonic control, is from
the Labrador Sea. Previous studies investigating potential sources of NCW in the latest Eocene
suggested that convective overturning in the Labrador Sea may have led to enhanced bottom-water
activity during this time (Borelli et al., 2014). Deep Sea Drilling Program (DSDP) Site 112 in the
southern Labrador Sea shows a change from dominantly clay to a higher proportion of silt in the
Early Oligocene that is associated with a prominent seismic reflector interpreted to represent
invigoration of bottom-water flow (Miller et al., 1982). More recent work on Ocean Drilling
Program (ODP) Site 647 reveals a significant decrease in deep-water agglutinated foraminifera at
the Eocene-Oligocene boundary (Kaminski & Ortiz, 2014) and a modest increase in sedimentation
rate coincident with the EOT (Firth et al., 2013), which may represent more vigorous ocean
circulation. However, Coxall et al. (2018) and Vahlenkamp et al. (2018a), based on isotope records

and oceanographic modeling, respectively, suggest that the deep water in the latest Eocene North
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Atlantic was sourced from the Nordic Seas, which implies the GSR sill was sufficiently deep to
promote north-to-south flow by this time.

Neogene records from the North Atlantic show that Labrador Sea-sourced deep water was
more prevalent when a shallower GSR sill prevented overflow from the Nordic Seas and was
significantly diminished when GSR overflow was active (Poore et al., 2006), suggesting that a
similar dynamic may have been established in the late Paleogene. We interpret that the long-term
invigoration of the DWBC evident in our physical record was driven by progressive deepening of
the GSR, which permitted enhanced overflow of NCW into the North Atlantic and associated
intensification of the DWBC. This multiple-million-year timescale increase in bottom-current
energy might reflect the onset of different segments of the GSR, which have different sill depths
and, thus, could have had different timings of overflow. For example, the southeasternmost
segment of the GSR, the Faroe-Shetland Channel, is the deepest part of the ridge (Vogt, 1972) and
has been hypothesized to have been an important oceanic gateway connecting the Nordic Seas
with the North Atlantic from the earliest Oligocene (Davies et al., 2001) or as old as the Early-
Middle Eocene (Hohbein et al., 2012). However, the position of the Newfoundland ridges drifts,
which are down-current from the confluence of multiple deep-water sources, precludes the ability

to test that hypothesis directly.

5.3 Changes in the intensity and depth of the DWBC associated with the EOT

Our records from Sites U1406 and U1411 also provide an opportunity to address a long-
standing question in Cenozoic paleoceanography: Did North Atlantic deep circulation intensify
abruptly at the EOT? At Site U1411, our record shows that the observed long-term increase in
SS% begins well before the Eocene-Oligocene Boundary and prior to the beginning of the EOT
(Fig. 6). At Site U1406, there is little change in SS% during the pre-EOT and through most of the
EOT with a notable, but transient, increase just after the EOIS (Fig. 6). At Site U1411, our record
shows a modest decrease in SS% from the EOB through the end of the EOT with coarsening
resuming at Site U1411 in the post-EOT time period (from ~33.3 Ma and younger) (Fig. 6). Thus,
our terrigenous grain-size data do not support an interpretation of regionally synchronous
intensification of the DWBC associated with global cooling and rapid growth of the Antarctic Ice

Sheet across the EOT. The lack of a regional seismic-stratigraphic horizon in the Newfoundland
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ridges drifts at this level (Boyle et al., 2017) supports our proxy-based interpretation of no major
change in the drift system at or near the time of the EOT.

Although our proxy records spanning the EOT do not exhibit a synchronous response, we
note that these two sites are at different modern water depths within the same overall contourite
drift system and can therefore be used to investigate changes in bottom-current behavior as a
function of paleo-water depth (e.g., see Norris et al., [2014a] regarding the similar subsidence
histories of these two sites). We hypothesize that the earlier onset of coarsening at the shallower
Site U1411 (~34.5 Ma) relative to the deeper Site U1406 (~33.7 Ma) represents bottom-current
invigoration followed by deepening (or potentially spanning a larger depth range). In this
interpretation, the strength of the bottom current in shallower parts of the drift system (~3,300 m
modern water depth) increased ~800 kyr before the deeper parts (~3,800 m modern water depth).
Additionally, the relationship between SS% and terrigenous MAR (Fig. 6b) observed at Sites
U1406 and Ul411 may also suggest depth-dependent changes in bottom currents during this
period. For example, the EOIS at Site U1406 shows an increase in both SS% and terrigenous MAR,
which likely represents a stronger bottom current transporting both coarser and more terrigenous
sediment to the site. In contrast, an increase in terrigenous MAR at Site U1411 coincides with an
increase in SS% at ~34.0 Ma, but then followed by a significant decrease in terrigenous MAR at
the EOIS, which is accompanied by little change in SS%. Overall, the variability at the shallower
Site U1411 of both SS% and terrigenous MAR after the initial coarsening suggests a more complex
evolution of the physical current during the EOT at this location and depth.

In summary, we do not see evidence for an abrupt and basin-wide invigoration of bottom
currents in the North Atlantic associated with the EOIS. In fact, our data suggest an increase in
DWBC intensity that starts prior to the beginning of the EOT in the shallower site and evolves
through the EOIS. Similarly, Coxall et al. (2018) interpret that NCW export began about 500 kyr
before the beginning of the EOT in North Atlantic sites. Recent modeling-focused studies have
emphasized the importance of Arctic-Atlantic connections and the role of associated freshwater
influx (or lack of) into the open Atlantic prior to and during the EOT as well. For example,
Hutchinson et al. (2019) concluded that closure of the Arctic-Atlantic connection could have led
to increased salinity in the North Atlantic and initiation of AMOC whereas Straume et al. (2022)
highlight the interplay of changes in both Arctic-Atlantic connectivity and GSR sill depth.

Regarding sea surface temperature (SST) records, Sliwinska et al. (2023) show that the southern
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Labrador Sea (ODP Site 647) started to cool ~500 kyr prior to the beginning of the EOT whereas
the lower-resolution SST data from Liu et al. (2018) from nearby Site U1404 shows little change
during the EOT, after which it cools during the Oligocene (Fig. 7). The earliest Oligocene
appearance of palynomorphs linked to surface-water cooling at multiple sites on the
Newfoundland ridges (Egger et al., 2016) is generally consistent with these findings. Sliwinska et
al. (2023) and other recent studies have discussed the apparent contradiction of cooling SSTs
coinciding with increasing AMOC. We note that although our grain-size record shows an increase
during this important transition, the SS% in terms of an absolute abundance is quite low, which
suggests relatively weak circulation intensity during this time. SST records at Site U1406 indicate
a cool early to mid Oligocene relative to late Oligocene and Miocene (Guitian et al., 2019) but we
note that their record begins at 30 Ma and does not capture the EOT changes. Additional work at
higher resolution, including more sites, and comparison with site-specific benthic oxygen isotope
data (e.g. density variability of water masses; Lynch-Stieglitz et al. [1999]) is needed in order to
quantify the variability and trends revealed by our data set.

These recent studies, combined with our data set emphasizing the physical behavior of
bottom currents, points towards considerable spatiotemporal variability of North Atlantic
circulation leading up to and during the EOT, which, as is discussed above, became more
established and potentially more volumetrically significant (i.e., covering a larger depth range) as
the Oligocene progressed. The extent to which latest Eocene DWBC strengthening may have been
a forcing for EOT oceanographic change is difficult to evaluate because our record does not extend
significantly into pre-EOT intervals. Nonetheless, if changes in ocean circulation that initiated in
the Eocene contributed to climatic change at the EOT it would have necessarily been a threshold

response.

6. Conclusion

We present terrigenous grain-size and detrital provenance data from IODP Exp 342 Sites
U1406 and U1411 on the Newfoundland ridges drift complex. These contourites provide a high-
resolution sedimentary archive from the latest Eocene through mid-Oligocene interval.
Terrigenous sortable silt (10-63 um) data in our new record shows a gradual coarsening between
35 and 26 Ma at both sites. At shorter timescales, and in the context of the Eocene-Oligocene

Transition (EOT), the most pivotal climate transition of the Cenozoic, our records suggest that
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change in bottom currents were not synchronous at both sites. The inception of the coarsening
signal predates the beginning of the EOT in Site U1411 and continues to the top of our record in
the mid-Oligocene at both sites. We rule out sediment source changes as an explanation for the
grain-size trends due to unvarying provenance indicators across the EOT. We interpret the
coarsening of sortable silt in our records to indicate steady and long-term invigoration of the Deep
Western Boundary Current (DWBC) over a multi-million-year timescale. This timescale of deep
circulation change is consistent with tectonic drivers and evolution of the North Atlantic in the late
Paleogene. Specifically, the deepening of the Greenland-Scotland Ridge (GSR) likely permitted
increased overflow of Northern Component Water (NCW) produced in the Nordic Seas into the
North Atlantic, representing a protracted assembly of AMOC.
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Figure Captions

Fig. 1: (A) Bathymetric map of Newfoundland ridges drift complex, offshore Canada, showing
location of new terrigenous grain-size data reported in this study from Sites U1411 and U1406
(from IODP Exp 342). Approximate path and depth range of modern Deep Western Boundary
Current (DWBC) annotated by red arrows. (B) Inset showing expanded view of the northern North
Atlantic Ocean, southern Labrador Sea, the Greenland-Scotland Ridge (GSR), and Greenland-
Norwegian Sea. Part A designated by dashed white box. Note location of other sites with published
data referenced in the text. Maps generated using http://www.geomapapp.org/
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Fig. 2: Seismic-stratigraphic and lithologic context for IODP Sites U1406 and U1411 and
associated analyzed samples. (A) Seismic-reflection profile (Line 5), including horizon
interpretation from Boyle et al. (2017), showing Site U1406 location. (B) Seismic-reflection
profile (Line 25), including horizon interpretation from Boyle et al. (2017), showing Site U1411.
Key to seismic-stratigraphic horizon colors for both profiles. (C) Summary of Site U1406 and (D)
of Site U1411, both showing core recovery, lithology, general age, and shipboard CaCO3%
information (from Norris et al., 2014b; Norris et al., 2014c). Stratigraphic distribution of samples
with the EOT (Eocene-Oligocene Transition) interval, per Hutchinson et al. (2021), shown in red.

Fig. 3: Age models for IODP Sites U1406 and U1411 constructed using biostratigraphic and
magnetostratigraphic tie points (Norris et al., 2014b; Norris et al., 2014c; van Peer et al., 2017).
From left to right: magnetostratigraphy of Site U1406, depth-age tie points used in this study,
and magnetostratigraphy of Site U1411. Question mark (?) denotes interval where paleomagnetic
age constraint is less clear. Magnetostratigraphies are correlated to the Geomagnetic Polarity
Time Scale (Gradstein et al., 2012) across the bottom of the plot.

Fig. 4: Terrigenous grain-size data. (A) Mass abundance of silt (4-63 ['m fraction). (B) Mass
abundance of sortable silt (10-63 [Jm fraction). (C) Mean sortable silt (mean diameter of 10-63 [’m
fraction). Parts A-C have a 4-point moving average superimposed on data. (D) Terrigenous (non-
carbonate) mass accumulation rates. U1406 (red) and Ul1411 (black) for all panels. Eocene-
Oligocene Transition (EOT) and earliest Oligocene oxygen isotope step (EOIS) as defined by
Hutchinson et al. (2021) shown.

Fig. 5: Violin plots (mirror-image density curves) with boxplot overlay of terrigenous (A) sortable
silt (10-63 um) mass % and (B) mean sortable silt for Sites U1406 and U1411 subdivided into
Eocene versus Oligocene (using Eocene-Oligocene boundary of 33.9 Ma). Boxplots show
interquartile range (white fill) and median (vertical line). Annotation denotes standard deviation
and number of data points.

Fig. 6: Multi-proxy record across the Eocene-Oligocene Transition (EOT): (A) Sortable silt mass
abundance from Sites U1406 and U1411. Bold lines represent moving averages superimposed on
individual data points. Note site-specific scales to compare temporal trends. (B) Terrigenous (non-
carbonate) mass accumulation rates for Sites U1406 and U1411. Note site-specific horizontal axes
to compare temporal trends. (C) Lithogenic radiogenic isotopes from Site U1411. (D) Pb/Pb from
detrital feldspar grains at Site U1411. Note separate scale 2°Pb/2*Pb. (E) Benthic foraminifera
8'80 isotope compilation from the Atlantic Ocean (Site 1263; Langton et al., 2015), the Southern
Ocean (Site 689; Diester-Haass & Zahn, 1996; and Site 744; Zachos et al., 1996), and the Pacific
Ocean (Site 1218; Coxall and Wilson, 2011). (F) Sea surface temperature records from Site 647
(TEXss); Sliwiniska et al., 2023) and nearby Site U1404 (alkenones; Liu et al., 2018); open circles
are data points with low alkenone concentration. Eocene-Oligocene Transition (EOT), earliest
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Oligocene oxygen isotope step (EOIS), and Eocene-Oligocene boundary (EOB) as defined by
Hutchinson et al. (2021) shown.

Fig. 7: (A) Sortable silt mass abundance (SS%) with 4-point moving average (bold lines) and (B)
time-averaged SS% in 500-kyr age bins for Sites U1406 (red) and U1411 (black) compared to (C)
global benthic 3'30 record (Westerhold et al., 2020), (D) sea surface temperature (SST) record
from nearby Site U1404 (Liu et al., 2018); open circles are data points with low alkenone
concentrations and points are connected/disconnected as originally displayed by Liu et al. (2018),
and (E) pCO: proxy record (showing alkenone and boron; Foster et al., 2017) for 35-26 Ma time
period. Eocene-Oligocene Transition (EOT) and earliest Oligocene oxygen isotope step (EOIS) as
defined by Hutchinson et al. (2021) shown. Slump interval in Site U1406 as defined by van Peer
et al. (2017) show in light red zone (A, B).
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Fig. 1: (A) Bathymetric map of Newfoundland Ridges drift complex, offshore Canada, showing
location of new terrigenous grain-size data reported in this study from Sites U1411 and U1406
(from IODP Exp 342). Approximate path and depth range of modern Deep Western Boundary
Current (DWBC) annotated by red arrows. (B) Inset showing expanded view of the northern North
Atlantic Ocean, southern Labrador Sea, the Greenland-Scotland Ridge (GSR), and Greenland-Nor-
wegian Sea. Part A designated by dashed white box. Note location of other sites with published
data referenced in the text. Maps generated using http://www.geomapapp.org/
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Figure 2: Seismic-stratigraphic and lithologic context for IODP Sites U1406 and U1411 and
associated analyzed samples. (A) Seismic-reflection profile (Line 5), including horizon interpre-
tation from Boyle et al. (2017), showing Site U1406 location. (B) Seismic-reflection profile (Line
25), including horizon interpretation from Boyle et al. (2017), showing Site U1411. Key to
seismic-stratigraphic horizon colors for both profiles. (C) Summary of Site U1406 and (D) of
Site U1411, both showing core recovery, lithology, general age, and shipboard CaCO,% informa-
tion (from Norris et al., 2014b; Norris et al., 2014c¢). Stratigraphic distribution of samples with
the EOT (Eocene-Oligocene Transition) interval, per Hutchinson et al. (2021), shown in red.
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Fig. 3: Age models for IODP Sites U1406 and U1411 constructed using biostratigraphic and magneto-
stratigraphic tie points (Norris et al., 2014b, 2014c; van Peer et al., 2017). From left to right: magneto-
stratigraphy of Site U1406, depth-age tie points used in this study, and magnetostratigraphy of Site
U1411. Question mark (?) denotes interval where paleomagentic age constraint is less clear. Magneto-
stratigraphies are correlated to the Geomagnetic Polarity Time Scale (Gradstein and Ogg, 2012) across
the bottom of the plot.
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Fig. 4: Terrigenous grain-size data. (A) Mass abundance of silt (4-63 pm fraction). (B) mass
abundance of sortable silt (10-63 um). (C) Mean sortable silt (mean diameter of 10-63 pm
fraction). Parts A-C have a 4-point moving average superimposed on data. D) Terrigenous
(non-carbonate) mass accumulation rates. U1406 (red) and U1411 (black) for all panels.
Eocene-Oligocene Transition (EOT) and earliest Oligocene oxygen isotope step (EOIS) as
defined by Hutchinson et al. (2021) shown.
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Figure 5: Violin plots (mirror-image density curves) with boxplot overlay of terrigenous (A)
sortable silt (10-63 pm) mass %, and (B) mean sortable silt for Sites U1406 and U1411 subdivid-
ed into Eocene versus Oligocene (using Eocene-Oligocene boundary of 33.9 Ma). Boxplots
show interquartile range (white fill) and median (vertical line). Annotation denotes standard
deviation and number of data points.
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Fig. 6: Multi-proxy record across the Eocene-Oligocene Transition (EOT). (A) Sortable silt mass
abundance from Sites U1411 and U1406. Bold lines represent moving averages superimposed on
individual data points. Note site-specific scales to compare temporal trends. (B) Terrigenous (non-car-
bonate) mass accumulation rates for Sites U1411 and U1406. Note site-specific horizontal axes to
compare temporal trends. (C) Lithogenic radiogenic isotopes from Site U1411. (D) Pb/Pb from detrital
feldspar grains at Site U1411. Note separate scale for 2°*Pb/**Pb. (E) Benthic foraminifera '*O
isotope compilation from the Atlantic Ocean (Site 1263; Langton et al., 2015), Southern Ocean (Site
689; Diester-Haass and Zhan, 1996; and Site 744; Zachos et al., 1996), and the Pacific Ocean (Site
1218; Coxall and Wilson, 2011). (F) Sea surface temperatures records from Site 647 (TEX,; Sliwinska
et al. 2023) and nearby Site U1404 (alkenones; Liu et al., 2018); open circles are data points with low
alkenone concentration. Eocene-Oligocene Transition (EOT), earliest Oligocene oxygen isotope step
(EOIS), and Eocene-Oligocene boundary (EOB) as defined by Hutchinson et al. (2021) shown.
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Figure 7: (A) Sortable silt mass abundance (SS%) with 4-point moving average (bold lines) and
(B) time-averaged SS% in 500-kyr age bins for Sites U1406 (red) and U1411 (black) compared
to (C) global benthic 6'*0 compilation (Westerhold et al., 2020), (D) sea surface temperature
(SST) record from nearby Site U1404 (Liu et al., 2018); open circles are data points with low
alkenone concentrations and points are connected/disconnected as originally displayed by Liu et
al. (2018), and (E) pCO, proxy record (showing alkenone and boron; Foster et al., 2017) for
35-26 Ma time period. Eocene-Oligocene Transition (EOT) and earliest Oligocene oxygen
isotope step (EOIS) as defined by Hutchinson et al. (2021) shown. Slump interval in Site U1406
as defined by van Peer et al. (2018) shown in light red zone (A, B).

Figure 7 — Parent et al.



