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SEDIMENTOLOGICAL AND OCEANOGRAPHIC CHANGE IN THE NORTHWEST
ATLANTIC OCEAN ACROSS THE EOCENE OLIGOCENE TRANSITION

By James Francis Spray

The Eocene-Oligocene Transition (EOT) marks the most pivotal interval in Earth’s
Cenozoic transition from warm, relatively ice-free ‘greenhouse’ conditions to a cooler
‘icehouse’ climate. The EOT saw the rapid growth of a large East Antarctic Ice Cap,
global cooling, and a reorganisation of ocean currents at ~33-34 Ma, but little is
known about how these events affected the Northern Hemisphere. The traditional
view is that glaciation of the northern continents occurred much later than on
Antarctica, but recent studies have, controversially, suggested that large northern ice
sheets formed across the EOT. This thesis documents an investigation into this and
related problems, taking advantage of rapidly deposited sediment drifts overlying the
Southeast Newfoundland Ridge (SENR) recovered during Integrated Ocean Drilling
Program (IODP) Expedition 342. Detrital sand and sedimentological features found in
EOT-aged sediments on the SENR were interpreted at the time of their discovery to
be evidence of ice rafting, and so could support the idea of bipolar glaciation.
Provenance, surface texture, and sedimentological analyses presented in this thesis,
however, show that icebergs did not deposit these grains. Instead, the presence of
these grains is attributed interplay between deep-water currents and glacioeustatic
sea level change, through the use of grain flux, grain size, stable isotope, and spectral
analyses. Industrial well and seismic data, together with a palaeogeographic digital
elevation model, are used to reconstruct the geometry of the SENR, and show that its
sedimentary history was often linked to larger-scale oceanographic changes along the
Newfoundland Margin. These findings support the hypothesis that significant

Northern Hemisphere glaciation did not occur across the EOT.
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Chapter 1

Chapter 1 Introduction

1.1 The Eocene Oligocene Transition (EOT)

The Eocene-Oligocene Transition (33-34 Ma) is arguably the most significant climate
change event of the Cenozoic, marking the tipping point in a longer transition of
Earth’s climate from a relatively warm, ice-free ‘greenhouse’ state to a cooler
‘icehouse’ state. Over an interval of ~300 kyr, a large, sustained ice cap rapidly
formed on East Antarctica (DeConto and Pollard, 2003; Katz et al., 2008) and global
temperatures cooled (Liu et al., 2009). Deep-water circulation patterns also changed
across the interval, with North Atlantic Deep Water (NADW) being formed in the high
northern latitudes and exported through the North Atlantic (Davies et al., 2001; Miller
et al,, 2009). In the Southern Hemisphere, the Antarctic Circumpolar Current (ACC)
also developed over the EOT (Cristini et al., 2012). The glacioeustatic sea level fall
associated with Antarctic ice formation is suggested to have exposed and eroded
large areas of shallow carbonate, and shallow carbonate deposition was replaced by
pelagic burial at depth, leading to deepening of the Carbonate Compensation Depth
(CCD) (Merico et al., 2008).

The rapid pace of climate change across the EOT was brought about by atmospheric
CO2 concentrations dropping below a critical threshold, resulting in an initial growth
of Antarctic ice (Figure 1.1). This then initiated strong positive feedback effects
associated with ice sheet height and coalescence; leading to rapid further ice growth
(DeConto and Pollard 2003; Coxall et al. 2005). Atmospheric CO: levels decreased
slowly through the late Eocene (Pagani et al, 2005; Zachos et al., 2008), until
glaciation was triggered during an orbital configuration encouraging cool austral
summers. Specifically, this orbital trigger consisted of an extended interval of low
eccentricity that coincided with a low amplitude modulation node in obliquity,
(Figure 1.1) (Coxall et al., 2005). This hypothesis of a combination of CO2 decline and
orbital forcing has largely replaced the idea that the EOT occurred as a response to
the tectonic opening of the Drake Passage and/or the Tasman Gateway and
oceanographic isolation of Antarctica, by the Antarctic Circumpolar Current (ACC).

This process would still have affected the extent of ice formation across the EOT,
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though it is now believed that COz and orbital forcing dictated the timing (Cristini et
al, 2012; Katz etal., 2011).
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Figure 1.1: a) Proxy reconstructions of atmospheric CO; decline through the Cenozoic, black and blue
dashed lines indicate modelled thresholds for Southern and Northern hemisphere
glaciation respectively (DeConto et al,, 2008), b) global composite of available benthic
foraminiferal oxygen isotope records across the Cenozoic, c) benthic foraminiferal oxygen
isotope record across the EOT from ODP Site 1218, and d) orbital parameters,
highlighting ‘trigger’ interval of low amplitude eccentricity and obliquity modulation.

Figure modified from Zachos et al,, (2008) and Coxall et al., (2005).
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1.1.1 Review of EOT stratigraphy and terms

The EOT climate event should not be confused with the stratigraphic Eocene
Oligocene Boundary (EOB), which separates the latest Eocene (Priabonian) and
earliest Oligocene (Rupelian). The EOB is identified by the extinction of the planktic
foraminiferal genus Hantkenidae, and its Global Stratotype Section and Point (GSSP)
is defined at Massignano, Italy (Silva and Jenkins, 1993). It is dated to 33.9 Ma as of
2012 (previously 33.7 Ma) (Berggren et al., 1995; Gradstein et al., 2012). The EOT, by
comparison, is identified by a globally recognisable increase in benthic foraminiferal

oxygen and carbon isotope records (8180, 613Cyy).

As the resolution of EOT 8180y stratigraphy has increased, particularly through the
generation of high-resolution equatorial Pacific (Ocean Drilling Program (ODP) Site
1218) and Southern Ocean (ODP Sites 689, 738, 744 and 748) 680y records, a
distinct step-like structure to the interval has been revealed, with two pronounced
rapid increases seen either side of a ‘plateau’ (Bohaty et al., 2012; Coxall et al., 2005)
(Figure 1.2). These steps, referred to herein as EOT-1 (precursor step in Miller et al,,
(2008)) and the 0i-1 shift (Oligocene isotope shift 1) respectively, together constitute
a ~1.5%o increase in 6180pracross the transition. A transient §180ys shift, termed EOT-
2, has also been tentatively invoked between EOT-1 and the Oi-1 event, however this
was based on a low-resolution record that displays high levels of noise (Katz et al,,
2008) (Figure 1.2). The 0i-1 event, which is the most commonly identified step of the

EOT, coincides with the C13r/c13n magnetochron reversal (Figures 1.1, 1.2).
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Figure 1.2: Expanded oxygen isotope stratigraphy across the EOT, showing the placement of the EOB,
EOT-1, EOT-2 and the 0i-1 shift. a) Benthic foraminiferal oxygen isotope record from ODP Site 1218, b)
planktic foraminiferal oxygen isotope record from Tanzania Drilling Project (TDP), c) Microfossil,
nannofossil, and dinocyst zones for from the Global Stratotype Section and Point (GSSP) for the

Eocene-Oligocene Boundary at Massignano. Figure modified from Houben et al., (2012).

The relative combinations of ice-growth versus global deep water cooling to the
observed shift in §180yr are unclear, despite various attempts to address this problem
(Coxall et al., 2005; Katz et al., 2008; Scher et al,, 2011). Some data sets suggest that
cooling was more prevalent in the EOT-1 step and ice growth was responsible for
most of the Oi-1 shift (Bohaty et al., 2012; Houben et al,, 2012; Katz et al., 2008; Lear
et al, 2008). The changes in global temperature, glaciation, sea-level change, and

oceanography across the EOT are explored in greater detail below.

1.1.2 Temperature change across EOT

Several lines of evidence suggest that global temperatures had been declining
through the Late Eocene leading up to the EOT, driven by declining atmospheric CO-
in the absence of large volumes of Antarctic ice, increasing 8180y can be interpreted
as decreasing deep water temperatures, and UX37 and TEXge! data suggest global sea
surface temperatures (SSTs) declined over the same period (Anagnostou et al., 2016;

Inglis et al,, 2015; Lear et al,, 2008; Liu et al., 2009).
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The formation of a large volume of ice across the EOT makes the interpretation of
deep-water temperature from 06!80,r more complex; an independent
palaeothermometer is needed to separate the two components. The ratio of
magnesium to calcium in foraminiferal calcite (Mg/Ca) has been shown to vary with
water temperature, but quantifying temperature change using this proxy for the EOT
has proved difficult. Analysis of benthic Mg/Ca records across the EOT from deep-
water sediments in the Pacific and Atlantic indicates little temperature change, but
this interpretation is complicated by contemporaneous deepening of the CCD;
changes in carbonate saturation affect the partitioning of Mg in foraminiferal calcite,
which distorts Mg/Ca and can mask temperature change (Coxall et al., 2005; Lear et
al,, 2004, 2000). Benthic foraminiferal Mg/Ca temperature reconstructions across the
EOT from the Tanzania Drilling Project (TDP), where the shallower palaeodepth
makes the record here less susceptible to CCD changes, suggest a global cooling of
~2.5 °C, and Southern Ocean Mg/Ca data from intermediate water depths also record

a 2-3 °C cooling (Bohaty et al., 2012; Lear et al., 2008).

Further attempts to separate ice volume and temperature change across the EOT
have focused on resolving the ice volume component through analysis of sea level
change in shallow marine settings. Sequence stratigraphic analysis of EOT intervals
from New Jersey and Alabama suggest a 1-2 °C cooling across the EOT-1 step and 1-
4 °C across the 0i-1 shift, whereas sedimentological and biotic analysis of marginal
marine sections in Italy suggests that the cooling across the EOT was focused on the
EOT-1 step, and that the Oi-1 shift featured no significant temperature change
(Houben et al., 2012; Miller et al, 2009). An earlier study combining sequence
stratigraphy and Mg/Ca at St. Stevens Quarry, Alabama, found a ~2.5°C cooling across
EOT-1, and a further ~2°C cooling across the 0i-1 shift (Katz et al,, 2008), though
there are issues associated with estimating ice volume using sequence stratigraphy,

as discussed in Section 1.1.4 below.
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1.1.3 Glaciation changes across the EOT

Though a small ice cap may have been present on the Antarctic continent in the Late
Eocene, §180yr estimates (separated from temperature as described above) suggest
that it expanded to a volume similar to modern day values (70-100% of modern
Antarctic ice volume) across the EOT (Coxall et al,, 2005; Lear et al.,, 2008; Scher et al,,
2014). The appearance of ice-rafted debris (IRD) in Southern Ocean marine
sediments across the EOT, alongside a change in clay mineralogy in Southern Ocean
drill sites, has also been interpreted to signify the ice cap growing large enough to

reach the Antarctic coastline (Ehrmann, 1998; Scher et al., 2011).

While Antarctic ice growth across the EOT has been widely studied, much less is
known about the state of the Northern Hemisphere climate over the same time
period. The established view is that ice caps only formed in the Northern Hemisphere
much more recently, with a Greenland ice cap since ~7 Ma, and further glaciation in
North America and Scandinavia occurring ~2.6 Ma (Bailey et al,, 2013; Larsen et al,,
1994). The discovery of coarse detrital grains and dropstones in marine sediments of
EOT-age from East Greenland, however, has led to intense debate over the extent of
glaciation in the Northern Hemisphere during the interval. Eldrett et al, (2007)
interpreted the dropstones as evidence only of a coastal outlet alpine glacier, whereas
Tripati et al,, (2008) inferred that IRD implied bipolar glaciation (DeConto et al,,
2008; Edgar et al,, 2007; Eldrett et al., 2007; Tripati et al., 2008). Tripati et al., (2005)
interpreted that a Late Eocene benthic foraminiferal oxygen isotope record from the
equatorial Pacific implied a volume of ice growth that was too large to be explained
by Antarctic glaciation, and hence posited that the IRD was from a large Greenland ice
cap responsible for the remainder of the isotope shift. Edgar et al (2007) challenged
this interpretation however, pointing out that the isotope shift had been calculated
using outliers, required an unreasonably large ice budget, and that a benthic oxygen
isotope record for the same interval from the tropical Atlantic showed a smaller shift,
which could be accounted for by cooling and Antarctic ice growth alone. Coupled
ocean-atmosphere-ice models also indicate that the CO: threshold for large-scale
Northern Hemisphere glaciation (280 p.p.m.v.) was much lower than for Antarctica
(750 p.p.m.v.), and proxy CO: estimates for the interval are higher than the Northern
Hemisphere threshold (DeConto et al., 2008; Gasson et al,, 2013) (Figure 1.1).

6
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1.1.4 Sea level change across the EOT

The formation of a large continental ice cap across the EOT caused a significant
glacioeustatic sea level fall, leading to widespread erosion of shallow shelf sediments,
and deposition of eroded material into deeper waters. Estimates of this glacioeustatic
sea level fall vary, but most lie between about 50 and 75 m (Miller et al., 2008, 1997).
The first attempt to use sequence stratigraphy to create a global (eustatic) record of
sea level change for the Cenozoic, dubbed the ‘Exxon Curve’, failed to identify a
significant fall in sea level across the EOT (Haq et al., 1987; Miller et al., 2008), but
contemporary studies reported a potentially global disconformity in the earliest
Oligocene, attributed to sea level fall, and a sea level fall at the EOB has since been
described by Hardenbol as Pr4/Rul (Haq et al., 1987; Hardenbol et al., 1999; Olsson
et al., 1980).

A new estimation of Cenozoic global sea level change was created from sediments
offshore of New Jersey, on the east coast shelf of the USA, correlated with
corresponding wells drilled onshore and with seismic data (Fulthorpe et al., 2008;
Miller et al, 1997; Pekar et al., 1997) (Figure 1.3). Changes in palaeowater-depth
were tracked through the composite Cenozoic record by analysing benthic
foramniferal biofacies, combined with the process of two-dimensional backstripping-
a method of extracting a eustatic sea level record from strata by reconstructing the
morphology of the depositional surface at the time of deposition (Pekar and Kominz,
2001). A combination of strontium isotope stratigraphy, biostratigraphy, and
magnetostratigraphy has determined the age model to an accuracy of 0.7-0.1 Myr

(Kominz et al., 2008; Pekar et al., 1997; Pekar and Kominz, 2001).
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Figure 1.3: Comparison between water depth estimates from St Steven’s Quarry, the eustatic sea level
record of the Exxon working group (Haq et al., 1987), and the backstripped New Jersey
Shelf eustatic record(Miller et al., 2005). Benthic foraminiferal isotope records from the
Pacific ODP Site 1218 (Coxall et al., 2005), and from SSQ are also shown. Figure modified
from Miller et al.,, (2008).

The New Jersey shelf lies on a passive margin, and is considered a far field site with
respect to the establishment of a large Antarctic ice cap over the EOT (Kominz et al,,
2008; Pekar et al., 1997; Pekar and Kominz, 2001). The predicted eustatic fall across
the EOT of ~55 m was correlated to the 0Oi-1 oxygen isotope shift (Miller and
Mountain, 1996; Pekar et al,, 2002). Similar analysis has also been carried out at
another EOT section at St. Steven’s Quarry (SSQ), in Alabama, USA (Miller et al.,, 2008,
1993). There has been no attempt made to backstrip the SSQ eustatic sea level record,
and so the estimated water depth change of 50-150m is likely an overestimation; the
record is broadly in agreement with the estimation of a ~55m drop across Oi-1

(Miller et al., 2008, 2005). The lack of sequence stratigraphic change at SSQ over the
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EOT-1 isotope step suggests that the main cause of this first 8§80y shift was

temperature change, not sea level /ice volume (Miller et al., 2008) (Figure 1.3).

Because the New Jersey and SSQ Cenozoic sea level records come from passive
margins, the traditional assumption is that the sea level change experienced at these
locations, relative sea level (RSL), is approximate to eustatic sea level; elsewhere, local
tectonic influences, among other factors, can also affect RSL (Table 1.1). This
assumption has been challenged; however- Moucha et al., (2008) demonstrate that on
timescales of 10 Myr the flow of mantle can affect RSL even on supposedly passive,
stable continental platforms such as the New Jersey margin. This process, termed
dynamic topography, appears to have been responsible for ~100 m of topographic
change across the last 30 Myr on the New Jersey margin, but for RSL change on the
timescale of the EOT (<1 Myr) is unlikely to have been a significant factor compared
to glacioeustasy (Moucha et al., 2008; Rowley, 2013). RSL change across the EOT
could also have been influenced by isostacy (the response of the Earth’s crust to
loading). Glacio-isostatic adjustment (GIA), for example, refers to local
uplift/subsidence that occurs following the removal/addition of a large volume of
glacial ice to the lithosphere (Peltier and Fairbanks, 2006; Shennan et al., 2002).
Though GIA, combined with other isostatic influences such as hydro-isostasy, is
generally thought to be minimal for far-field sites, more modern studies have shown
it can alter RSL on the order of 5 m over 21 Kyr in these areas, though this is in
response to more extensive, bipolar glaciation, unlike the typically envisaged glacial

conditions of the EOT (Milne and Mitrovica, 2008).
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RSL Fall Back-
Record Location Interpretation
(m) stripped?

(Miller etal.  New Jersey

2005) Shelf, US ~55 Yes Eustatic
(Miller et al,, SSQ ) . Eustatic, all interpreted
2008) Alabama, US 35-60 Estimated across 0i-1
(Turgut and ]’El‘is:aeg:
Eseller, . ~70 No Inferred to be eustatic
2000) Basin,
Turkey

(Houben et  Vicentinian Eustatic, 20 m for EOT-1,

70-80 No
al., 2012) AlpS, Italy 50-60 m for Oi-1
(Pinous et Western ) :
al, 1999) Kazakhstan 26-50 No Inferred to be eustatic
(Gale etal., Isle of Wight, 15 No Eustatic, but effect reduced
2006) UK by local subsidence
(Hegewald Chukchi Inferll‘ed to be tecton.lc, but
and Jokat, . ~200 Yes likely has eustatic
Shelf, Arctic
2013) component

Table 1.1: Quantitative estimations for RSL change across the EOT.

1.1.5 Oceanographic changes across the EOT

The pattern of deep water being formed in the North Atlantic as well as the Southern
Ocean is thought to have started around the time of the EOT (Davies et al., 2001). The
intensification of bottom currents in the North Atlantic across the interval is
supported by the subsequent formation of thick sediment drifts at several locations
along continental margins at this time (e.g. the Southeast Faeroes drift); with bottom
currents increasing accumulation rates above typical pelagic values by transporting
and depositing of large volumes of sediment (Davies et al.,, 2001; Howe et al.,, 2001;
Via and Thomas, 2006; Wold, 1994) (Figure 1.4). The EOT interval is also marked in
sedimentary sequences along the margins of the North Atlantic by erosional
unconformities, which are interpreted to represent the intensification of bottom
current intensity (Tucholke and Vogt, 1979). The AV horizon, for example, points to
erosion along the US East Coast margin, with a contemporary unconformity, termed

R4, also present in several drifts in the Northeast Atlantic (Campbell and Mosher,

10



Chapter 1

2016; Mountain and Tucholke, 1985) (Figure 1.4). A number of drifts along the
western margin of the North Atlantic predate the EOT however, including the drifts
on the Southeast Newfoundland Ridge, which are suggested to have started
developing in the Eocene (Boyle et al., 2017; Campbell and Mosher, 2016; Norris et
al., 2014). Hobhein et al. (2012) identified a drift deposit (Judd Falls Drift, Figure 1.4)
of Mid-Eocene age in the Faeroe-Shetland Basin, which they argued implied that
North Atlantic Deep Water (NADW) formation began at this time. Their
interpretations have been challenged however, both as to whether the body is in fact
a drift, and as to whether it records deep or shallow sedimentary processes (Hohbein

etal, 2013, 2012; Stoker et al,, 2013).

One hypothesis for circulation change across the EOT involves tectonic processes,
rather than climate forcing; specifically, the deepening of the Greenland-Iceland-
Faeroes Ridge, which had previously separated the Greenland-Norwegian Sea (a
major area of deep water formation) from the North Atlantic Ocean, is estimated to
have occurred contemporaneously to the EOT (Via and Thomas, 2006). Miller et al
(2009) however, have argued that global cooling, beginning in the middle Eocene and
continuing across the EOT, resulted in the formation of deep water (Borrelli et al,,
2014; Campbell and Mosher, 2016). The growth of the East Antarctic ice sheet to the
continent’s coastlines across the EOT, as evidenced by the appearance of ice-rafted
debris in Antarctic shelf sediments, may have also indirectly brought about
circulation changes in the North Atlantic by increasing Antarctic Bottom Water
(AABW) formation, increasing latitudinal gradients and increasing thermohaline
circulation (Expedition 318 Scientists, 2010; Goldner et al., 2014; Miller et al., 2009;
Scher etal, 2011).

11
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1.1.6
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Key North Atlantic sediment drifts, alongside flow path of modern NADW and areas of
deep water formation: Denmark Strait Overflow Water (DSOW) and Iceland-Scotland
Overflow Water (ISOW), both form in the Greenland-Iceland-Norway (GIN) Sea, whereas
Labrador Sea Water (LSW) is formed in the Labrador Sea (Bell et al., 2015; Yashayaev and
Clarke, 2008). Blue text and dashed lines show erosional unconformities across the Latest
Eocene-Earliest Oligocene: TE (Davies et al.,, 2001), R4/C30 (Miller and Tucholke, 1983;
Stoker et al., 2001), T35 (Campbell and Mosher, 2016), and AV (Tucholke and Mountain,
1979a). Drifts are: SFD= Southeast Faeroes Drift (Davies et al., 2001), JFD= Judd Falls
Drift (Hohbein et al., 2012), HSD= Hebrides Slope Drift (Masson et al., 2002), FD= Feni
Drift, HRD= Hatton-Rockall basin Drift (Roberts, 1975), GD= Gardar Drift, BD= Bjorn Drift,
SD= Snorri Drift, ED= Eirik Drift (Miller-Michaelis et al., 2013), GID= Gloria Drift, LD=
Labrador/Orphan Drift (Piper, 2005), SSD= Sackville Spur Drift (Kennard et al., 1990),
ND= Newfoundland Drift (Boyle et al, 2017), NSD= Nova Scotia Drift (Campbell and
Mosher, 2016), HD= Hatteras Drift (Locker and Laine, 1992), BRD= Bermuda Rise Drift
(Ayer and Laine, 1982), BBD= Blake Bahama outer ridge Drift (Faugéres and Stow, 2008).
Unless specified, ages are from (Wold, 1994). Modified from Faugeres et al., (1999).

Importance of the EOT to the hydrocarbon industry

In addition to being an important interval palaeoclimatically speaking, the EOT is also

of interest in the hydrocarbon exploration sector. At far field sites that are free from

significant tectonic influence, glacioeustatic sea level fall across the EOT would have

led to the development of lowstand system tracts, characterised by marked

12
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progradation of clastic systems into deeper water, and the exposure and erosion of
shallower marginal sediments (Walsh and Nittrouer, 2003) (Figure 1.5). This
progradation can lead to the formation of sandstone bodies in the deeper parts of a
basin, with the potential to act as hydrocarbon reservoirs (Boulila et al,, 2011; Vail,
1977; Wade and Palike, 2004). These sandstone bodies may exist as either
perched/shelf-edge deltas or as deep marine turbidite fans. The sustained increase in
the size of the Antarctic ice cap across the EOT also led to increased magnitudes of ice
volume fluctuations going into the Oligocene, paced by obliquity (40 ka) and
eccentricity (110, 405 ka) cycles seen in 6180y records (Abels et al., 2007; Wade and
Palike, 2004). Sea level change driven by these orbitally controlled cycles has been
detected, for example, in shallow marine clastic sedimentation changes in the North
Sea basin in the Early Oligocene (Abels et al., 2007). During the Oligocene, the longer
orbital periods (405 ka eccentricity, 1.2 Ma obliquity) appear to have driven 34 order
sea level variability, which may have greatly influenced sedimentation patterns
globally, providing a framework for sedimentary facies prediction (Boulila et al,

2011; Wade and Palike, 2004).

The interpreted increase in bottom current intensity in the North Atlantic across the
EOT could also be of considerable interest to the field of hydrocarbon exploration.
Contour currents can create sandstones that can act as reservoirs by winnowing away
finer sediment, leaving a better sorted, higher net-to-gross deposit (Howe et al,
2001). Intense contour currents are also capable of transporting, sorting, and re-
depositing large volumes of sand to form hydrocarbon reservoirs, for example in the
Campos Basin, offshore Brazil, or the Gulf of Cadiz (Hernandez-Molina et al., 2014;
Viana et al,, 1998a) (Figure 1.4). Furthermore, fine-grained contourite drift deposits,
which tend to exhibit low permeability, can act to seal in sandstone reservoirs below

(Duarte and Viana, 2007).

13



Chapter 1

Figure 1.5:
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1.2  Studying the EOT in the North Atlantic

Our understanding of climatic change across the EOT has been greatly advanced by
the generation of high-resolution proxy records from ODP Site 1218 in the equatorial
Pacific (Coxall et al., 2005). Currently, however, there is no comparable record for the
North Atlantic. An analogous high-resolution North Atlantic interval across the EOT
would not only allow the global climatic changes across the interval to be compared
to any changes in glacial and oceanographic conditions in the region, but might also
obviate the calcite saturation effect on Mg/Ca encountered in the Pacific (Coxall et al.,
2005; Lear et al.,, 2008, 2004). Obtaining a suitable stratigraphic section from the
North Atlantic has proved difficult however, in part because the preponderance of
erosional unconformities (Tucholke and Vogt, 1979; Tucholke and Mountain, 1986)
(Figure 1.4).

1.2.1 The Southeast Newfoundland Ridge

This thesis focuses on a new EOT sedimentary section that overlies the Southeast
Newfoundland Ridge (SENR), a volcanic bathymetric feature that protrudes from the
base of the Grand Banks, along the Newfoundland Margin (Figure 1.6). Thick
Palaeogene sedimentary drift deposits were penetrated on the SENR during IODP
Expedition 342, which recovered a high resolution EOT sequence at Site U1411
(41°37.09'N, 48°59.99°'W, water depth 3300 meters below sea level (mbsl) (Norris et
al., 2014). The crest of the SENR lies at ~3000-3500 mbsl, compared to the abyssal
plain of the Newfoundland Basin to the north, which features depths greater than

5000 mbsl.
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Figure 1.6:
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a) Bathymetry of the SENR and JAR, IODP Site U1411, and the modern flow-path of the
NADW and AABW. Inset shows the situation of the SENR in the wider North Atlantic.

Bathymetric base map is from GeoMapApp (http://www.geomapapp.org). b) Main areas
of iceberg formation in the modern North Atlantic, along with prevailing surface currents,
image courtesy of the Canadian Coast Guard. c) Modern ‘winter’ extent of Northern
Hemisphere sea ice in 2015. Median April ice edge from 1981-2010 denoted by pink line,
Image courtesy of the National Snow and Ice Data Center, University of Colorado, Boulder.
d) Depth profile of NADW components in the Labrador Sea (see star in b for location).
North East Atlantic Deep Water (NEADW) is largely composed of Iceland-Scotland
Overflow Water (ISOW). Adapted from Yashayaev and Clarke (2008).
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The basement of the SENR is oceanic; the ridge is thought to have been formed by
magma supplied by a mantle plume lying under the rifting zone between the
Barremian and earliest Aptian (chrons M4-MO0)(Tucholke et al., 2007; Tucholke and
Ludwig, 1982). Fragments of diagenetically altered coral recovered from IODP Site
1407, of Albian age, imply that the SENR was exposed to meteoric waters shortly after
its formation (Norris et al., 2014). The oceanic origin of the SENR basement contrasts
with the Newfoundland Basin directly to the north, which overlies transitional
continental crust, with the continent-ocean boundary (COB) marked by the J-anomaly
to the East. The J-Anomaly is the oldest identified oceanic crust magnetic anomaly in
the region, and is thought to have formed between anomalies M0 and M1, giving it a
Barremian-Aptian age (108-113 Ma) (Austin et al, 1989; Tucholke et al., 1989;
Tucholke and Ludwig, 1982). Where the SENR crosses this anomaly, a smaller ridge,
the J-Anomaly Ridge (JAR), extends to the southwest.

The Newfoundland margin itself has been passive throughout the Cenozoic, it
separated from the Iberian margin through multiple phases of rifting that ended in
the Late Aptian (112 Ma) Since these events the Newfoundland margin and basin has
been tectonically inactive (Austin et al., 1989; Peron-Pinvidic et al,, 2010; Péron-

Pinvidic et al., 2007).

1.2.2 Modern cryosphere-oceanographic setting at SENR

Today, the SENR lies in path of icebergs, dominantly calving from the Greenland Ice
Cap, transported through the Labrador Sea (Figure 1.6b). Famously, the ocean liner
R.M.S Titanic struck a large iceberg in 1912 with fatal consequences and now lies in

~3800 m of water at (41.73° N, 49.95° W) on the SENR (Cochonat et al., 1989).

The area around Newfoundland and the Gulf of St. Lawrence also lies close to the
current maximum extent of the annual Northern Hemisphere sea ice regime (Wang et
al, 1994) with sea ice both forming locally along the Labrador and Newfoundland
coastlines (and to a lesser extent in the Gulf of St. Lawrence) (Deser et al.,, 2002;
Mysak et al., 1990; Prinsenberg et al., 1997; Saucier et al., 2003). Drifting sea ice is
also concentrated along the coastline and is transported towards the study site,
controlled by a complex interplay between freshwater delivery, atmospheric

conditions, sea surface temperature, and surface currents (Figure 1.6c).
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The SENR also lies in the flow-path of the modern deep western boundary current
(DWBC), which exports NADW from its areas of formation, in the Labrador Sea and
Greenland-Iceland-Norwegian Sea, southwards along the North American margin.
Today, the DWBC skirts the SENR at depths <4500 m, here the upper part of the
current is dominated by NADW. The upper portion of the NADW consists of Labrador
Sea Water (LSW), with Iceland-Scotland Overflow Water (ISOW) at intermediate
depths and Denmark Strait Overflow Water (DSOW) making up the deepest
component of the NADW (Figure 1.6d, Figure 1.4). To the south of the ridge, the
modern day DWBC also incorporates AABW at depths > 4500 m (Clarke et al., 1980;
Dickson and Brown, 1994; McCave and Tucholke, 1986) (Figure 1.6a). The situation
of the SENR in the flow path of the DWBC is the reason that thick sediment drifts have
accumulated here through the Cenozoic, providing high-resolution palaeoclimatic

archives.

The modern day DWBC has a mean southerly flow of ~5-10 cm s (Gardner et al,,
2017; Richardson et al, 1981). Modern day measurements along base of the
continental slope in the Labrador Sea document bottom current speeds faster than 20
cm s'1, however, and bottom currents of ~10 cm s! have been measured in the
Newfoundland basin. Bottom current speeds of 30 cm s'! have also been recorded on
the SENR (Clarke et al.,, 1980; Cochonat et al., 1989; Rabinowitz and Eittreim, 1974).
At present, the Gulf Stream, bringing warm water northwards from the equator, also
converges with the DWBC near the SENR, with the complex interaction between the
two causing highly variable, strong currents (up to 70 cm s'1) at depths >5000 mbsl
(Richardson et al., 1981).

1.2.3 Initial findings of IODP Expedition 342

A high resolution EOT interval was recovered during IODP Expedition 342 at Site
U1411, located on the northern flank of the SENR, near to the crest of the ridge
(Figure 1.6). The immediate area features several Cretaceous-aged seamounts,

around which the thick Cenozoic sediment drifts described above have accumulated.
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The site lies in ~3300 m water depth, with the sea floor at the base of the ridge a
further ~1500 m deeper. Linear sedimentation rates across the EOT within the
sediment drift drilled are up to ~5 cm/kyr, due to increased sediment delivery by the
action of bottom currents (Norris et al., 2014). The interval is largely dominated by
homogenous clay and silt, which contains exceptionally well-preserved foraminifers,
providing the potential for the generation of high-quality, high-resolution stable
isotope records. One striking feature of the Site U1411 EOT interval is the presence of
disseminated, well-sorted, fine sand-to-coarse silt detrital grains. These are
sometimes present in loosely compacted pockets or clasts on core split-surfaces of
mm-cm scale in size. Shipboard, the origin of these detrital clasts was the subject of
considerable debate. Eventually, they were tentatively hypothesised to be related to

ice rafting (Norris et al.,, 2014).

If these grains are indeed iceberg-rafted IRD then, given the distal nature of the study
site (with respect to Greenland and the Arctic), it could represent important evidence
for extensive Northern Hemisphere glaciation across the EOT—an outcome which
would necessitate a re-thinking of our current understanding of ice-sheet growth in a
high-CO; world (DeConto et al., 2008). A confirmed iceberg IRD record could also be
coupled with a benthic foraminiferal oxygen isotope record for the interval, allowing
for an accurate estimate of the timing and volume of any potential Northern

Hemisphere ice growth.

In the same vein, if these grains represent sea ice-rafted debris (SIRD), then this
would point to a more extensive sea ice regime than currently thought, possibly even
close to its present day extent. The existence of large areas of sea ice have important
implications for understanding the oceanography and climate of the late Eocene and
Early Oligocene, from the albedo effect (insolation being reflected from the ice
surface), to the process of brine rejection during sea ice formation, which is an
important factor in bottom water formation as it forms dense water that contributes
to deep water masses. Primarily this occurs in the Southern Ocean, but also
contributes to deep water formation in the Arctic, and regionally can affect circulation
in the Northern Hemisphere (Aagaard et al., 1985; Curry et al., 1995; Schumacher et
al., 1983; Shcherbina et al.,, 2003). Sea ice export into the North Atlantic can also

deliver large volumes of fresh water and can affect climate variability (Prins et al,,
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2008)(Parkinson, 2000). Understanding whether ice rafting has delivered material to
a site is also important when attempting to characterise the flow speed for bottom

currents, for example using the sortable silt fraction (Hass, 2002).

Generally, when assessing a potential IRD record, only lithic grains larger than a
certain size fraction (usually >63 um or >150 pum) are counted, to avoid the possibility
that smaller grains transported by bottom currents or wind could be mistaken for
IRD (Darby, 2014; Hebbeln, 2000). Recent work has shown however that strong
bottom currents can erode, transport and deposit sandy material (Rebesco et al,
2014). It is therefore necessary to consider that the presence of detrital sand at Site
U1411 may also reflect deposition by strong bottom currents. If the lithic grains do
represent bottom current activity, then this also may have important ramifications in
understanding the climatic and oceanographic development of the North Atlantic
during the EOT- the appearance of these fine sands may indicate a strengthening of

deep water formation and export in the region (Hohbein et al,, 2012).

1.3  Aims/Objectives

The expanded EOT-age drift sequence at Site U1411 on the SENR offers a perfect
opportunity to study the response of the North Atlantic to global climatic change

across this key event. In particular, this thesis aims to tackle the following aims:

* To determine whether the presence of detrital sand (including the compacted
detrital clasts) on the SENR represents evidence of pervasive ice rafting in the

North Atlantic across the EOT.

* To relate sedimentological evidence of changes in North Atlantic
oceanographic circulation and/or sea level fluctuation to the palaeoclimate

signals contained in stable isotopic analysis of the interval.
* To frame the sedimentological development of the Cenozoic drift sequence on
the SENR within the context of the larger environment of the Newfoundland

Margin.
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1.4 Thesis structure

This thesis is composed of this introductory chapter, three main science chapters (2,

3 and 4) entitled as follows, and a conclusions chapter (Chapter 5):

Chapter 2: The extent of glacial ice-rafted debris in the North Atlantic at the Eocene

Oligocene Transition.

Chapter 3: Changes in oceanography and sea level across the Eocene Oligocene
Transition recorded on the Southeast Newfoundland Ridge: interpreting the detrital

record of Site U1411.

Chapter 4: Cenozoic Changes in sea level, sedimentation, and morphology in the

Newfoundland Basin and Southeast Newfoundland Ridge.

21






Chapter 2

Chapter 2 The extent of glacial ice-rafted debris in the

North Atlantic across the Eocene Oligocene Transition

2.1 Introduction

The traditional view of Cenozoic glaciation is that the extent of the Antarctic ice cap
rapidly expanded across the EOT, but the Northern Hemisphere did not experience
significant glaciation for another several million years. The discovery of coarse
detrital grains in marine sediments of EOT-age from East Greenland, interpreted to be
ice-rafted debris (IRD) however, has led to speculation over the extent of glaciation in
the Northern Hemisphere during the interval (DeConto et al., 2008; Edgar et al., 2007;
Eldrett et al.,, 2007; Tripati et al.,, 2005). Tripati et al (2005) interpreted that a Late
Eocene benthic foraminiferal oxygen isotope record from the Pacific implied a volume
of ice growth that was too large to be explained by Antarctic glaciation, and hence
posited that the IRD represented a significant Greenland ice cap responsible for the
remainder of the isotope shift. Edgar et al (2007) challenged this observation,
however, pointing out that the isotope shift in question had been calculated using
outliers, and that an Atlantic oxygen isotope record for the same interval showed a

smaller shift, which could be accounted for by Antarctic ice growth alone.

Recent provenance work suggests a Central East Greenland source for the IRD in
question, but the nature and extent of ice rafting into the North Atlantic at the time is
unknown (Tripati et al., 2008). To date, IRD has only been identified at one location,
Ocean Drilling Program (ODP) Site 913 (drilled during ODP Leg 151), and it is
proximal to the suspected source of ice (Eldrett et al., 2007). Assuming that a large
Greenland ice sheet across the EOT would produce icebergs large enough to transport
debris out into the North Atlantic, it would seem prudent therefore to examine EOT
intervals from other, more distal sites in the North Atlantic, to determine whether the
Site 913 record is representative of a larger Northern Hemisphere ice cap, or rather a
localised tidewater glacier. The discovery of iceberg-rafted sediment at sites spanning
the North Atlantic across the EOT would lend support to the controversial idea of
bipolar glaciation at this time. Conversely, the absence of any evidence of ice rafting at

these sites would support the view that any Northern Hemisphere glaciation across
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the EOT was limited to localised tidewater glaciers, and that an extensive glacial

regime did not become established until much later in the Cenozoic.

This chapter compares the lithology of the Site 913 EOT interval to three EOT
sections from the North Atlantic: Integrated Ocean Drilling Program (IODP) Sites
U1406 and U1411 (both IODP Expedition 342), and ODP Site 647 (ODP Leg 105). All
of these EOT sections feature coarse detrital grains, and each site features ice-rafted
sediments in its Pleistocene section, suggesting it was affected by iceberg rafting at
the time of our current understanding of Northern Hemisphere glaciation (Norris et
al, 2014; Scott et al, 1989). Furthermore, Sites 647, U1411 and U1406 lie at
successively more distal points in the flow-path of modern day surface currents that
today transport icebergs through the North Atlantic (Figure 2.1) (Andrews, 2000;
Pickart, 1992; Raymo, 1994). Specifically, this chapter compares the lithology of the
cores from each of the sections, determines provenance where possible, and

compares the nature of coarse lithic grains through surface texture analysis.
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mmm)y- Surface
Currents

. Cenozoic
Paleozoic
. Proterozoic
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Figure 2.1: a) terrane data for the North Atlantic provinces (modified from Bailey et al, 2012).
Modern surface currents responsible for exporting icebergs are also shown- EGC= East
Greenland Current, WGC= West Greenland Current, BIC=Baffin Island Current, LC=
Labrador Current (Moffa-Sanchez et al.,, 2014). b) Locations of the sites featured in this
chapter, in relation to the transport of North Atlantic Deep water (Dickson and Brown,

1994). Bathymetric base map for b) is from GeoMapApp (http://www.geomapapp.org).

Examining the archived core half sections from the EOT sections listed above can
provide clues as to whether they represent a period of ice rafting. For example, in
combination with understanding the palaeobathymetry of the depositional
environment, the presence or absence of graded changes in grain size can rule out the

possibility that coarse detrital grains may be the result of turbidite flows, rather than

25



Chapter 2

ice rafting (Eldrett et al., 2007; Tripati et al., 2008). Furthermore, when dropstones or
other large lithic clasts are present in an interval that also features laminations, if
these lamina have been deformed by the impact of the sinking clast, this can indicate
that they have been ice-rafted (Bennett et al., 1996; Eldrett et al., 2007; Price, 1999).
In addition to making comparisons between the four EOT sections discussed above,
the EOT sections were also compared to the Pleistocene section from U1411, which
was deposited under a time of known Northern Hemisphere glaciation (Raymo,
1994), and to cores from three low-latitude drift deposits in the North Atlantic (DSDP
Site 515, and ODP Sites 1060 and 1061) (Figure 2.1). These low-latitude sections
were examined to discover whether the features seen in the high latitude sections
could also form in settings removed from the potential influence of ice rafting. These
sites were chosen because they were similar in their sedimentology and

sedimentation rates to the Site U1411 and 647 EOT intervals.

Surface textures on quartz grains can be used to determine transport mechanisms,
including iceberg, sea ice, aeolian, and fluvial transport (Mahaney et al, 2001;
Mahaney and Kalm, 2000; Newsome and Ladd, 1999; St. John et al., 2015; Strand et
al, 2003; Williams and Morgan, 1993). Conchoidal fractures, for example, are
mechanically formed textures formed by grinding, and tend to occur in glacial
environments. In contrast, silica dissolution (a chemical texture) is more commonly
seen in grains that have been transported through marine environments (Krinsley
and Donahue, 1968; Krinsley and Doornkamp, 2011; Mahaney and Kalm, 2000).
Quartz grains from glacial environments appear relatively fresh and unweathered,
i.e.,, they have been recently fractured from their original source material (Krinsley
and Doornkamp, 2011). They display fractures and gouges from glacial grinding, but
remain relatively angular. Calving icebergs can carry these grains across the ocean for
great distances without the grains undergoing any further contact with one another.
In contrast, grains from subaqueous environments tend to be more weathered; they
have had longer and more complex transport histories. They often feature dissolution
and precipitation- which can overprint earlier textures, and are more rounded than
their glacial counterparts due to traction with other grains (Krinsley and Doornkamp
2011; Mahaney, Stewart, and Kalm 2001). IRD carried by sea ice can closely reflect
subaqueous grains, because the material carried by sea ice is often entrained in

coastal areas, river mouths, and shallow shelves (Eicken et al. 2005; Reimnitz et al.
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1998; Reimnitz et al. 1993; Barnes, Reimnitz, and Fox 1982; John et al. 2015;
Niirnberg et al. 1994; Dethleff and Kuhlmann 2010; Lisitzin 2002).

A previous study has already analysed the surface textures of quartz grains from the
coarse detrital fraction present at ODP Site 913, interpreting them to have been
iceberg rafted from a glacial source (Tripati et al., 2008). One of the six samples
analysed in the Tripati study was from the top 12 cm of section one of a core,
however, and another was from a core catcher; this increases the risk of
contamination by younger material, especially as the cores from Site 913 were
recovered through rotary drilling. Furthermore, the study used an unconventionally
wide grain size range (>125 pm, no upper limit), despite the observations made by
Krinsley and Doornkamp (2011) that quartz grains above and below 200 pm display
different ranges of textures (Krinsley and Doornkamp, 2011). There has, however,
been little further research into the sensitivity of different surface textures to grain
size, with no agreed size range between different studies, though many use a lower
limit of 200-250 um. (Immonen, 2013; Immonen et al., 2009; St. John, 2008; St. John
et al., 2015; Stickley et al., 2009; Strand et al.,, 2003).

2.11 Aims

The primary aim of this chapter is to determine whether there is any evidence of a
Northern Hemisphere (Greenland) ice cap across the EOT large enough to initiate
iceberg rafting in the North Atlantic, as seen in periods of true bipolar glaciation in
the Pliocene and Pleistocene. Surface textural analysis of coarse detrital grains from
several locations in the North Atlantic is also featured, to determine whether there is

any evidence of iceberg rafting regardless of source.

As part of this aim, specific attention is paid to investigating the origin of compacted
lithic clasts that were identified at one of the intervals (Site U1411); at the time of
their discovery during IODP Exp. 342 they were tentatively been interpreted to be

ice-rafted dropstones.

A further aim of this chapter is to determine how sensitive the textural analysis of

detrital grains is to changes in grain size.
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2.2  Geological materials and methods

2.21 Study sites

Site U1406:

Site U1406 is located at 40°20.99'N, 51°38.99'W, and was drilled during IODP
Expedition 342 at a water depth of 3799 mbsl (meters below sea level). It penetrates
a succession of pelagic sediments perched atop an isolated seamount on the J-
Anomaly Ridge (Norris et al., 2014) (Figure 2.1). Across the EOT, it has a carbonate
content of 40-80% and a relatively low linear sedimentation rate (~0.7 cm/kyr),
compared to other drift bodies on the Southeast Newfoundland Ridge (SENR). As Site
U1406 was drilled near to the summit of a seamount on the ridge, it is effectively

isolated from downslope movements.

Site U1411:

Site U1411 was drilled offshore of Newfoundland during IODP Expedition 342. It
recovered a drift deposit plastered onto a seamount on the SENR, located at
41°37.09'N, 48°59.99'W at a depth of 3300 mbsl (Norris et al., 2014) (Figure 2.1). The
EOT interval at Site U1411 consists of a thick, largely homogeneous drift of silty clay
and clay-rich nannofossil ooze, with a high sedimentation rate of ~3 cm/kyr. Fine-
grained detrital sand was identified shipboard, particularly in the form of loosely
compacted lithic detrital clasts (mm-cm in scale). These were initially tentatively
interpreted to be ice-rafted in origin, as no other process was envisaged to account

for their transport to the site based on their size (Norris et al., 2014).

Site 647:

ODP Site 647 was drilled at a location of 53°19.88'N, 45°15.72'W during Leg 105, at a
water depth of 3861.8 mbsl (Srivastava et al., 1987). It lies in the Labrador Sea, to the
south of the Gloria Drift (Figure 2.1). The EOT section is composed of hemipelagic
clay-rich deposits, with a similar average linear sedimentation rate (~3.6 cm/kyr) to

Site U1411.
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Site 913:

ODP Site 913 lies offshore of East Greenland (Figure 2.1) at a position of 75°29.35'N,
6°56.82'W, and was drilled during Leg 151 at a water depth of 3319 mbsl (Myhre et
al, 1995). Average linear sedimentation rates range from 0.65-2.53 cm/ka for the
interval, though there are some hiatuses (Eldrett et al., 2004; Myhre et al., 1995). A
previous study on this interval concluded that outsized clasts found in the sediment
were dropstones (Eldrett et al., 2007). The presence of lamina at this site aided the
diagnosis of said dropstones, as their deformation can be diagnostic in separating an
ice-rafted clast from a product of bioturbation that has been formed post-deposition

(Eldrett et al.,, 2007).

Low Latitude Sites:

ODP Sites 1060 and 1061 lie on the Blake-Bahama Outer Ridge, at locations of
30°45.59'N, 74°27.99'W and 29°58.49'N, 73°35.99'W respectively. They were drilled
during ODP Leg 172 (Figure 2.1). Site 1060 lies at a depth of 3493 mbsl, and Site 1061
lies at a depth of 4046 mbsl; both sites feature drift deposits of Pliocene-Quaternary
age with average linear sedimentation rates of 5-25 cm/kyr, these formed under the
influence of North Atlantic Deep Water (NADW) (Yokokawa, 2001). DSDP Site 515
was drilled in the Brazil Basin, at a location of 26°14.33'S, 36°30.17'W and a water
depth of 4250m, where it is bathed by Antarctic Bottom Water (AABW, Figure 2.1).
The targeted drift deposit at this site is of mid-Miocene to mid-Pleistocene age, and

has an average linear sedimentation rate of ~2 cm/kyr (Barker et al.,, 1983).

2.2.2 Core descriptions

The archive core sections of the sites listed above were examined to confirm that the
Site 913 EOT interval represents a record of glacially derived ice rafting, and to
explore the interpretation made during Expedition 342 that the detrital grains, and in
particular mm-cm scale compacted detrital clasts identified at Site U1411, are also ice
rafted. The Site 647 EOT and low latitude cores were also examined to look for similar
features. A digital hand lens was used to capture images of features of interest for all

of the intervals studied.
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2.2.2.1 Investigation of Site U1411 compacted detrital clasts

Elemental mapping:

Two compacted detrital clasts (both ~1 mm in diameter) were removed intact from
the working halves of the Site U1411 EOT interval to further explore their nature.
Inspection with a binocular microscope showed they consisted of a clean, sorted
collection of detrital grains, matching the shipboard description (Norris et al., 2014).
They were mounted onto stubs and sputter coated in gold film in preparation for
Scanning Electron Microscope (SEM) analysis. The morphology, size, and mineralogy
of the disaggregated grains were analysed using a Leo 1450VP SEM with an attached
light element PGT energy dispersive spectrometer (EDS) at The National
Oceanography Centre, Southampton (NOCS). Elemental maps were created of the

following elements: Ca, Si, K, Al, Cl, Ti, Fe, Mg, and Cr (low-level blank).

Computer Tomography (CT) Scanning of Discrete Samples:
Several half-core rounds (~2 cm in thickness) containing the clasts were CT scanned
in a pilot study at the pVIS X-Ray Imaging Centre at the University of Southampton to

allow their internal structure to be determined.

2.2.3 Grain comparisons
2.2.3.1 Mineralogy

Microscopy & QEMSCAN Analysis:

The mineralogy of the grains recovered from each interval were explored through
light microscope analysis at NOCS; combined with previously published heavy
mineral analysis for the Site 913 EOT interval (Eldrett et al, 2007; Tripati et al,,
2008). The relatively small size of the grains from the Site U1411 EOT interval made
light microscope analysis difficult, and so a more quantitative approach was taken.
The mineralogy of the detrital fraction was explored further through QEMSCAN
analysis performed at University College London (UCL). Ten 25 cm3 samples from the
Site U1411 EOT section were prepared at NOCS through de-carbonation in excess
10% acetic acid. They were washed in de-ionised water, shaken with sodium
hexametaphosphate, and then wet-sieved through a 20 pm mesh. The samples were
then encased in resin and polished in preparation for loading into the QEMSCAN

apparatus.
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2.2.3.2 Provenance

The radiogenic Pb isotope system was used to trace the provenance of sand-sized
feldspar grains present in the Site U1411 detrital component. Several studies have
determined the provenance of IRD in the North Atlantic using the Pb isotope
signatures of feldspars. As such there is currently a detailed understanding of the Pb
isotope signatures of each source region, including the source area of the IRD from
the Site 913 EOT interval— East Greenland (Bailey et al., 2012; Gwiazda et al., 1996).
Pb isotope data is also available of more-recently ice-rafted feldspars sourced from
the Palaeogene Basalts and underlying Palaeozoic sediments of East Greenland (i.e.,

the source area of the Site 913 sediments) (Simon, 2007; White et al.,, 2016).

Pb Sample preparation

Recent studies have analysed individual feldspar grains by using laser ablation to
liberate Pb (Bailey et al. 2013; Bailey et al. 2012); this method is more efficient than
the traditional approach of dissolving feldspars either individually or en masse, and
separating Pb via column chemistry (Gwiazda et al, 1996). A pilot study was
conducted to explore the feasibility of using laser ablation on the Exp. 342 feldspars.
However, none of the grains targeted were large enough to yield a measurable
amount of Pb. For 31 samples, 350-500 feldspars were hand-picked for dissolution as
composites. No feldspars that were large enough were found during the inspection of
the >150 um fraction to dissolve individually. In addition to these samples, five
composite samples were prepared from the EOT section of IODP Site U1406, to
confirm the interpretation made during Expedition 342 that the detrital sand from

each site came from the same source (Norris et al., 2014).

In total therefore, 36 samples were prepared for the process of leaching and
digestion, along with five procedural blanks. The samples were transferred into 3 ml
Teflon pots and leached on a hot plate at 140°C with 6M hydrochloric acid (HCI) for
two hours and left overnight. They were then washed several times with Milli-Q
water, in preparation for digestion. The samples were each digested with 20 ul sub-
boiled nitric acid (HNO3) and 160 pl of 27M hydrofluoric acid (HF) on a hot plate for
24 hours. They were then evaporated to dryness and cleaned with a few drops of
concentrated HCl and HNO3 (evaporated after each step) ready for column

separation.
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Pb Column chemistry

Columns were rinsed with de-ionised water, before being loaded with 5-10 drops of
AG1x8 anion exchange resin. Prior to the addition of the samples, each column was
washed through twice over with 6M HCI and then Milli-Q, respectively, and then with
1M HBr. The dissolved samples/blanks were then transferred via clean pipette into
the columns and allowed to drip through. HBr was added and allowed to drip through
three times, before 6M HCl was added and the residue collected in cleaned Teflon
pots, ready for isotopic analysis. Samples and blanks were screened prior to isotopic

analysis, with the five blanks showing <0.001 ppb Pb.

The Pb isotopes were analysed using a multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS, Thermo Scientific Neptune) at NOCS. Where there

was sufficient Pb, two separate methods of correction were used on the samples:

2031)_2057; spiking and Sample-standard bracketing. Some samples only yielded
enough Pb for sample-standard bracketing (Taylor et al, 2015). The NBS 981
standard was analysed ten times, giving external precision (at two standard
deviations) of 0.0017, 0.002, and 0.0056 for 206Pb /204Pb, 207Pb /204Pb, and 208Pb /204Pb

respectively.

2.2.3.3  Quartz grain surface texture analysis

Site U1411 and U1406 EOT intervals:

The EOT-age working half-sections from Sites U1411 and U1406 were both sampled
at high frequency intervals (up to 4 cm), at NOCS. This involved weighing and drying
unprocessed sediment, before adding sodium hexametaphosphate and shaking to
disaggregate clay. Each sample was then wet-sieved through a 63-pm mesh to isolate
the coarse fraction. The coarse fraction was dry-sieved at >200 pm and large mineral
grains were individually picked out. Ideally, >15 grains should be picked per sample
to provide a statistically representative picture (Dunhill, 1998). However detrital
grains >200 pm in size were very rare in both the U1406 and U1411 EOT sections,
and at most one-to-two grains were found per sample. In total, 128 grains were

found.
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Site U1411 Pleistocene interval:

Detrital grains were also obtained from Pleistocene-age sediments from Site U1411 to
complement the EOT-age samples. These sediments represent classic iceberg-rafted
deposits, as the core surfaces feature numerous dropstones and visible coarse
sediment. Samples were taken from the working core sections at the BCR, and then
processed as described above at NOCS. Coarse detrital grains were abundant in these
samples, and so ~20-40 grains were picked per sample. One sample was also dry-
sieved at %2 ¢ intervals, and 15-20 grains were picked out from each size fraction, to
study the sensitivity of surface texture analysis to grain size. The ¢ scale is

logarithmic, and is calculated as:
(2.1) ¢ =log, D

Here D is the diameter of the particle in mm (Wentworth, 1922). This scale is
commonly used when analysing particle size distributions because the behaviour of
fine grains changes as a result of only very small changes in grain size, but this

sensitivity decreases for coarser grains.

Site 647 EOT interval:

The Site 647 EOT section was sampled at the BCR, where 12 samples were taken. The
entire interval was originally obtained through rotary drilling, and so care was taken
to avoid sampling from areas that contained drilling slurry, and from the tops of
cores. All samples were processed as described above for Site U1411. The detrital
coarse fraction in this interval was similar to the Site U1411 EOT, in that the vast
majority of grains were <200 um, as well as the fact that there were not enough large
grains per sample to analyse individual samples. In total, 53 large detrital grains were

identified.

Site 913 EOT interval:

Five samples of unprocessed sediment were obtained from the EOT interval at Site
913; these were then processed as described for Site U1411. The samples processed
for this study each contained a large number of coarse detrital grains, and so ~20-40
grains were picked per sample for analysis. As with the Site U1411 Plio-Pleistocene
section, one sample was also dry-sieved at %2¢ intervals and grains were picked out

from each size fraction (Eq. 2.1).
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Study
St John et Tripatiet Immonen Mahaney Dunbhill Williams
Texture al., 2015 al., 2008; 2013 1993; et 1998 and Morgan
Helland and al,, 2001; 1993
Holmes
1997
Size range (um) >250 >126%;063_ 250-600 63-2000 180-300 >500
Angular
Round
oun n.ess/ 6 step scale 2 step 3 step features; 4 step 6 step
Angularity rounding
Relief High/ High/ High/ High/ High/ High/
elie
Med/low Med/low Med/low  Med/low  Med/low Med/low
Breakage Large; i i Small/
Blocks P/A imbricated large Small/ large
Conchoidal Small/
fractures P/A Small/ Large P/A P/A large Small/ large
Straight step P/A P/A P/A P/A P/A P/A
Arcuate step P/A P/A P/A P/A P/A P/A
Isolated cusps/
v impact pits P/A P/A P/A P/A P/A
Oth icro-
er Isolated Micro Planes Plates Surface Smooth
Fractures fractures
Striations P/A P/A Scratches - - Scratches
Straight; Straight; icht: Straight;
Grooves P/A raig P/A raig Straight; raig
curved curved curved curved
Edge abrasion - P/A P/A Abrasion Abraded P/A
features surfaces
Upturned
plates - P/A - P/A P/A -
Absent-rare;
: : Large
P t ; . .
Silica dissolution C resen _ Oriented Etching DIZ::}II?:OH Irritgtlél(z;r, solution pits;
ommon; 8 p etching
Pervasive
. . Layered
Microlayering P/A - breakage - - -
Silicq o i Limited/ i P/A P/A Am(.)rpho.us
precipitation Extensive precipitation
Adhering
particles ) P/A i P/A i P/A
Chemical -
emica . ) P/A P/A i \ sha.ped P/A
v-shaped pits etching

Table 2.1:

Common textures used in SEM analysis of quartz grains. Features in bold are mechanical,

those in italics are chemical. P/A signifies texture was recorded as either present or

absent in the relevant study.
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Scanning Electron Microscope image capture:

The individual grains from each sample were mounted onto stubs and then sputter
coated with a gold film prior to imaging. A Leo 1450VP Scanning Electron Microscope
was then used to photograph each grain at NOCS. As stated above, nearly all previous
studies have focused on quartz, so the attached light element PGT EDS detector was

used to confirm the mineralogy of each grains (Krinsley and Doornkamp, 2011).

Interpretation of grain textures:

Images taken were examined for surface textures, roundness, and relief. The suite of
surface textures used in this thesis represent an amalgamation of several bodies of
work, to allow for easier comparison of the results with prior studies (Table 2.1, see
Figures 2.2 and 2.3 for examples). Each texture was classed as being either
mechanical or chemical in its weathering origin (See Supplementary Table A1l for
descriptions of each texture). Mechanical textures relate to physical damage caused
by grains being ground/smashed/split, whereas chemical textures are the result of
dissolution and re-precipitation of silica when immersed in water (Krinsley and
Doornkamp, 2011). For every grain analysed, each of the textures detailed below was
recorded as being either present or absent. Nearly all grains featured at least some
degree of silica dissolution, so the ranking scheme of St John et al. (2015) was
applied: rare-absent (0-2% of grain’s surface), present (2-25%), common (25-75%)
or pervasive (>75%). The roundness of each grain was also visually graded using
Power’s roundness scale (Powers, 1953), a six-category scale featuring the following
classes: very angular, angular, sub-angular, sub-rounded, rounded, and well rounded.
The relief of each grain was classified as being low, medium, or high, and the

maximum diameter of each grain was measured in pm.
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A) Conchoidal Fractures
v TAW "

Figure 2.2:

Q) Irsolated Fracture

£

Mechanically formed quartz grain surface textures: a) conchoidal fracture; U1411 C6H4
50.5-52 cm, b) upturned plates; U1411 C6H4 26.5-28 cm, c) isolated fracture; U1411
B18H7 66.5-68 cm, d) impact pits; U1411 B15H3 50.5-52 cm, e) edge abrasion; U1411
B18H6 94.5-96 cm, f) breakage blocks; U1411 C8H2 106.5-108 cm, g) arc step-like
fractures; U1411 C6H3 2.5-4 cm, h) straight step-like fractures; U1411 B15H1 98.5-100
cm, i) gouges/striations; U1411 C8H3 18.5-20 cm.
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A) Silica Dissolution B)

Silica Precipitation

C) Microlayering

MY

E) Chemical V-pits
. . .

Figure 2.3: Chemically formed grain surface textures. For each image pair, the left image is from
previous studies and the right is from this report: a) silica dissolution; U1411 B18H7
66.5-68 cm, b) silica precipitation; U1411 B20H4 50.5-52 cm, c) microlayering; U1411
C6H4 26.5-28 cm, d) adhering particles; U1411 C6H3 101.5-104 cm, e) chemical v-pits;
U1411 C6H3 101.5-104 cm, f) low relief; U1411 B19H5 50.5-52 cm, g) medium relief;
U1411 C6H7 70.5-72 cm, h) high relief; U1411 B15H1 98.5-100 cm.

Grain size comparisons:

As detailed above, one sample each from the Site U1411 Pleistocene and Site 913 EOT

intervals were sampled at varying grain size intervals to explore how changes in grain

size affect the expression of surface textures. The grains were binned into %2 ¢

intervals based on their maximum measured diameters. For each ¢ bin that

contained >15 grains, the frequency that each surface texture featured on the grains

within was calculated as a percentage.

37



Chapter 2

Inter-site comparisons:

In total, 128 quartz grains were identified from the EOT sections of Sites U1411 and
U1406, 166 from Site 913, 53 from Site 647, and 163 from the Plio-Pleistocene
section of Site U1411. In keeping with the findings of the experiment into surface
texture changes with grain size, and in keeping with previous studies, only grains
from 200-600 pm were used to calculate the frequency of each texture within each

site (Table 2.1).

Euclidean distances were calculated to determine how different each section was
from the others, in a similar approach to a previously published inter-site grain
surface comparison study (Mahaney et al.,, 2001). Euclidean distances were calculated

using the following formula:

p
(2.2) d;j = Z(xik — Xji)?
k=1

Here the Euclidean distance between two sample-sets i and j is defined as d;. For a
defined number of variables (in this case surface textures) given by p, the distance is
calculated by summating the square of the difference in each variable between the
two sample sets, xik — Xjk. [t is important when calculating Euclidean distances that the
variables are independent of each other (Shennan, 1988). This was not the case for
the relief, silica dissolution, or roundness variables. Therefore, for the purposes of
calculating Euclidean distances, each of these was treated as a single feature classed
as being present or absent for each grain. An angular surface texture was considered
to be ‘present’ for grains displaying sub-angular to very angular features, dissolution
was considered to be ‘present’ for grains displaying common to pervasive silica
dissolution, and high relief was marked as being ‘present’ for grains displaying high
relief. For the Site 913 EOT interval and Site U1411 Pleistocene interval, Euclidean
distances were also calculated between the samples within each interval, to provide a

comparison to the inter-site calculations described above.

38



Chapter 2

2.3 Results and discussion

231 Sedimentological differences between intervals

Site U1411 EOT interval:

Close inspection of the Site U1411 EOT core sections allowed elaboration on the
shipboard descriptions of the compacted detrital clasts (Figure 2.4). Many of the
clasts visible on core surface images are in fact large crushed foraminifera, which
become increasingly common down-hole. Furthermore, the U1411 EOT interval
features a large range of sizes and shapes of compacted detrital clasts, and the
coarseness of the constituent grains of these clasts also varies. While there are no
distinct silt/sand layers, many of the features are burrow-shaped, some are laterally

extensive, and some occur in clusters (Figure 2.4).

Figure 2.4: Core surface images of the Site U1411 EOT interval: a) B15H2 96.5 cm, b) B7H2 12 cm, c)
B16H2 72.5 cm, d) C7H1 112.5 cm, e) B15H3 1 cm, f) B19H7 44 cm, g) B8BH5 95 cm, h)
B15H6 92 cm, i) B7H1 95 cm, k) B7H2 21.5 cm, m) B15H6 46 cm, n) B2H5 85 cm. Images j
and | are magnified versions of i and k respectively; red scale bar is 1 mm in each image.
Image m shows silty mud with bioturbation typical of the EOT interval (B15H6 46 cm);
there is also a cluster of lithic clasts. Image n shows the coarse-grained, homogenised

nature of the Pleistocene interval, featuring a large dropstone (B2H5 86 cm).
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The EDS elemental maps (Figure 2.5) confirm that the vast majority of the compacted
detrital clasts are composed of quartz grains. This is in contrast to the surrounding
sediment, but in agreement with the shipboard determination of the detrital sand
found disseminated in the sediments throughout the interval. Some feldspars are also
apparent at relatively lower concentrations. While the background sediment contains
abundant Ca (representative of calcium carbonate), this was rare inside the clasts.
Their constituent grains are generally coarse silt to very fine sand, again in agreement

with the shipboard description of the detrital sand.
Si :

Figure 2.5: SEM elemental maps for two lithic clasts from the Site U1411 EOT interval: C10X3 124 cm
(top) and B15H5 20 cm (bottom). White areas represent a stronger signal for the element

in question. Field of view is 1mm wide.
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Figure 2.6: CT-Scan images of a discrete core section sample from Site U1411, B7H6 58-59.5 cm.
Internal structure is revealed as background sediment is digitally removed. Diameter= 10
cm.

The CT study was able to identify internal structures within the discrete samples,

because of their different density to the background clay. These structures consist of a

network of sometimes inter-connected tubes running through the sample (Figure

2.6). The majority of these features are oriented vertically, and have a circular cross-

section when crossing the core half surface. This finding indicates that what were

initially identified as individual, ice-rafted siltstone clasts are in fact cross-cuttings of
inter-connected burrows. Close inspection of the core surfaces also reveals some
burrow-shaped features (Figure 2.4g). Though the core surfaces do appear
bioturbated, these features occur frequently and regularly throughout the interval,
rather than in pulses, as might be expected if they were the remnants of bioturbated
silty-sand layers commonly seen in bi-gradational Stow sequences in contourite drifts

(Stow and Faugeres, 2008). There are, however, a few instances of higher-density

areas of compacted detrital clasts (Figure 2.4m), and it is possible for contourites to

contain meter-scale intervals of largely homogeneous mud facies (Gonthier et al,,

1984). The sorted nature of the grains within the clasts (including the burrow

shapes) could represent selective sorting or armouring of burrows on behalf of the

organism responsible (Frey, 2012). The selective scavenging of these grains by

burrowing organisms may also explain why these features occur frequently and
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regularly throughout the interval, rather than in pulses, as might be expected if they
were the remnants of bioturbated silty-sand layers.

Understanding that these features at Site U1411 are in fact post-depositional features
is important; they range from mm-cm scale in size, and so, if transported to the study
site intact, would have been too large to be transported there by anything but ice
rafting. The shipboard party did find a single consolidated clast that reacted to acid by
bubbling, signifying a carbonate cement (Norris et al., 2014). No other clasts with
cement were observed during this study however, and no carbonate cement is
evident from the SEM elemental maps. Overall the evidence presented here suggests
that these features are post-depositional products of bioturbation, and not ice-rafted
dropstones. The Pleistocene-age deposits from Site U1411, though similarly
bioturbated, display a much coarser texture than the EOT interval. They also feature
large (>5 cm) lithic clasts that, due to the isolated nature of the site’s location, can

only be explained as ice-rafted dropstones (Figure 2.4n) (Norris et al., 2014).

Site U1406 EOT interval:

The EOT section at Site U1406 shows a very different sedimentology to that of Site
U1411 (Figure 2.4 & 2.7). The sedimentation rate is lower at U1406 (<1 cm/kyr), and
the sediment is more carbonate-rich. It may be that the delivery of detrital material to
this site was limited by its isolated position; the bottom current responsible for the
drifts deposited on the SENR and JAR hits the bathymetric obstacle of the SENR
before reaching the site (i.e., at Site U1411), where it appears much of the sediment is
deposited first (Figure 2.1). As a result, the sediment is considerably paler than the
dominant green/grey colouration seen throughout Site U1411 (Figure 2.7). Site
U1406 lies deeper than Site U1411 (3799 vs. 3300 mbsl at present day, 3300 vs. 2580
mbsl at 50 Ma) and so it is unlikely that a shallowing Carbonate Compensation Depth
(CCD) is responsible for the difference in carbonate content between the two sites
(Norris et al,, 2014). The degree of homogenisation (through bioturbation) is similar
to U1411, with the exception of a few larger burrows. Very few compacted detrital
clasts are visible at Site U1406; the few that are visible have relatively fine

constituent grains.

42



Chapter 2

1l|||||||||l|l|l|llulllllllllIIIIIHHU[I

Illllllillllllll

Figure 2.7: Core surface images Site U1406 EOT interval: a) A22H2 17 c¢m, b) A22H3 57.5 cm, c)
C22H5 63.5 cm, d) A23H6 13.5 cm, ) A22H3 7.5 cm, f) A22H2 59 c¢m, g) C23H5 9 cm, h)
A23H5 58 cm, i) B25H3 10cm, j) C23H5 58cm, k) A23H2 122cm, and 1) C23H3 12 cm. Red
scale bar = 1 mm. Images g and h appear to be fragments of foraminifera; i and j do not
appear to have a granular texture. Images m and n (U1406B 25X 3, 41-47 cm and U1406B
24X 6,127-133 cm) show carbonate-rich sediment with burrows.

Site 913 EOT interval:

The EOT interval at this site consists of clays with sections of interbedded silty clay

layers, with intermittent bioturbation (Myhre et al., 1995). This sediment is much

coarser than the drift sediments seen at the other sites discussed in this chapter, and

features fine-scale laminations. The core sections from the EOT section at Site 913

interval display several large lithic clasts, including some composed of detrital grains

(Figure 2.8). These grains are much coarser than those in the Exp. 342 sediments, and

are more heterogeneous in composition (Figure 2.11). Some of the clasts at this site

have deformed the lamina beneath them (Figure 2.8e-f), indicating that they dropped
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onto the sediment surface from above. These are interpreted to be ice-rafted

dropstones of loosely compacted sandstone, rather than post-depositional features.

CLLLLLQ || BOL 8UL LOL 901 SGOL w01 €O

Figure 2.8: Core surface images from the Site 913 EOT interval, showing several lithic clasts, some of
which have impacted the lamina below them: a) B23R1 9 c¢m, ¢) B27R5 125.5 cm, e)
B27R1 108 cm, f) B27R1 107 cm, i) B27R2 35 cm, and j) B24R4 50 cm. Images b, d, g and
h are magnified versions of images a, c, e and f respectively. Scale bar= 1 mm in all
images. Image k (913B 27R 1, 102-112 cm) shows the fine-scaled lamina present in the
interval; the clasts shown in images e and f are visible centre right and centre left
respectively. Image 1 (913B 27R 5, 120-130 cm) also demonstrates the disturbed nature

of much of the interval.
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Site 647 EOT interval:

The EOT interval from Site 647 does not contain any observable clasts in the fashion
of those seen in the Site U1411 or Site 913 EOT intervals. Several small (mm) white
features were identified (Figure 2.9), but these do not have a grain-like texture or
composition akin to those identified in the other sites, and are interpreted to be
burrows filled in with diagenetic calcite (Scott et al., 1989). The core surfaces of the
EOT section from Site 647 underwent significant disruption through rotary drilling,
but extensive bioturbation is visible. Several intervals show fine laminae, but these
are interpreted to be diagenetic features, rather than changes in lithology/grain size,
(Scott et al,, 1989). Overall there is no evidence of ice-rafting occurring across the
EOT interval at this site. In the Pliocene sediments from this site, however, evidence
of ice rafting is present in the form of large (>5 cm) lithic dropstones and detrital

clasts similar to those seen at Site 913 (compare Figure 2.9i-j and Figure 2.11).

Figure 2.9: Core surface images of ODP Site 647 EOT interval: a) A31R2 69.5 cm, c) A30R2 114 cm, €)
A30R1 124.5cm; images b, d, and f are magnified views of a, ¢, and e. Images g and h are
from Core 32B Section 1, 60-80 cm and 110-130 cm respectively. Images i and j display
core surfaces from the Pliocene interval of the same site (A10R4 18-24 cm and A10R3 38-

43 cm respectively).

45



Chapter 2

Low latitude drift deposits:

The three low-latitude sites studied (ODP Sites 1060 and 1061, and DSDP Site 515)
display several features similar in appearance to those present at Site U1411, albeit at
a much less common frequency. The core sections from Sites 1060 and 1061 display
rare examples of isolated silt laminae, though these are not seen at Site 515 (Figure
2.10). The features from Site U1411 and the low latitude sites appear to be more
closely related to each other than the Site 913 features; they are more visually
homogeneous, finer-grained, and are smaller (generally <1 cm) than the clasts at Site

913, and do not appear above deformed laminae (Figure 2.11).

Figure 2.10: Images from low latitude drifts. Top: ODP Site 1060 a) B4H6 39 cm, b) A16H3 138 cm, c)
B14H2 89 cm, d) A16H3 56 cm, e) A9H4 53 cm, g) C7H2 64.5 cm, h) B14H2 88 cm.
Middle: ODP Site 1061 a) A30H4 23.5 cm, c) A19H5 19.5 cm, e) A30H4 24.5 cm, g) A13H4
47 cm. Bottom: DSDP Site 515 a) A10H3 46 cm, ¢) B6H7 25 cm, e) A10H3 69.5 cm, f)
A10H3 40 cm, B14H2 92.5 cm, and A10H3 73 cm. For the top panel, image f is a magnified
view of the previous image, as are images b, d, and f in the middle panel and images b and

d in the bottom panel. The scale bar=1 mm in each image.
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Summary:

The Site 913 EOT section displays preserved fine-scale lamina in sandy sediment,
visible changes in grain size, and multiple lithic clasts that deform underlying laminae
(dropstones). The Site U1411 EOT section, in contrast, is a largely homogeneous drift
deposit of clayey-silt and silty-clay, which features no laminae. Compacted lithic clasts
composed of silt are present through the interval, but these appear to be more fine-
grained and homogeneous than similar features identified at Site 913, and are
interpreted to be related to bioturbation. Site U1406 is similarly fine-grained and
bioturbated, but with a higher carbonate content. The Site 647 EOT interval displays a
similar lithology and features a similar sedimentation rate to Site U1411, albeit it is
less well preserved. There is frequent evidence of bioturbation through the interval,
but no detrital clasts similar to those seen at Site U1411 or Site 913 are visible. The
Site 913 cores are the only EOT-age sediments that appear to show evidence of ice
rafting, with ice rafting only becoming apparent in the Site 647 and Exp. 342 cores in

the Pliocene and Pleistocene.
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913 647 (Pliocene) 647 (EOT)
. 5 ~4 -

Figure 2.11: Comparison of constituent grain sizes of blebs from high latitudes (top), Expedition 342
(middle) and low latitude drift sites (bottom). Each square image is 1x1 mm: a) 913
B23R1 91 cm, b) 647 B10R1 113 cm, c) 647 A31R2 69.5 cm, d) U1411 B7H2 21.5 cm, €)
U1411 B15H6 134 cm, f) U1406 A22H2 74 cm, g) 515 B6H7 25 cm, h) 1061 A19H5 19.5
cm, and 1060 A16H3 56 cm.
Interpretation of the Site U1411 compacted detrital ‘clasts’:
These features were revealed through detailed core surface and CT analysis to be
products of bioturbation, rather than ice-rafted dropstones. It is often possible when
studying evidence of bioturbation to identify trace fossils, which can then be grouped
into ichnofacies related to certain depositional environments (Frey, 2012). Though
most trace fossil analysis has focused on shallow marine environments, rather than
the deep marine sediment cores, analysis of deep-water contourites has shown that
the oxygenation and sediment supply afforded by deep water currents can allow for
the formation of trace fossil assemblages more commonly seen in much shallower
environments (Thistle et al., 1991; Wetzel and Uchman, 2012). The Site U1406 EOT
interval analysed in this chapter, for example, shows evidence of Chondrites, a

network of branched tunnels that slope downwards (Figure 2.7m), and Zoophycos, a
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sub-horizontal burrow formed of successive concave laminae (Figure 2.7n) (Frey,

2012; Rodriguez-Tovar and Dorador, 2014; Uchman and Wetzel, 2011).

The Site U1411 loosely compacted lithic clasts display a wide range of different
morphologies, and so are difficult to define as any one trace fossil. The burrows they
form range from vertical to sub-horizontal, undulate, and sometimes display
branching. Some of these branched burrows may be Chondrites (Figure 2.6), but
others (e.g. Figure 2.4g) are perhaps more likely to Trypanites, the burrows of
organisms such as polychaete worms, though these are usually associated with
hardgrounds (Frey, 2012; Thistle et al.,, 1991). The mass of lithic clasts in Figure 2.4m
may be Thalassinoides — a complex mass of interconnecting vertical and horizontal

burrows (Uchman and Wetzel, 2011; Wetzel and Uchman, 2012).

2.3.2 Does the mineralogy and provenance of detrital grains from each EOT

interval suggest a single, expansive source?

Light microscope analysis of the samples from Site 913 confirmed the abundance of
quartz (dominant), mica, and feldspars, as well as the presence of lithic clasts (Table
2.2), in agreement with previous studies (Eldrett et al., 2007; Tripati et al., 2008). The
lithic clasts (some of which are macroscopic) include gneiss, quartz, and basalt. The
coarse detrital fraction also has a diverse heavy mineral component (Tripati et al,,
2008). Sites U1411 and U1406 were also dominated by quartz, with mica and
feldspars also present (Table 2.2). There is no discernible difference in mineralogy
between these two sites. In contrast to Site 913, neither site features lithic clasts.
Light microscope inspection of the Site 647 samples confirm that they are also
dominated by quartz, with some calcite grains (inferred shipboard to be authigenic)
also present (Scott et al., 1989). Pyrite is also abundant in every sample (Table 2.2).

Rare volcanic clasts are also present.
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Major minerals EOT interval
/lithic clasts Site 913 Site 647 Site U1411  Site U1406
Quartz Abundant Abundant Abundant Abundant
Feldspar Present Present Present Present
Mica Present Rare-absent Present Present
Pyrite* Rare-absent Present Present Present
Volcanic clasts Present Present Rare-absent Rare-absent
Granite clasts Present Rare-absent Rare-absent Rare-absent
Gneiss clasts Present Rare-absent Rare-absent Rare-absent
Schist clasts Present Rare-absent Rare-absent Rare-absent
l\lgi(c);osig?lzisc Present Absent Absent Absent
Calcite* Rare-absent Present Rare-absent Rare-absent
Table 2.2:  Mineralogy of detrital sand fractions from EOT-age intervals from the North Atlantic.

*Inferred to be authigenic.

QEMSCAN analysis of the Site U1411 detrital fraction demonstrates that quartz is the
dominant mineralogy throughout the interval (45-65%, Figure 2.12). Feldspars make
up another ~15% of the detrital fraction, and mica is also present (5-10%). It appears
that some clay minerals (chlorite, smectite, illite, kaolinite, etc.) survived the washing
and sieving process. Pyrite (1-5%) and glauconite (<1%) are the main authigenic
minerals. Garnet, amphibole, rutile/anatase, and tourmaline are the most abundant

heavy minerals identified, in contrast with the Site 913 EOT interval, where chloritoid

and epidote are the most abundant (Tripati et al., 2008).
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Figure 2.12: QEMSCAN analysis showing in major mineral components of the detrital fraction from the
Site U1411 EOT interval (see Appendix B for data).
The Pb isotopic analysis of feldspars from Sites U1411 and U1406 (Figure 2.13)
confirms that the coarse detrital fraction from two sites shares the same source.
There is no obvious separation between the Late Eocene, EOT, or Early Oligocene
samples, suggesting there was no significant change in the source of these detrital
feldspars across the interval. Unfortunately, the scarcity of the coarse detrital grains
present in the Site 647 EOT interval, combined with the large proportion of the
interval’s core sections that had been either already sampled or potentially
contaminated during drilling, meant that it was not possible to analyse the

provenance of feldspars from this site.
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Figure 2.13: Pb isotope data from feldspars of Sites U1411 and U1406, grouped into Late Eocene, EOT,
Early Oligocene and Mid-Oligocene intervals (see Appendix B for data).
When compared against published data from the North Atlantic terranes, the
Expedition 342 data have little overlap with the Greenland provinces (solid lines on
Figure 2.14), whereas they appear to convincingly match the local North American
provinces (filled shapes), specifically a combination of the Appalachian and Grenville
provinces (Figure 2.1). The Exp. 342 data also overlap with sections of the
Scandinavian and British/Irish provinces (dashed lines), but given the proximity of
the site to Grenville and Appalachian source material, these seem the more likely
sources (see Appendix B for references). There is overlap between the Greenland
Caledonides (for Caledonian fold belt, see Figure 2.1) and the Exp. 342 samples, which
is perhaps unsurprising as these rocks are of a similar age to those of the Appalachian
province (Bailey et al., 2012). As discussed above, however, the dominant source for
the Site 913 IRD is interpreted to be Paleogene-age East Greenland basalts,

potentially with a Palaeozoic component (Bernard et al.,, 2016; Eldrett et al., 2007;
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Tripati et al., 2008). Fission-track data for the area also implies the glacial erosion of
these basalts across the EOT (at the time they had a greater extent than at present)
proximal to the coastline (Bernard et al., 2016). Feldspars analysed from Denmark
Strait (DS) sediments by White et al (2016) come from the same interpreted source
areas as Site 913, and show a clear difference to the Exp. 342 samples; the relatively
negative DS samples (e.g. 20°Pb/204Pb ratios of 12-14 vs. 17-19 for Exp. 342)
represent the Paleogene basalts, and lie separate from the Exp. 342 samples (Figure

2.14).
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Figure 2.14: Pb isotope data from Expedition 342 feldspars (triangles), overlain on feldspar-derived
terrane data from the major North Atlantic provinces displayed in Figure 2.1 (see
Appendix B for references). Feldspar derived Pb isotope data from sediments
representing the interpreted sources of the Site 913 EOT-age detrital fraction is also

shown (open circles) (White et al., 2016).
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The differences in mineralogy and provenance between the EOT intervals of Sites
U1411 and U1406 versus Site 913 suggests that they do not represent an extension of
ice rafting from of a hypothetical Greenland ice cap into the North Atlantic, with a
local North American source for the Exp. 342 coarse detrital fraction appearing more
likely. Though less material was available to analyse, the Site 647 coarse detrital
fraction from the EOT also appears to be distinct from Site 913, based on the scarcity
of lithic clasts in the former (Table 2.2). These findings are in keeping with the

sedimentological nature of the cores from each interval (Section 2.3.1).

2.3.3 Does the surface texture analysis of quartz grains show sensitivity to

changes in grain size?

In total, there were five bins for the samples from the Site U1411 Pleistocene interval,

ranging from 2.5-2 to 0.5-0 ¢, and five bins for Site 913 ranging from 3-2.5 to 1-0.5 ¢.

Relief:

The Site 913 grains show no definitive trend with increasing grain size, with 80-90%
of the grains having medium or high relief for all grain size bins (Figure 2.15a). The
Site U1411 grains with low relief increase by ~20% from the 2.5-2 ¢ bin to 0.5-0 ¢.
The proportion of high relief grains fluctuates, but overall also increases by ~10%,

with medium relief grains decreasing in frequency (Figure 2.15b).
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Figure 2.15: Sensitivity of grain relief classes to changes in grain size from a) ODP Site 913 EOT

interval, and b) IODP Site U1411 Pleistocene interval (see Appendix A.2 for data).
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Dissolution:

The degree of silica dissolution on the Site 913 grains increases with increasing grain
size; this is mostly accountable to a decrease in the percentage of grains with absent-
rare dissolution from ~45% to 10% and an increase in the percentage of grains with
common dissolution from ~7% to ~50% (Figure 2.16a). There is, however, no
immediately obvious trend in the dissolution classes of the Site U1411 grains (Figure
2.16Db).
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Figure 2.16 Sensitivity of silica dissolution classes to changes in grain size from a) ODP Site 913 EOT
interval, and b) IODP Site U1411 Pleistocene interval (see Appendix A.2 for data).

Roundness:

The Site 913 grains increase in roundness with increasing grain size. Very angular
and angular grains decrease from 100% of the 3-2.5 ¢ bin to ~50% of the 1-0.5 ¢ bin,
with the greatest decrease being in angular grains. The remaining classes all show
overall increases with increasing grain size (Figure 2.17). The Site U1411 Pleistocene
grains also become more rounded with increasing grain size. Well-rounded and
rounded grains, which are both absent in the smallest grain size bin (2.5-2 ¢), both
increase to ~10%, whereas very angular grains decrease from ~30% to being absent

in the coarsest grain size bin (Figure 2.17).
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Figure 2.17: Sensitivity of roundness classes to changes in grain size from a) ODP Site 913 EOT
interval, and b) IODP Site U1411 Pleistocene interval (see Appendix A.2 for data).

Surface Textures:

The majority of the surface textures identified in the Site 913 grains increase in
frequency with increasing grain size (Figure 2.18). Most mechanical surface textures
(solid black lines) show slight increases in frequency with increasing grain size (total
increase of ~10-20% across all grain size bins), with the exception of mechanical
impact pits (large ~50% increase), conchoidal fractures (very little change), and edge
abrasion (~25% decrease). There is no unifying trend across the mechanical surface
textures analysed in the Site U1411 grains, however (Figure 2.18, solid red lines),
though mechanical impact pits and straight step-like fractures increase by ~50% and
20% respectively, in agreement with the trends from Site 913. Edge abrasion is the
only texture that becomes less frequent with increasing grain size in both samples.
This may reflect that, as larger grains become more rounded, edges get worn away to
the point that the texture is no longer visible. The five chemical surface textures
(dashed black lines) identified on the Site 913 grains recorded overall increases in
frequency with increasing grain size (Figure 2.18). Of these, microlayering showed the
lowest overall change (<5%; this feature was observed only at low frequencies across
all grain size bins). The chemical surface textures of the Site U1411 grains show a
similar trend to Site 913, with four of the five textures showing increasing frequency

with relation to grain size (dashed red lines, Figure 2.18). Silica dissolution however
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shows a decrease of ~5%. Chemical surface textures may be more prevalent on larger

grains purely because of their larger surface area.
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Figure 2.18: Sensitivity of mechanical (solid lines) and chemical (dashed lines) surface textures in
grains from ODP Site 913 EOT interval (black lines) and I0DP Site U1411 Pleistocene

interval (red lines)(see Appendix A.2 for data).

Summary:

The relationships between surface textures and grain size are important, particularly
as there is no universally accepted size range for quartz grain surface textural
analysis in previously published literature. The results here emphasise a need for
caution when comparing quartz surface texture analyses from different studies, if the
size fractions in each are not consistent. Krinsley and Doornkamp (2011) suggest that
quartz grains larger than 200 pum (2.32 ¢) display surface textures in a different way
to smaller grains (smaller grains are dominated by flat cleavage planes); their
interpretation is borne out by the results of this chapter, particularly in terms of
roundness and chemical surface textures. As such, 200 um was used as the lower limit
for the inter-site grain comparisons in this chapter. 600 pm was used as the upper

limit, as featured in previous studies (Table 2.1).
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2.3.4 What was the transport mechanism for the detrital sand from each

interval?
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Figure 2.19: Frequency (%) of surface textures, roundness, dissolution and relief classes in quartz
grains analysed from the four target intervals (see Appendix A.2 for data).
The proportions of mechanical and chemical textures from the Exp. 342 and Site 647
EOT intervals are very similar in shape, as are the Site 913 EOT and Site U1411
Pleistocene intervals (Figure 2.19). Qualitatively, the comparisons between Exp. 342
and Site 647 (Figure 2.20a iv), and between Site 913 and Site U1411 Pleistocene
(Figure 2.20a i) show relatively little difference. In contrast, the majority of the
mechanical textures analysed are more common in the U1411 Pleistocene and 913
EOT sections than the EOT sections from Exp. 342 and Site 647 (with the reverse
(Figure 2.20a ij, iii, iv & v), mechanical impact pits show the greatest difference (30-

40%), being most common in the 913 EOT and U1411 Pleistocene sections.
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Conchoidal fractures, arc step-like fractures, and gouges/striations are also more
common in the 913 EOT and U1411 Pleistocene sections than the Exp. 342 and Site
647 EOT sections.

The Exp. 342 and Site 647 EOT grains display a normal distribution of roundness
classes, with sub-rounded grains being the most common class (Figure 2.19). They
also both show profiles skewed towards higher levels of silica dissolution; for Site
647 in particular, more than half of the grains feature common dissolution. Both
sections have high proportions of low and medium relief grains (~40-50%), and

relatively few (<15%) high relief grains.

The Site 913 EOT and U1411 Pleistocene grains, in comparison, are skewed towards
more angular grains (Figure 2.19), showing higher proportions of sub-rounded to
well-rounded grains, and lower proportions of sub-angular to very angular grains
(Figure 2.20b: ii, iii, iv & v). The grains from these two sections show an even
distribution of silica dissolution classes. There is relatively little difference in silica
dissolution between Site 913 EOT and Site U1411 Pleistocene sections (1-10%, Figure
2.20c: i & vi). Here however, the Exp. 342 and Site 913 EOT sections are also very
similar (1-10% difference, Figure 2.20c: v). The Site 913 EOT and U1411 Pleistocene
grains show lower proportions of rare-absent and present dissolution, and higher
proportions of common and pervasive dissolution than the Exp. 342 and Site 647 EOT
grains (Figure 2.20c: i, iii, iv & v). In other words, silica dissolution is most common
in the Exp. 342 and Site 647 intervals. The Site 913 EOT interval and Site U1411
Pleistocene interval have higher proportions of high relief grains (35-40%), and a
much lower proportion (~10%) of low relief grains than the previous two intervals

(Figure 2.19, Figure 2.20d).
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order that each texture is displayed in figure 2.19.

[t is clear that the grain textures analysed at the Site 913 EOT and U1411 Pleistocene

intervals are very similar. The grains from these intervals both resemble iceberg-

rafted debris; they show high angularity, and high frequencies of mechanical surface

textures. This is indicative of relatively fresh grains that have been formed in a

mechanical environment (i.e. glacial crushing), and have then been transported
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without undergoing significant saltation (i.e., on top of icebergs rather than in a river
or ocean current) (Krinsley and Donahue, 1968; Mahaney, 1995; Mahaney et al,,
2001). They display high-medium relief, and feature less extensive silica dissolution
than grains from the Exp. 342 and Site 647 EOT intervals, which again may reflect less
time spent in subaqueous settings conducive to dissolution. The conclusion that the
grains from these sections represent glacial IRD is in agreement with previous studies

on the Site 913 EOT coarse detrital material (Eldrett et al., 2007; Tripati et al., 2008).

Grain texture analysis of the Site 647 and Exp. 342 EOT intervals showed high
proportions of rounded, low-medium relief grains, with more grains displaying
chemical surface textures, and fewer grains displaying mechanical textures than the
iceberg-rafted grains. The textural composition of these grains instead suggests that
they represent material that has undergone significant transport by fluvio-marine
currents (Krinsley and Donahue, 1968; Krinsley and Doornkamp, 2011; Mahaney et
al., 2001). During this transport, the grains will have been exposed to more saltation
(resulting in rounding), and more submersion (resulting in chemical surface textures)
than relatively fresh grains that have been formed in glacial conditions and then
transported by icebergs (a more passive form of transport). The difference between
the Site 647 and Exp. 342 EOT grains, compared to the Site 913 EOT grains, suggests
that the source of the icebergs responsible for the IRD seen at the was not large
enough to affect sedimentation in the North Atlantic, unlike later, more extensive

glaciations (Bailey et al., 2013; Bond et al., 1992; Lisitzin, 2002; Raymo, 1994).

Several studies comparing IRD from icebergs and sea ice have noted that sea ice IRD
can also display the trends described in Sites 647 and Exp. 342 above (Dunhill, 1998;
St. John et al, 2015). As sea ice tends to entrain detrital material from shallow
shelves, beaches, and riverine outputs, the textures present on sea ice IRD are largely
a product of their transport history prior to their entrainment into the ice, rather than
them being transported by it (Darby, 2003; Dethleff and Kuhlmann, 2010; Eicken et
al, 2005; Kempema et al., 1989; Lisitzin, 2002; Niirnberg et al., 1994; St. John et al,,
2015). As such it is difficult to separate sea ice IRD from grains that have been
transport solely by fluvial or marine currents using surface textural analysis alone.
Sites U1411 and U1406, however, lie at the southernmost extent of the modern-day

sea ice regime (Figure 1.6). Furthermore, though there is evidence for ephemeral sea
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ice in the Arctic Ocean across the EOT, there is no documented evidence of sea ice IRD
in the North Atlantic, and modelled winter month temperature estimations for the

EOT at the latitude of these sites are ~20-28°C (Darby, 2014; Eldrett et al., 2009).

The calculated Euclidean distances between each target interval back up this
observation, as displayed in Table 2.3. The Site 647 and Exp. 342 EOT intervals are
closest in Euclidean space (41); the Site 913 EOT and Site U1411 Pleistocene intervals
are also relatively close (50). The Site 647 EOT interval is separated from the Site
U1411 Pleistocene interval by the greatest distance (94), and is also relatively far
away from Site 913 (80); the Exp. 342 EOT interval is also relatively far away from
these intervals. It is interesting that the EOT-age grains from the Newfoundland drifts
differ more in terms of their surface from Pleistocene-age sediments from the same

location than they do from EOT-age sediments from other locations.

Euclidean Site U1411
Distance Site 647 Exp. 342 Site 913 Pleistocene
Site 647 0

Exp. 342 41 0

Site 913 80 69 0

Site U1411

Pleistocene 94 85 50 0

Table 2.3: Euclidean distances between each interval analysed in this chapter.

The Euclidean distances between samples from within the Site 913 EOT interval, and
within the Site U1411 Pleistocene interval (32-48 and 38-55 respectively, Tables 2.4
& 2.5) are similar to values between the Site 647 and Exp. 342 EOT intervals, and
between the Site 913 and Site U1411 Pleistocene intervals (Table 2.3), reinforcing the

idea that each pair has the same environmental history (Mahaney et al., 2001).

Euclidean
Distance 913E0T-1  913EO0T-2 913EOT-3 913E0T-4 913EOT-5
913E0T-1 0
913E0T-2 48 0
913EO0T-3 48 46 0
913E0T-4 39 43 42 0
913EO0T-5 42 46 41 32 0

Table 2.4: Euclidean distances between each sample from the ODP Site 913 EOT interval
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Euclidean

Distance U1411P-1 U1411P-2 U1411P-3 U1411P-4 U1411PP-5
U1411P-1 0

U1411P-2 38 0

U1411P-3 46 47 0

U1411P-4 41 55 44 0

U1411P-5 42 56 47 44 0

Table 2.5: Euclidean distances between each sample from the IODP Site U1411 Pleistocene interval
2.4 Conclusions

The results of this exploration of North Atlantic EOT-age detrital sediments suggest
that, while the EOT interval at Site 913 does represent an example of glacially sourced
ice rafting, that there is no evidence for a larger ice-rafting regime extending into the
North Atlantic (i.e., there is no evidence for significant bipolar glaciation across the
EOT). The Site 913 interval likely represents ice rafting from a local tidewater glacier

on East Greenland, the influence of which did not extend into the North Atlantic.

The detrital grains and clasts identified at Sites U1411 and U1406 were originally
interpreted shipboard to be a further record of IRD across the EOT (Norris et al,,
2014). The surface textures of quartz grains from this site however suggest that they
were transported in a sub-aqueous environment, and differ from those found at Site
913. It is generally accepted that sand grains cannot be transported significant
distances by ocean currents, and the bathymetric locations of Site U1411 and U1406
suggest that they were unlikely to be directly affected by downslope movements
(Mackiewicz et al., 1984; McCave and Hall, 2006; Molnia, 1983; Ruddiman, 1977).
These grains are found in drift deposits however, and the provenance data presented
here suggest a local source, so it is possible that they were transported a short

distance to the site locally by the same current responsible for the rest of the drift.
Furthermore, CT-scanning has shown that the detrital clasts seen at these sites,

originally thought to have been ice-rafted clasts similar to those seen at Site 913, are

actually a product of post-depositional bioturbation (Norris et al., 2014).
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Though it was not possible to analyse the provenance of the detrital grains from the
Site 647 EOT interval, the mineralogy, sedimentology, and the surface textures of
these grains suggest that, similar to Site U1411, this EOT interval does not provide

any evidence of ice-rafting, either from the same source as Site 913 or elsewhere.
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Chapter 3 Changes in oceanography and sea level across
the Eocene Oligocene Transition recorded on the
Southeast Newfoundland Ridge: interpreting the
detrital record of Site U1411

3.1 Introduction

The Eocene-Oligocene Transition (33-34 Ma) marks the most significant climate
change event of the Cenozoic; over an interval of ~300 kyr, Earth’s climate
transitioned from a ‘greenhouse’ to an ‘icehouse’ state as a large, sustained ice cap
was rapidly established on Antarctica (DeConto and Pollard, 2003; Katz et al., 2008).
Associated with this change were a global cooling and a reorganisation of the carbon
cycle in the oceans. The associated glacioeustatic sea-level fall is suggested to have
exposed and eroded large areas of shallow carbonate, and shallow carbonate
deposition was replaced by pelagic burial at depth, leading to deepening of the
Carbonate Compensation Depth (CCD) (Merico et al., 2008).

Climate change at the EOT was likely brought about by a combination of decreasing
atmospheric COz throughout the late Eocene (Pagani et al., 2005; Zachos et al., 2008),
coupled with an orbital trigger — in this case low amplitude cyclic variation of high
latitude insolation due to the changing obliquity of earth’s axis (Coxall et al., 2005).
Together these forces triggered the growth of Antarctic ice, which then initiated
strong positive feedback effects associated with ice sheet height and coalescence;
these lead to rapid further ice growth (Coxall et al., 2005; DeConto and Pollard, 2003).
This hypothesis has largely replaced the idea that the opening of Drake Passage
and/or the Tasman Gateway triggered glaciation through the oceanographic isolation
of Antarctica, though this process would still have affected the extent of ice formation

(Cristini et al., 2012; Katz et al., 2011).

The benthic foraminiferal oxygen isotope (6180 stratigraphy of the EOT has been
studied in detail, and several records have revealed a distinct step-like structure, with
two pronounced sharp increases either side of a plateau (Coxall et al., 2005; Miller et

al., 2008; Scher et al., 2011). These steps, referred to here as EOT-1 (precursor step in
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(Miller et al., 2008)) and the Oi-1 event respectively, together constitute a ~1.5%0
increase in 8180y across the transition. The relative combinations of ice-growth
versus global cooling are unclear, despite various attempts to address this problem
(Coxall et al., 2005; Katz et al., 2008; Scher et al,, 2011). Some data sets suggest that
cooling was more prevalent in the EOT-1 step and ice growth was responsible for
most of the Oi-1 shift (Houben et al.,, 2012; Katz et al,, 2008; Lear et al., 2008). As
detailed in the introduction to this thesis, the glacioeustatic sea level fall associated

with the ice formation during this shift is estimated to be ~70 m (Miller et al., 2008).

As well as glacioeustatic changes, the development of conditions similar to the
modern-day pattern of thermohaline circulation, with deep water being formed in the
North Atlantic as well as the Southern Ocean, is also thought to have started around
the time of the EOT. This is supported by the onset of many sediment drifts and
widespread evidence of erosion by bottom-currents (Davies et al., 2001; Howe et al,,
2001; Via and Thomas, 2006; Wold, 1994). Contrary to this, a number of drifts along
the western margin of the North Atlantic originate from the Late Eocene, including
the drifts on the Southeast Newfoundland Ridge (SENR) (Boyle et al., 2017; Campbell
and Mosher, 2016; Norris et al, 2014). One hypothesis is that this change in
circulation was brought about by tectonic processes, through the deepening of the
Greenland-Iceland-Faeroes Ridge, which had previously separated the Greenland-
Norwegian Sea (a major area of deep water formation) from the North Atlantic Ocean,
rather than being brought about by the climatic events of the EOT itself (Via and
Thomas, 2006). Others have argued that global cooling, beginning in the Mid-Eocene
and continuing across the EOT as described above, resulted in the formation of deep
water, and that the growth of the Antarctic ice sheet to the continent’s coastlines
across the EOT (as evidenced by the appearance of ice-rafted debris in Antarctic shelf
sediments) also increased Antarctic Bottom Water formation. This deep water
formation increased latitudinal gradients, which increased thermohaline circulation
(Campbell and Mosher, 2016; Expedition 318 Scientists, 2010; Goldner et al,, 2014;
Miller et al., 2009; Scher et al,, 2011).

[IODP Sites U1411 and U1406 are perched respectively on the SENR and on a
seamount on the adjacent J-Anomaly Ridge. Both sites contain EOT-age intervals of

drift-deposited sediment, at a location that is ideally placed to capture changes in
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sedimentation driven by sea level change and/or changes in bottom current intensity
in the North Atlantic Ocean (Figure 3.1) (Boyle et al., 2017; Norris et al., 2014). The
sediments at both of these sites contained detrital sand grains, which were tentatively
interpreted by the shipboard party as being ice-rafted debris (Norris et al.,, 2014).
Data presented in Chapter 2 of this thesis, however, suggested that this was not the
case, and so it seems likely therefore that this detrital sand represents either
sedimentation changes associated with glacioeustatic sea level change, the

intensification of deep water currents, or possibly a combination of the two.

-54 -52 -50 -48 -46 -44

Figure 3.1: Bathymetry of the Southeast Newfoundland Ridge (SENR) and J-Anomaly Ridge (JAR),
showing the locations of IODP Sites U1411 and U1406, and the flow-path of modern
North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW); inset shows
the location of the ridges in the North Atlantic. Bathymetric base map is from GeoMapApp

(http://www.geomapapp.org).

Identifying the controlling factor of this detrital sand could not only build upon our
understanding of palaeoclimatic change across the EOT, but could also help to predict
the formation of hydrocarbon reservoirs relevant to oil and gas exploration. If the
presence of the grains is controlled by eustatic sea level change, then clastic

sedimentation patterns may also have been altered in nearby shallow marine settings
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and along the continental shelf, likely resulting in increased sediment transport to the
deep ocean (Abreu and Haddad, 1998; Katz et al., 2013; Miller et al., 2008; Miller and
Mountain, 1996). Specifically, a drop in eustatic sea level can lead to the development
of a significant lowstand system tract, characterised by marked progradation of
clastic systems into deeper water (Walsh and Nittrouer, 2003) (Figure 1.5). This
progradation can lead to the formation of sandstone bodies in deeper parts of a basin,
with the potential to act as hydrocarbon reservoirs (Wade and Palike, 2004). These
sandstone bodies may exist as either perched/shelf-edge deltas or as deep marine
turbidite fans. The increase in the size of Antarctic ice caps across the EOT also led to
marked variability in ice volume going into the Oligocene, paced by obliquity (40 ka)
and eccentricity (110, 405 ka) cycles seen in 6180y records (Abels et al., 2007; Wade
and Pilike, 2004). Sea level change driven by these orbital-controlled cycles has been
detected in shallow marine clastic sedimentation changes in the North Sea basin in
the Early Oligocene (Abels et al, 2007). During the Oligocene, the longer orbital
periods (405 ka eccentricity, 1.2 Ma obliquity) appear to drive third-order sea level
variability, which may have greatly influenced sedimentation patterns globally,

providing a framework for sedimentary facies prediction (Wade and Palike, 2004).

If, however, the grains are instead controlled by bottom current variability, then this
could also be of some interest to hydrocarbon exploration. Contour currents can
create sandstones that can act as reservoirs by winnowing away finer sediment,
leaving a better sorted, higher net-to-gross deposit (Howe et al, 2001).
Understanding the palaeoclimatic significance contained in the presence of the
detrital sand is therefore vital in understanding the sedimentological and/or

oceanographic changes occurring in the North Atlantic across the EOT.

3.1.1 Aims

This study aims to determine the source and controlling influences of the detrital
sand fraction across the EOT at Sites U1411 and U1406, and to determine whether
this component represents either a process separate from the deposition of the fine-

grained drift deposits that cover the area.
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3.2 Methods

3.21 Detrital sand grain flux

Standard methods for quantifying the abundance of detrital grains can be split into
two broad categories: i) counting grains in splits of certain size fractions as commonly
used for Heinrich event studies in North Atlantic sediments of Late Pleistocene age
(Lang et al,, 2014), and ii) estimating by eye the percentage of detrital grains for a
certain size fraction in each sample. This method has been used to assess the
abundance of IRD in Eocene-aged sediments in the Arctic, and in an EOT study of

proximal ice-rafting off Greenland (Eldrett et al., 2007; Moran et al., 2006).

Both methods were trialled, and although ii) was found to be significantly quicker, it
was also deemed less sensitive, due to the relatively small percentages of lithic
material estimated in each sample (1-5%). In Arctic sediments, carbonate is almost
absent. However, Site U1411 is carbonate-rich (~5-60%) and so this method is less
appropriate. Counting methods also sometimes involve dissolving carbonate to
facilitate easier counting; the practice was not adopted here, however, as the
exceptionally preserved foraminifers represent an incredibly valuable record of EOT

climatic change. As such method i) was used.

The unprocessed samples were prepared at the National Oceanography Centre,
Southampton (NOCS). Each was weighed, dried, and then clays were de-flocculated by
adding sodium hexametaphosphate and placing on a shaker table. Each sample was
then washed through a 63-pm mesh sieve to remove clay and silt. Prior to counting,
samples were split to a workable size and dry-sieved at 63 pm and 150 pm because
initial experimentation with dry sieves revealed that the majority of the grains were
<150 um. A variable-zoom binocular light microscope was used to inspect each
sample at each size fraction (63-150 and >150 pum) and detrital grains were recorded
using a mechanical counter. Although detrital grains were typically absent above 150
um, pyrite was found in abundance; it was deemed to be authigenic due to the fact
that foraminiferal tests in the sediment often featured diagenetic pyrite (Norris et al.,
2014). In total, 492 samples were counted from the original EOT sampling interval at
eight cm (~2-3 kyr) resolution, ranging from 127.475 m to 171.365 m CCSF, with a
further 167 samples also counted in the Latest Eocene from 171.5 m CCSF to 196.115
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m CCSF at a resolution of 16cm (~4-6 kyr). Authigenic pyrite grains were ignored
when counting the samples. The weight of both the coarse (>63 pm) and 63-150 um
fractions was also recorded for each sample, to determine whether each was

dominantly influenced by detrital input or by pelagic carbonate accumulation.

The same detrital grains identified at Site U1411 during Exp. 342 were also reported
to appear at the EOB at Site U1406. As introduced in Chapter 2, the EOT interval at
this site features a lower sedimentation rate and higher carbonate component than at
Site U1411. A low-resolution count was conducted through the EOT interval, with 28
samples counted at intervals of ~1 m (~140 ka), covering a period of ~32.3 Ma to
~36 Ma (206-234 m CCSF). A record of the weight % of the coarse fraction was also
generated at NOCS, as described above for Site U1411.

The grain counts for both sites were converted to flux (grains cm? kyr-1) using the
following equation (3.1):
(3.1) Flux = gc - Isr - dbd

Here gc is grain concentration (grains g1), Isr is linear sedimentation rate (cm kyr1),
and dbd is dry bulk density (g cm3). The linear sedimentation rates for each site were
calculated using un-tuned magnetostratigraphic age models based on the shipboard

identifications of magnetic reversals (Norris et al., 2014).

3.2.2 Bulk carbonate stable isotope analysis

A bulk carbonate carbon and oxygen isotope record was developed at NOCS, using a
Europa Geo 20-20 stable isotope mass spectrometer equipped with an automatic
carbonate preparation system (Wilson & Bohaty, unpublished data). Bulk samples
were prepared by subsampling unprocessed sediment, drying and weighing it, then
grinding it to a fine powder using a pestle and mortar. Samples were run throughout
~127 to 175 m CCSF at a variable resolution of 8-20 cm, and at a lower resolution to a
depth of ~ 196 m CCSF. All isotope ratio values are reported relative to the Vienna

Pee Dee Belemnite (VPDB) standard.

70



Chapter 3

3.2.3 Grain size distribution analysis

Twenty-three unprocessed samples from ~128 to 192 m CCSF were analysed for
grain size distribution. These samples were dried, weighed, and then carbonate was
removed from each sample by adding excess ten percent acetic acid and leaving it for
24 hours. Samples were then shaken to determine whether any carbonate remained,
before being washed repeatedly with Milli-Q water; a centrifuge was used to avoid
any of the fine material being lost between each wash. The samples were not treated
to remove biogenic silica because smear slide analysis indicated the absence of
significant numbers of radiolarians or diatoms. The de-carbonated samples were
subsampled, soaked in Calgon®, and left overnight on a shaker table before being
analysed at NOCS on a Malvern Mastersizer 2000 with an Autosampler 2000
attached. Four runs of a standard (in house standard A1) were analysed alongside
these samples. Initial inspection of the results indicated that the vast majority of the
detrital sediment in the drifts at the Site U1411 EOT interval was <20 um. To examine
the coarse detrital fraction more closely, the same 23 samples were then re-run after
wet sieving at 20 um (each fraction was weighed first). Furthermore, some studies
have suggested that the Mastersizer, which uses a laser to estimate the diameter of
grains suspended in a fluid, can over-estimate the size of very fine particles compared
to other techniques, especially when there is a high volume of fine material (Konert
and Vandenberghe, 1997). Focusing on the >20 um fraction therefore could prevent
any distortion of the result. For all measurements, data were binned into %¢

intervals during processing (Eq. 2.1).

To examine whether the instrument was correctly characterising the finer sediments,
a further split of each de-carbonated sample (un-sieved) was sent to Kristen Chilton
at Virginia Tech University, where a Sedigraph was used to analyse the fine fraction
for each sample (<63 pm), again using %@ bins. The Sedigraph calculates the size of
particles in this fraction from their settling velocity, and is generally considered to
better characterise fine particles compared to the Mastersizer (which does not
effectively characterize clay particles <1 pm), but cannot analyse sand-sized particles

(Konert and Vandenberghe, 1997; Mccave et al,, 2006; Molinaroli et al., 2000).
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3.24 Spectral analysis of grain flux record

Initial inspection of the grain count, coarse fraction wt%, and 63-150 pm wt%
records for the U1411 EOT interval appeared to show a cyclical nature, particularly in
the Earliest Oligocene. To explore the dominant periodicity of these cycles, the
astrochron package (in R) was used to perform spectral analysis on the grain flux
record (Meyers, 2014, 2012; Rahim, 2014; Thomson, 1982). For the purposes of this
investigation, the record was analysed both in the depth domain and in the time
domain using an un-tuned age model based on the shipboard identification of
magnetostratigraphic datum tie points (Norris et al.,, 2014). Each dataset was first
resampled to obtain a regular sampling interval (8 cm, equivalent to ~2.7 kyr), and
then the linear trend was subtracted using the detrend function in the astrochron
package (Meyers, 2014). The multi-taper method (MTM) was then used to identify
the dominant frequencies for each de-trended dataset. The periods of frequencies
that exceeded a >99% confidence interval were then calculated; for the analyses run
in the depth domain, periods were calculated using an average sedimentation rate for

the interval of 3 cm/kyr.

As the suspected cyclicity becomes more prominent in the youngest part of the EOT
interval, the Matlab application ‘A cross wavelet and wavelet coherence toolbox’ was
used to perform wavelet analysis across the interval of study - again using both a
depth scale and the magnetostratigraphic age model (Grinsted et al., 2004; Jevrejeva
et al, 2003; Torrence and Compo, 1998; Torrence and Webster, 1999). Initial
inspection of the results showed changes in the dominant periodicities above ~140 m

CCSF/33.3 Ma, and so the interval above this point was re-analysed in isolation.

During the ongoing development of an astronomically tuned age model for the
interval, precessional and 100 kyr eccentricity cycles have been identified in high-
resolution X-Ray Fluorescence (XRF) Zr/Rb records (Bohaty & Liebrand, unpublished
data). As the drift sediments through the interval are dominated by clay and fine silt,
the XRF data should reflect changes in the fine material, and so comparing it to
spectral analysis of the grain count time series could help to reveal whether they are
both controlled by the same pacing. As such, the Zr/Rb XRF ratio was analysed using

MTM and wavelet analysis as described above to provide a direct comparison, again
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using both the depth scale and magnetostratigraphic age model. It was resampled at 8
cm (~2.7 kyr) intervals to match the resolution of the flux record, and linear trends

were removed as above.

3.25 Provenance of detrital coarse fraction vs. rest of drift deposit

As established in Chapter 2, the Pb isotope analysis of sand-sized feldspars from Sites
U1411 and U1406 suggests a local source, rather than Greenland. Here this work is
expanded on further by exploring how the Nd and Sr isotopic signature of the coarse
detrital fraction (>63 pm) compares with the bulk of the drift deposit (i.e., 0-20 um).
Crucially, Nd and Sr isotopes are generally analysed on either the bulk detrital
fraction, or on specific grain size ranges of the detrital fraction, unlike Pb. There is
also a detailed understanding of the isotopic composition of North Atlantic terranes
for both Nd, which is usually expressed as eNd(), or 143Nd/144Nd, and Sr, expressed as
87Sr/86Sr (Farmer et al., 2003; Hemming et al., 1998). X-ray diffraction (XRD) analysis
of clay minerals can also reveal changes in the provenance of the finest (<2 pm)

component of the Site U1411 drift deposits (Ehrmann, 1998).

3.2.5.1 Nd: sample preparation, column chemistry, and isotopic analysis

Ten unprocessed sediment samples were taken for bulk detrital Nd isotopic analysis
from the Site U1411 EOT interval. The carbonate in these samples was dissolved
using excess 10% acetic acid, and the samples were then cleaned with Milli-Q. A
centrifuge was then used to ensure that the fine fraction was not lost during the
cleaning process. It was not deemed necessary to remove biogenic silica (Section
3.2.3). After de-carbonation, the samples were mixed with sodium
hexametaphosphate to deflocculate the clay component, and were left on a shaker
table for 24 hours. Each sample was then wet-sieved through a 63-pum mesh, and both
the coarse and fine fraction were dried and retained. The coarse fraction contained
pyrite, which if authigenic could possibly influence the detrital Nd. To combat this
issue, pyrite grains were picked out of the samples; this removed pyrite was then
analysed along with the other samples to confirm that it was authigenic. For each
sample, the coarse and fine fractions were analysed separately (the fine fraction was
first run through a 20 um sieve, as the detrital sand grains in the coarse fraction were
also present as coarse silt in the fine fraction). Including the pyrite, therefore, there

were 21 samples to analyse in total.
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These samples were then transferred into 3ml Teflon pots and leached on a hot plate
at 140°C with 6M hydrochloric acid (HCl) for two hours and left overnight. They were
then washed several times with Milli-Q water in preparation for digestion. The
samples were each digested with 20 pl sub-boiled nitric acid (HNO3) and 160 pl of
27M hydrofluoric acid (HF) on a hot plate for 24 hours. They were then evaporated to
dryness and cleaned with a few drops of concentrated HCl and HNOz (evaporated

after each step) ready for column separation.

The column chemistry required to isolate Nd involves two column passes; the first
uses AG50-X8 200-400 mesh cation columns, whereas the second uses LN Spec
columns. For the first column pass, each Nd subsample was dried down and then
dissolved in 100 pl of 1.75M HCI. The columns were conditioned with 2ml of 1.75M
HC], then each sample was loaded and washed in with a further 100 pl of 1.75M HCL
1.5ml of 1.75M HCI was passed through to elute Fe followed by 2ml of 2M HNO3 to
elute Ba. 1.5ml of 6M HNOs was then added to free the Nd, and this was collected,
dried down, and then dissolved in 0.3ml of 0.2M HCI ready for the second columns.
These were conditioned with 1.5ml of 0.2M HCL. The samples were loaded and then
washed in with three passes of 100 pl of 0.2M HCL 2 ml of 0.2M HCI was added to
elute Ba, before the Nd was collected by adding 4ml of 0.2M HCL The collected

fraction was then dried down ready for mass spectrometry.

Each sample was sub-sampled and screened prior to isotopic analysis, and was
analysed via a Multi Collector Inductively Coupled Plasma Mass Spectrometer (MC-
ICP-MS; Thermo Scientific Neptune) at NOCS following the methods of Lang et al,,
(2014). External error was calculated at two standard deviations for each sample run.
All of the samples analysed delivered useable results, however during sample
preparation some material was lost from several of the 0-20 pm samples, leading to

higher error.
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3.2.5.2  Sr:sample preparation, column chemistry and isotopic analysis

Splits of the same samples prepared for Nd column chemistry were also analysed for
Sr isotopic analysis, after being prepared as described above for Nd. The samples
were screened prior to column chemistry to determine the volumes of each sample
necessary to obtain enough Sr for isotopic analysis. The subsamples were dried down
and then dissolved in 200 pl of sub-boiled (SB) 3M HNOs. Columns containing Sr-Spec
resin were prepared by being flushed with two alternating 1.5 ml runs of Milli-Q and
SB 3M HNOs. The columns were then conditioned with a further 1.5 ml of SB 3M
HNO3, the sample was added and washed in with 200 pl of SB 3M HNO3, and then a
further 2ml of HNO3 was added to elute the sample. 1.5 ml of water was then added to

the columns and the Sr was collected before being dried down ready for loading.

Prior to isotopic analysis, the stubs required to load each sample into the mass
spectrometer were cleaned in boiling H202 for 45 minutes; a Ta filament was then
soldered onto each stub and the stubs were placed into a vacuum for one hour. Five
stubs at a time were then loaded onto a multiloader. Each dried sample was dissolved
in 1.5 ul of 1M HCI, and 1 pl of activator was added to each filament and dried at 0.6
amps. The dissolved samples were then added to each filament and dried down ready
for analysis. Six standards (NBS 987) were also prepared in the same way. All of the
stubs were analysed using a Thermofisher Triton Multicollector Thermal Isolation
Mass Spectrometer (TIMS) at NOCS. External error was calculated to two standard
deviations. Of the original 21 samples run, only nine returned useable data. The
remaining material for each of the 11 samples that did not run was re-screened and

re-run, returning a further six useable values (i.e., 15 of 21 samples in total).

3.2.5.3 Data analysis

The aim of characterising Nd and Sr isotopic composition of the Site U1411 detrital
fraction was twofold. First, to study whether the provenance of the coarse fraction
differed from the majority of the fine drift sediment throughout the interval; and
second, to determine where the different size fractions were sourced from by
comparing them to provenance data from the North Atlantic. As such, it was
necessary to collate previously published 143Nd/144Nd and 8/Sr/86Sr data for the
North Atlantic provinces. The studies identified were separated into three regions:

Scandinavia, North America, and Greenland. The data from these studies were then

75



Chapter 3

grouped into terranes of differing age within each of these groups (see Appendix B for
references). A study by Farmer et al.,, (2003) also analysed Nd and Sr isotope ratios on
glaciomarine sediment from several areas in the North Atlantic, including Greenland

and the Gulf of St. Lawrence.

Much of the previous work characterising the North Atlantic terranes reports Nd in
the format of eNd, which expresses the sample 143Nd/144Nd in terms of its deviation

from the 143Nd/144Nd of CHUR (CHondritic Uniform Reservoir) (Farmer et al., 2003).

( 143Nd/ 144Nd)sample

143 N4
(Tw)CHUR

(3.3) eNdgampre = — 1| x10000

The 143Nd/144Nd of CHUR has evolved through time, with the present day value (used
to calculate eNd(0)) being 0.512638. The 143Nd/144Nd ratios from all of the amassed
references were converted to €Nd(o), along with the data from this study, to allow
them to be compared, following the practice of previous studies (Farmer et al., 2003;

Lang et al,, 2014).

3.2.5.4 C(Clay mineral analysis

Analysing the dominant clay minerals present in the <2 pum fraction can help to
establish provenance changes in the fine material being delivered to the drift. 19
samples from the Site U1411 EOT interval were prepared for XRD analysis. Carbonate
was removed following the same process outlined in Section 3.2.3, and then each
sample was shaken with de-ionised water and sodium hexametaphosphate to
deflocculate clay minerals. Samples were then allowed to settle and Stokes’ law was
used to isolate the clay particles, based on their settling velocity (Gibbs et al., 1971).
10% magnesium chloride was then added to each sample, and they were centrifuged
at 2000 rpm for two minutes and decanted. De-ionised water was then added, each
sample was centrifuged and decanted again, and then a small amount of each sample
was smeared evenly onto a glass slide. Each sample was then analysed on a Phillips
Xpert Pro Diffractometer at NOCS, using a cobalt anode x-ray tube and a scanning step
of 1.2°. For the purposes of this thesis, the relative proportions of four major clay

minerals were calculated: smectite, illite, chlorite, and kaolinite.
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3.3 Results and discussion

3.3.1 Relationships between grain flux and bulk carbonate isotope

stratigraphy

Detrital sand grains were present in the 63-150 pm fraction in every sample at Site
U1411, although very few grains >150 pm were found (Section 2.2.3). The grain flux
record from Site U1411 showed relatively low levels in the latest Eocene, rising into
the earliest Oligocene (Figure 3.2). This increase occurs in two major steps, one at
~33.9 Ma and another, larger step at ~33.6 Ma. There also appears to be an initial,
possibly transient, increase at ~34.3 Ma. These steps are also seen in the weight % of
the 63-150 um fraction, suggesting that the material in this size range is dominated

by detrital sand, rather than carbonate, for example (Figure 3.2).
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Figure 3.2: a) estimates for the initiation or intensification of North Atlantic Deep Water. Changes
across the EOT of b) bulk carbonate §13C, c) bulk carbonate 6180, d) detrital sand grain
flux and e) the weight of the 63-150 pm fraction from IODP Site U1411, and e) detrital
sand grain flux from site U1406 (see Appendix C for data). The untuned age models used
for both sites were created using shipboard placing of magnetostratigraphic datums
(Norris et al,, 2012).

The bulk carbonate 6180 isotope record shows a positive shift of ~0.7%o, from 33.65

to 33.75 Ma, coinciding with the C13n/C13r magnetic reversal (Figure 3.2). This is

interpreted to be the globally recognised 0Oi-1 shift. Benthic foraminiferal records
from other sites have also identified a precursor shift, or EOT-1, but this is not visible

in the bulk carbonate record from this site; it may be revealed by the eventual

construction of a 6180y record (Coxall and Pearson, 2007; Katz et al., 2008; Miller et
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al., 2009; Scher et al,, 2011). The bulk carbonate §'3C isotope record shows a large
positive shift of 1%o at 34.1 Ma. An ongoing investigation has tentatively placed the
EOT-1 at this position (S. Bohaty, pers. comm.), based on the fact that a similar §13C
shift is seen at the Massignano core, the global stratotype section and point (GSSP) for
the EOB, and occurs alongside the EOT-1 oxygen isotope step at the site (Jovane et al,,
2009; Silva and Jenkins, 1993). The EOB at Site U1411 is currently placed at a depth
of 159.155-159.115 m CCSF (~33.95 Ma for the age model used in this study), based
on the last occurrence of the planktic foraminifera genus Hantkenina, (H. Coxall, pers.

comm.).

Of the two main steps identified in the Site U1411 grain flux record, the first appears
to coincide with the EOB, after the interpreted placing of the EOT-1 step (Figure 3.2).
The second step shift in the flux record occurs after the Oi-1 event, with both steps in
the flux record lagging the end of the interpreted positions of the two oxygen isotope
steps by ~ 50 ka. The current understanding of the relative contributions of
glacioeustatic sea level change and temperature change for the two steps suggests
that the Oi-1 step was dominantly a result of ice formation, whereas EOT-1 also
featured a temperature component. Given the response of the grain flux to these
0180y steps, glacioeustasy might then seem like a potential mechanism to explain the
sand flux record. This also fits in with a recently published reconstruction of Cenozoic
sedimentation on the SENR, which does not infer a major or sudden change in bottom
current strength, or in delivery of material to Site U1411, across the EOT interval
(Boyle et al., 2017). If the flux of the detrital sand was being controlled by sediment
changes linked to glacioeustatic sea level fall, then the two-step nature of the grain
flux increase suggests that there is an ice volume component to both of the 6180y
steps commonly identified in EOT intervals (Houben et al., 2012; Katz et al., 2008;
Miller et al., 2009). This does though raise again the question of why there is no
obvious EOT-1 step in the bulk carbonate 6180 at Site U1411. If the majority of the
0180y change elsewhere is due to cooling deep water, which may not have been
experienced at Site U1411, then the smaller ice volume component could have been
lost in the bulk carbonate 6180, which is also influenced by planktic foraminifera and

calcareous nannofossils.
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Aside from sedimentary change driven by glacioeustatic sea level fluctuations, the
other likely driver of the changes in detrital sand grain flux seen at Site U1411 is the
formation or intensification of North Atlantic Deep Water (NADW). There is a range of
predictions as to the timing of NADW initiation (Figure 3.2); based on both tectonic
changes and ice sheet growth (Section 1.1.5). One interpretation is that the
subsidence of the Greenland Scotland Ridge, a result of the suppression of the Iceland
Plume, allowed cold, dense water formed in the Greenland-Iceland-Norway seas to
overflow into the North Atlantic (Abelson et al., 2008). Most estimations suggest that
this overflow occurred prior to the EOT (Figure 3.2) (Abelson and Erez, 2017; Davies
et al,, 2001; Howe et al., 2001; Pusz et al,, 2011), though Via and Thomas (2006) date
it to ~1 Myr after the Oi-1 shift. Miller et al., (2009) however argue that Antarctic
glaciation drove changes in North Atlantic circulation once the ice cap reached the
coastline; IRD evidence suggests this didn’t occur until the Oi-1 shift (Miller et al,,
2009; Scher et al,, 2011).

A bottom current was evidently flowing around the SENR prior to the EOT, because
the drifts here began developing in the Eocene, in line with evidence for an earlier
initiation of NADW (Borrelli et al., 2014; Boyle et al,, 2017). It may be that this bottom
current intensified across the EOT due to the drivers described above, however, and
that this could be responsible for the increases in detrital sand flux at Site U1411
(Figure 3.2). If increases in NADW strength are controlling the timing of the steps in
grain flux record, then this does not fit with the interpretation of Pusz et al,, (2011)
that NADW formed prior to the EOT-1 step, or of Via and Thomas (2006), whose
interpretation lags the grain flux steps by ~1 Myr. As Miller et al,, (2009) tie NADW
intensification to the formation of Antarctic ice, it is difficult to separate glacioeustatic
sea level change and ocean current strength as the drivers for the second step
identified in the detrital sand flux record, but their interpretation cannot explain the

first detrital sand flux step (Figure 3.2).
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3.3.2 Evidence for a separate, local source for the detrital sand component

The GSD analysis of the Site U1411 >1 pum detrital fraction displays a bimodal
distribution, with a potential third, smaller peak between 1-2 pm (Figure 3.3d). It is
important to stress that the instrument (Malvern Mastersizer) used to analyse these
sediments measures has a practical minimum grain size of 1 um; Sedigraph analysis
of the same samples at Virginia Tech has suggested that ~60% of the detrital material
in these samples consists of clay particles below this size (Romans and Chilton, in
preparation). As such it would be wrong to suggest that the second, coarser peak
analysed here (at ~3-4 pm) contains the majority of the detrital material making up
the drift deposit at Site U1411, only that it is separate from the first (at ~7-10 pm).
The coarser of the two peaks appears to increase in magnitude going up-core and also
migrates, becoming coarser in the younger samples. At the same time, the finer peak
decreases in magnitude to the point that it becomes a ‘shoulder’ on the side of the
second peak (Figure 3.3d). All of the samples analysed have a left-skewed
distribution, with an elongated coarse ‘tail’ extending from ~20 to <160 pum. It is
within this tail that the detrital sand, the focus of this study, lies (Figure 3.3c).
Furthermore, it appears that the size of this tail increases from the oldest to the
youngest sample. It is interesting that the maximum grain size appears to vary only
slightly up-core, and instead the ‘thickness’ of the tail increases in younger sediments.
If the increase in detrital grains was a result of an increase in current strength, then
the upper grain size limit of the sediment being deposited should also have increased,
assuming no change in the source material, and that coarser grains were present in

the source material.
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Figure 3.3: Grain size distributions from Site U1411 detrital fractions: a) and b) display the analysis
of the >20 pm fraction plotted on a normal and log scale, c¢) and d) display the analysis of
the >1 um fraction in the same way. Each curve represents one sample; they are coloured
in order of depth/age (see Appendix C.3 for data).

The >20 pm GSD profiles for each sample display an uni-modal distribution, and are

left-skewed with a coarse tail, as also seen in the full GSD profiles (Figure 3.3a, b).

This peak decreases in magnitude going up-core, while also becoming both coarser

and broader. The coarse tail also becomes more pronounced, and accounts for a

higher proportion of the total distribution.

The estimation of the >63 pm fraction from the >1 pm GSD analysis follows both the
grain flux and coarse fraction wt% records (Figure 3.4c, d). It appears to fluctuate
until the Oi-1 step, after which it increases by ~1%. The peak grain size of the coarser
peak identified in Figure 3.3 (vertical blue lines on GSD plots in Figure 3.4e) also
increases up-core, though again there is some fluctuation. Peak grain size increases at
the initial jump in grain flux (~34.3 Ma), before again increasing across the 0i-1
event. The position of the first peak/shoulder does not appear to change but

decreases in magnitude as the second peak becomes coarser (Figure 3.4e). As with
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the >1 pum GSD runs, the peak grain size in each >20 pm GSD run (Figure 3.4f, red
vertical bars) matches the grain flux record for the interval. Both show a step-
increase after the Oi-1 event, and a transient increase at ~34.3 Ma. The coarse tail of
these >20 um GSD runs also appears to increase in volume up-section (Figure 3.4f,
blue shaded areas).
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Figure 3.4: Stratigraphic locations of GSD samples (dashed lines), shown against bulk carbonate a)
carbon and b) oxygen isotopes; c) grain flux; and d) weight% coarse fraction, calculated
both from weighing samples (red line) and from GSD analysis (crosses). E) GSD profiles
for the >1 pm fraction for each sample; red and blue vertical bars indicate positions of the
first and second peaks referenced in text respectively. F) GSD profiles for the >20 pm
fraction for each sample; red vertical bar on each profile indicates peak grain size, shaded
blue area shows the proportion of each GSD profile > 63 pm.

The presence of a bimodal distribution in the GSD analysis suggests that the coarse

detrital material present at Site U1411 (and U1406) is not the coarse tail of a single

fine-grained sediment source carried by the bottom current responsible for the
majority of the SENR drift deposits. The grain size analysis of the full detrital fraction

displays a bimodal distribution, suggesting that the coarser material is derived from a

separate source to the bulk of the drift. If all of the material had been transported the

same distance, by the same current, and from the same source then a unimodal

smoothed-out peak would be expected instead (Hass, 2002). This secondary peak
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could represent a secondary source of sediment being transported by the bottom
current, at a position proximal to the site of deposition. If this secondary source was
being added to the bottom current very close to the SENR, this might explain why the
material has not been fully sorted into the rest of the current’s sediment load. A local
source for the detrital material in the coarser peak ties in well with the Pb isotope
provenance analysis featured in Section 2.3.2 (Figure 2.6). The idea that the coarser
material is derived from a different source to the fine-grained drift deposits can be
explored further by assessing the provenance of both components using Nd and Sr

isotopes and clay mineralogy.

Stratigraphically, the 87Sr/86Sr data from the coarse (>63 um) detrital fraction shows
a very slight overall increase going across the EOT, however it actually decreases
across the Oi-1 event (Figure 3.5c). This decrease is seen more clearly in the <20 pm
data, which here falls below the coarse fraction data (at ~ 33.6 Ma), but otherwise
features higher values. Excluding the data point that records this decrease, the <20
um fraction records an overall increasing trend across the EOT interval. The majority
of this increase occurs above ~33.1 Ma, below which there is little change (aside from
the decrease at ~33.6 Ma described above). The fine fraction has a higher variability

(~0.016) than the coarse fraction (~0.007).

It is important to consider that the 87Sr/86Sr of detrital material has been found to
vary as a function of grain size, even if the source of the grains remains the same
(Dasch, 1969; Meyer et al., 2011). Meyer et al., (2011) recorded a difference in
87Sr/86Sr of 0.004-0.006 between two adjacent size fractions (0-10 pm vs. 10-40 pm),
whereas Dasch (1969) demonstrated that the difference in 87Sr/86Sr between the <20
um and >74 um fractions can be >0.1. For Site U1411 EOT interval, the difference
between the 87Sr/86Sr of the <20 pum and >63 pum fractions ranges from 0.002 to
0.007, so it may be that, when corrected for grain size, the sources of the two size
fractions could be indistinguishable from each other, could share the same source, or
it could be that the difference between the two is slight. Here the Nd data may prove
to be more useful. Detrital eNd(o) data from different size fractions has been shown to
only shift in relation to changes of the source of the material and should be consistent
within different size fractions if both come from same source (Goldstein et al., 1984;

Meyer etal., 2011).
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Unlike the 87Sr/86Sr data of the two size fractions, the eNd( o data shows a clear
separation between the <20 pm and coarse fraction data for the majority of the EOT
interval, with the <20 pum fraction showing lower values (Figure 3.5€). In the Earliest
Oligocene (~33 Ma), the two records converge as a result of an increase in the <20
um fraction of ~10 eNd(0), before both fractions then decrease by ~5 €Nd). Prior to
this convergence, there is little in the way of an overall trend in either the <20 pm or
coarse fractions. Note, however, that there is a sharp increase in the <20 pm fraction
eNd() at ~ 33.6 Ma, which corresponds with a decrease in the 87Sr/86Sr <20 pm
fraction data as described above (see arrows). As with the 87Sr/86Sr data, this increase
represents a convergence towards the eNd) values of authigenic pyrite. The
variability for the coarse fraction samples is much lower than the <20 um fraction

(~8 versus ~15 eNd(o) respectively), which again is in line with the 87Sr/86Sr data.

The pyrite analysed shows an 87Sr/86Sr value of 0.7091. This is very similar to that of
modern seawater (0.709), and to an authigenic manganese nodule from the North-
West Atlantic (0.7092-0.7099) (Dasch, 1969). The eNd o) of the pyrite is -11.31, which
again is within the range of seawater €Nd(o) in the modern Atlantic ocean of -12+2
(Piepgras and Wasserburg, 1987, 1980), implying that the pyrite is authigenic. It may
well be that the inclusion of authigenic minerals (especially in the <20 pm fraction;
efforts were made to remove pyrite from the coarse fraction) affected the <20 pm
fraction values of eNd(o) and 87Sr/86Sr (Figure 3.5). XRF and QEMSCAN data (Section
2.2.3.1) suggest authigenic pyrite increased significantly at ~33.5 Ma (Figure 3.5d).
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Figure 3.5: Stratigraphic variations in a) clay mineralogy, c) 87Sr/86Sr, d) QEMSCAN and XRF proxies
for pyrite, e) eNd (o), f) bulk carbonate stable isotopes and g) detrital sand grain flux across
the Site U1411 EOT interval. Arrows at ~ 33.6 Ma indicate inferred influence on 87Sr/86Sr
and eNd(o) isotope ratios by authigenic minerals- see text for explanation (see Appendix B
for data). Estimations for the onset/intensification of NADW are also displayed (b).

Combining the eNd( ) and 87Sr/86Sr of the coarse and <20 pm fraction data from the

Site U1411 EOT interval shows that the <20 pm fraction data generally has a higher

87Sr/86Sr and lower eNd(o) than the coarse fraction data, though there is overlap

between the two, particularly for 87Sr/86Sr (Figure 3.6). When comparing this data to
published data from North Atlantic terranes, the Site U1411 coarse detrital grains
display eNd(o) and 87Sr/86Sr values that appear to best match data from Scandinavia
and North America, specifically the Proterozoic-age Grenville province terrane. This is
in agreement with the Pb isotope data from feldspars featured in Section 2.3.2. In
contrast, however, the <20 pm fraction data is skewed towards lower €Nd() and
higher 87Sr/86Sr values more similar to Archean-age terranes in North America and

Greenland (Figure 3.6).
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Figure 3.6: Cross plot of 87Sr/86Sr and eNd( isotope data of coarse and fine fraction detrital grains
from Site U1411, plotted alongside published terrane data for the main North Atlantic
provinces as displayed in Figure 2.1 (See Appendix B for references).

As detailed above, eNd(y is likely to be a more useful tool than 87Sr/86Sr in

determining the provenance of different grain size fractions (Figure 3.7). The coarse

fraction eNd(o) data from Site U1411 matches fine glaciomarine sediment from the

Norwegian Strait, and both coarse and fine sediment from the Gulf of St Lawrence

(GSL), local to the SENR. Note that the eNd(o of both size fractions for the GSL

sediments are indistinguishable, but only the coarse fraction data from Site U1411

matches this data (Figure 3.7).
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Figure 3.7: a) Location of fine-grained glaciomarine sediments from the North Atlantic in relation to
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(http://www.geomapapp.org). b) Range of eNd(y isotope data of coarse (red) and fine

(blue) fraction detrital grains from Site U1411, compared to eNdo isotope data from
glaciomarine sediments (Farmer et al., 2003).
The eNdo) of the Site U1411 <20 pum fraction older than 33 Ma overlaps with fine
glaciomarine sediment from Hudson Strait, Baffin Bay, and the Cartwright Saddle.
This suggests that the fine material that comprises the majority of the drift deposits at
Site U1411 was transported from further north than the coarse material (Figures 3.5,
3.7). The 87Sr/86Sr and coarse fraction eNd(o) values converge later (~33 Ma) than the
step-like increases in detrital sand flux (34 & 33.6 Ma), and the relative proportions of

clay minerals also only show a significant trend after ~33 Ma (Figure 3.5a, e). This
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separation may provide further evidence therefore that the driver behind the detrital
coarse fraction is separate from the bottom current responsible for the clay and fine
silt component. The change in the latter, seen at ~ 33 Ma, may represent an increase
in bottom current intensity occurring after the EOT, as predicted by Via and Thomas

(2006) (Figure 3.5a).

The decrease in smectite, and corresponding increase in chlorite and illite, after ~33
Ma implies the source for the clay component at Site U1411 is changing from a humid
environment, featuring chemical weathering, to a cooler environment featuring more
physical weathering (Figure 3.5a) (Diester-Haass and Zahn, 2001; Ehrmann, 1998).
Previously published clay mineral analysis of Eocene and Oligocene sediments from
the Labrador shelf and central Labrador Sea show lower smectite (11-54% vs. 60-
80% for Site U1411) and higher illite (18-41% vs. 15-25% for Site U1411), and so the
change in clay mineralogy after 33 Ma may reflect a stronger bottom current carrying
clay minerals from colder environments to the north, featuring enhanced physical
weathering (Hiscott, 1984). Alternatively, however, the change might represent
global cooling leading to changes in weathering at the source region, without
necessarily implying a change in provenance (Liu et al.,, 2009). The merging of <20
pum and coarse fraction eNd(o) values appears to occur at the same time that the clay

mineralogy is changing (after ~33 Ma).

The <20 pm eNd(o) samples younger than 33 Ma overlap fine glaciomarine sediment
from the Gulf of St Lawrence (Figure 3.7), rather than reflecting a more distal source,
as the clay mineralogy seems to suggest. This could reflect that, as the delivery of
coarse material from local sources increases up-core, silt being delivered from the
same source as the coarse fraction may be overprinting the initial, more distal source
of the <20 um €Nd(o) samples. The >1 pm GSD profiles (Figure 3.3) show that a large
proportion of the coarser peak is also in the <20 um fraction (though it should be
remembered that ~60% of the drift material is <1 pm). Confusingly, however, the
predicted clay mineral response to the input of fine sediment from areas more local to
the SENR after 33 Ma would be an increase in smectite (i.e. a more southerly source,
hence more chemical/less physical weathering). It is possible that though some of the

silt in the <20 pm eNd() samples may be coming from sources proximal to the SENR,
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insufficient clay is being inputted to significantly affect the mineralogy of the <2 pm

fraction, which is dominated by material from more distal sources.

It appears difficult to precisely determine therefore whether the changes in clay
mineralogy and Nd isotopes of fine material at ~33 Ma represent a reorganisation of
bottom currents, but it does appear that the detrital clay and fine silt in the Site
U1411 EOT interval is being controlled by a different driver and supplied by different
source areas to the coarse detrital fraction. Nd isotopic analysis of fish teeth,
alongside benthic foraminiferal carbon isotopes, might better reveal the nature of any
deep-water current changes over the SENR (Pusz et al, 2011; Scher and Martin,

2008).

3.3.3 Contour currents or turbidity flows as a mode of deposition

The previous chapter concluded that coarse detrital grains from Sites U1411 and
U1406 were not iceberg-rafted, and that they likely came from local North American
provinces. Given the nature of the drift deposits in which they were deposited, and
the changes in oceanography and sea level predicted across the EOT, these detrital
grains therefore likely reflect either change in the intensity of the bottom current or

local change in sediment supply as a result of sea level change.

It is unlikely that downslope processes, such as turbidity currents or debris flows,
were directly delivering this detrital sand to the sites as the Site U1411 drift is
perched on the SENR, rather than at the base of the Grand Banks, and the drill site is
sheltered from transport of material down the spine of the ridge by a seamount
(Figure 3.1) (Boyle et al, 2017). Furthermore, sedimentary structures typical of
transport by turbidity currents in core sections, such as Bouma sequences, are absent
(Bouma, 1962). However, these may have been subsequently destroyed by
bioturbation. Pb isotope analysis (Section 2.3.2) argues against a downslope source as
this suggests that material at Site U1406 comes from the same source as U1411
across the EOT interval. Site U1406, sitting on an isolated seamount, is more
bathymetrically isolated from downslope deposition of sand than Site U1411. The flux
record here still shows that there is sand throughout the interval, and that it
increases across the EOT as at Site U1411, although the volume of sand being

deposited at Site U1406 is two orders of magnitude lower than at Site U1411 (Figure
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3.2). These observations are consistent with sediment being carried by a bottom
current flowing from the north, being deposited as the current hits the northern flank
of the SENR (Site U1411). As a result very little material was carried across the SENR

and past this bathymetric feature and on to Site U1406.

The relationship between the flux record and the isotope stratigraphy across the EOT
suggests glacioeustatically-controlled sedimentation changes are controlling the
detrital sand rather than current strength. However, the GSD data presented here,
combined with further work by Brian Romans and Kristin Chilton on the Site U1411
fine fraction (in preparation), does not suggest a step-increase in current strength
across the EOT at Site U1411. The interpretation of seismic facies on the SENR does
point towards an intensification of current strength at depth (>5000 mbsl) at this

time however (Boyle et al., 2017).

As the bathymetry and the relationship between sites U1411 and U1406 appear to
rule out downslope sand deposition as a direct method of delivery and there is little
evidence for changes in current strength being the sole control of the delivery of
coarse material, it is possible therefore that a combination of the two exists: that
nearby off-shelf deposition (influenced by glacioeustasy) emplaces detrital material

into the bottom current, which then transports it a short distance onto the SENR.

Glacioeustatic sea level change, especially influential after the Oi-1 shift, could result
in increased off-shelf transport of sediment by, for example, turbidity currents. This
could then be incorporated into the nepheloid layer of the bottom current at the base
of the slope, and carried a short distance to deposition centres on the ridge. Modern
day studies have demonstrated that turbidites are capable of transporting sediment
from the shelf break all the way to the abyssal plain, and that this material can then be
entrained and carried short distances by the nepheloid layer (Amos and Gerard,
1979; Gardner et al., 2017). A further study has also documented the combination of
turbidites and current transportation in depositing (albeit fine) material onto the
tops of the Fogo Seamounts nearby to the SENR and J-Anomaly Ridge (Figure 3.1),
which are much more isolated even than Site U1406, rising some 1000 m from the

surrounding seafloor (Alaf, 1987). Another study of Pleistocene sediments from the J-

90



Chapter 3

anomaly Ridge reports sea-level controlled turbidite delivery into the nepheloid layer

(Piper et al., 1994).

3.34 Relative pacings of the coarse detrital fraction and the fine-grained

drift deposits

The de-trended U1411 flux record of the Site U1411 EOT interval appears to show a
cyclical nature, particularly in the Earliest Oligocene, before ~33.3 Ma (Figure 3.8).

There also appears to be cyclicity in the Zr/Rb XRF data for the same interval.
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Figure 3.8: a) an arbitrary mix of eccentricity, tilt (obliquity), and precession, plotted alongside b) de-
trended Zr/Rb XRF data and c) de-trended detrital sand grain flux across the EOT interval
at Site U1411. d) The age-depth plot used to create the untuned ages for spectral analysis
is also shown. The Black horizontal bar in panel c indicates the interval in which
prominent cyclicity is apparent (Laskar et al., 2004; Wade and Palike, 2004).

MTM spectral analysis of the de-trended grain flux record for the EOT interval in the

age domain (Figure 3.9b) shows four peaks that reach the 99% CI in the window of

expected orbital periodicities. According to the shipboard magnetostratigraphic age
model, these indicate cycles with periods of ~78-89, 36-39, 24, and 20 kyr. The MTM
analysis of this record in the depth domain also shows cycles that exceed the 99% CI

(Figure 3.9f). Assuming a sedimentation rate of 3 cm/kyr these return periods of 42-

46 kyr and 24 kyr. This rate was obtained as an average of the linear sedimentation
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rate for the entire interval, based on magnetostratigraphic datums (Figure 3.8). These

peaks likely correlate to the second and third peaks identified in the age domain.

MTM spectral analysis of the interval younger than ~33.3 Ma identifies several of the
cycles also present in the full interval of the age-domain flux record (72-80, 34-39,
and 20 kyr), again above the 99% CI (Figure 3.9a). There are two cycles above the
99% CI in the depth domain (Figure 3.9¢). Using a sedimentation rate of 1.5 cm/kyr
(this matches the interval that featured extensive cyclicity; see age-depth plot in
Figure 3.8), these return periods of 68-79 and 36-39 kyr, which correlate to the first

and second peaks in the age domain.

MTM spectral analysis of the Zr/Rb EOT interval in the age domain did not reveal any
peaks above the 99% CI in the target window, however there was one peak between
the 95-99% corresponding to a ~31 kyr cycle (Figure 3.9c). The MTM spectral
analysis in the depth domain identified one peak above the 99% CI, corresponding to
a cycle of 22-23 kyr, assuming a sedimentation rate of 3cm/kyr (Figure 3.9g). There
was also a peak above the 95% CI, but below the 99% CI, at ~31 kyr.
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Figure 3.9: MTM periodograms in the age domain of a) grain flux record above 33.3 ma, b) full flux
record, c) Zr/Rb XRF record, and d) arbitrary ETP mix. Panels e-h display spectral
analysis of the same data in the depth domain. The green, yellow, and blue vertical bars in
each panel show the frequencies of precession, obliquity, and eccentricity cycles
interpreted from the spectral analysis of the ETP mix in Figure 3.8.

Wavelet analysis of the grain flux record in the age domain across the EOT (Figure

3.10b) reveals higher frequency cycles (aligned to precessional peaks) that appear

intermittently from 34 Ma; ~35-40 kyr cycles then appear at ~ 33.3 Ma, aligning with
the obliquity peak. ~80-90 kyr cycles first appear at ~33.15 Ma, these appear to be
slightly shorter than the expected eccentricity cycles. Wavelet analysis of the same

interval in the depth domain is broadly in agreement, however here there is no ~80-
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90 kyr cycle detected above the 95% Cls (Figure 3.11b). Wavelet analysis of the <33.3
Ma interval in age and depth domains both intermittently show periodicities that line
up with precessional cycles, and both appear to show obliquity cycles above ~32.85
Ma/130.5 m CCSF (Figures 3.10a & 3.11a). The wavelet analysis on the depth domain
for this interval also identifies the ~70-80 kyr cyclicity over the same area as the age

domain, unlike in the wavelet analysis of the full EOT interval.
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Figure 3.10: Wavelet analyses in the age domain of a) grain flux record after 33.3 ma, b) grain flux
record across the EOT interval, and c) Zr/Rb XRF record across the EOT interval. A

periodogram of the ETP mix is displayed against each panel to highlight key periods.
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Wavelet analysis of the Zr/Rb in age and depth domains reveals that the periodicities
identified by MTM spectral analysis dominantly occur above 160 m CCSF/after ~34
Ma (Figures 3.10c and 3.11c). In both analyses, there is very little periodicity above
~31 kyr, and there is no evidence of the ~70-80 ka periodicity in the youngest part of
the study interval in the flux record. There are only sporadic suggestions of obliquity-

like cyclicity above the 95% CI.
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It appears that precessional cycles are present in both the Zr/Rb and grain flux
records, particularly above ~160 m CCSF/33.9 Ma. Assuming that Zr/Rb reflects
variations in deposition of the bulk of drift material (i.e., clay and fine silt), it would
therefore seem that another influence is responsible for the lower frequency cyclicity
also seen in the sand flux record. This apparent disparity also fits in with the bimodal
distribution seen in the grain size distribution of the detrital component, and differing

provenance of fine and coarse material (Section 3.3.2).

The presence of ~40 kyr cycles in this interval, as identified by MTM and wavelet
spectral analysis of both the depth and age domains, suggests that above this point
the flux record is being influenced by obliquity cycles, while the bulk of the drift is
still being paced by precession. The 70-80 kyr cyclicity might, therefore, be picking up
a ‘double beat’ of the obliquity signal, though allowing for changes in sedimentation
rate this may in fact be a 100 kyr eccentricity signal (Huybers and Wunsch, 2005).
This observation is significant as the potential obliquity-influenced cyclicity only
occurs in the earliest Oligocene after the Oi-1 event, i.e. after a large (~70 m) fall in
eustatic sea level (Miller et al, 2009). It may be that this sea level fall altered
sedimentation patterns on the shelf-break at the nearby Grand Banks, leading to
more sand being eroded and transported off-shelf, before being carried to the site.
Obliquity-dominated eustatic sea level change, also featuring the eccentricity cycles,
has been identified elsewhere in the N. Hemisphere in the Early Oligocene (Abels et
al, 2007). The fact that the detrital sand seen at Site U1411 appears to require
transport by bottom currents for a short distance, rather than being directly
deposited by downslope sedimentation, may explain why the precessional cycles seen

in the Zr/Rb record are also present the in the grain flux record.

It should be stressed that the age model used here is currently un-tuned, and there is
uncertainty on the accuracy of the sedimentation rates. It is therefore difficult to be
definitive on the source of the periodicities. The wavelet analysis for example appears
to suggest a ‘migration’ in the periodicity of the interpreted processional cycles
(Figure 3.10a). Even if the age model, and hence the sedimentation rates, change
however, there are still cycles that exist in the flux record but not in the Zr/Rb,
suggesting a difference in the mode of delivery for the detrital sand compared to the

bulk of the drift deposits.
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3.4 Conclusions

Analysis of the sand flux, grain size distribution, cyclicity, and provenance of the Site
U1411 detrital component appears to reveal a complex combination of eustatically
controlled sedimentation changes and bottom current controlled drift deposition. The
flux of detrital sand across the EOT appears to represent the coarse tail of a sediment
source separate from the majority of the fine sediment being carried by the bottom
current, based on differing GSDs, Nd isotopic signatures, and dominant cyclicity

(Hass, 2002; Prins et al,, 2002).

The observation that the flux record appears to increase step-wise across the EOT,
with the largest step being after the Oi-1 event, suggests that glacioeustatic sea level
change may be the driving factor controlling sediment delivery from local shelf-edges
to the nepheloid layer (Alaf, 1987; Piper et al., 1994). This is supported the differing
cyclicity in the sand flux record compared to the rest of the drift, which appears to
show 41 ka obliquity and potentially 100 ka eccentricity cycles, similar to another
sedimentation record from the Early Oligocene (Abels et al., 2007). The step-like
increase of the grain flux record suggests that, if the interpretation of glacioeustasy as
a driver of grain flux is correct, there was a two-step increase in ice volume across the
EOT. The EOT-1 step is difficult to identify in the bulk carbonate oxygen isotope
record for Site U1411; only the Oi-1 shift is clearly visible. This is perhaps surprising
given the step-like nature of the grain flux; the development of a benthic foraminiferal

isotope record may better resolve the isotope stratigraphy.

There is little evidence in the clay mineral analysis and fine fraction Nd and Sr
isotopes for a change in bottom current intensity prior to, or directly in time with, the
EOT, as interpreted by previous studies (Abelson and Erez, 2017; Pusz et al,, 2011)
though there may be evidence for a change in circulation ~33 Ma, in broad agreement
with a study by Via and Thomas (2006). The confidence of this interpretation could

be improved however by increasing the resolution of these proxies.

The identification of this record of off-shelf sand deposition is important as it
suggests that the off-shelf transport of sediment occurred by the end of the EOT in the
Northwest North Atlantic, controlled by eustatic change, and demonstrates the far-

reaching effects of the formation of Antarctic ice over the EOT. The fine fraction (and
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fine sand) from this sediment was re-distributed by bottom currents, which may have

left behind a coarser lag deposit of potential interest as a hydrocarbon reservoir.

Understanding that some of the silt fraction at Site U1411 may have been derived
from a secondary source, and not influenced purely by bottom current intensity, is
also important if attempts are to be made at calculating bottom current intensity via
the sortable silt proxy (Hass, 2002; McCave et al., 1995; Mulder et al., 2013). This
analysis, combined with the conclusions of Chapter 2, also suggests that caution
should be shown when interpreting detrital sand at a site as IRD, even when the
downslope delivery of sediment does not appear to have a direct influence over

sediment deposition at a given site.
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Chapter 4 Cenozoic changes in sea level, sedimentation
and morphology in the Newfoundland Basin and

Southeast Newfoundland Ridge

4.1 Introduction

To fully understand the significance of the climate signals held by the Site U1411
interval across the Eocene Oligocene Transition (EOT), and indeed other sites from
Expedition 342, it is necessary to frame them in a broader regional context of
Cenozoic oceanographic, sea level, and sedimentary change. It is also important to
consider that the bathymetry and palaeogeographic location of the region at the time
of study may well have differed significantly from the present day. Here, this task is
achieved by analysing seismic profiles and well log data (wireline/lithology and
palaeobathymetry), and using these to inform the Halliburton Neftex® plate tectonic
model, which is then used to generate a palaeogeographic Digital Elevation Model

(DEM) of the region for the Eocene-Oligocene Boundary (EOB) (Vérard et al., 2015).

The study region for this chapter consists of the Southeast Newfoundland Ridge
(SENR), the area of abyssal plain directly to the north — referred to hereon as the
Newfoundland Basin, and the adjacent continental slope and shelf to the west (the
Grand Banks) and north (the Flemish Cap) (Tucholke et al., 1989). The Newfoundland
Basin lies over transitional continental crust, with the continent-ocean boundary
(COB) marked by the J-anomaly to the East. The J-Anomaly is the oldest identified
oceanic crust magnetic anomaly in the region, and is thought to have formed between
anomalies M0 and M1, giving it a Barremian-Aptian age (126-128.6 Ma) (Austin et al,,
1989; Gradstein et al.,, 2012; Tucholke et al., 1989; Tucholke and Ludwig, 1982). The
Newfoundland margin itself separated from the Iberian margin through multiple
phases of rifting that ended in the late Aptian (~114 Ma) (Peron-Pinvidic et al., 2010).
The final rifting phase also saw the emplacement of sills in the Newfoundland Basin,
and the development of widely traceable erosional unconformity known as the ‘U’ or
Avalon unconformity. Since these events occurred, the Newfoundland margin and

basin has been tectonically inactive, though may have undergone deformation
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through Dynamic Topography (Section 1.14) (Austin et al., 1989; Peron-Pinvidic et al.,
2010; Péron-Pinvidic et al., 2007).

The basement of the SENR, unlike the Newfoundland basin, is oceanic; the ridge is
thought to have been formed by magma supplied by a mantle plume lying under the
rifting zone between the Barremian and earliest Aptian (chrons M4-MO0) (Tucholke et
al, 2007; Tucholke and Ludwig, 1982). Fragments of diagenetically altered coral
recovered from Integrated Ocean Drilling Program (IODP) Site 1407, dated to the
Albian age, imply that the SENR was exposed to meteoric waters shortly after its
formation (Norris et al., (2014). Since the Late Cretaceous, Cenozoic-age sediments
have been deposited in the Newfoundland basin and plastered onto the SENR, under
the influence of changing oceanographic conditions, depositional regimes on the
Grand Banks, and sea level change. A succession of drifts have been characterised on
the SENR, but how these sediments relate to contemporary sedimentation in the

Newfoundland Basin remains unknown (Boyle et al., (2017).

Well data:

Aside from IODP Exp. 342, there is little available material that is of EOT-age from
IODP resources along the Newfoundland Margin. This is especially true on the Grand
Banks, making it difficult to relate the changes seen on the SENR to any potential
sedimentary reorganization in this region. There is however a wealth of data
available across the Grand Banks in the form of wells and boreholes drilled for the
purposes of hydrocarbon exploration. Although these hydrocarbon industry wells
lack the temporal resolution and age control of typical IODP drillsites, they are used
here to characterise longer-term sedimentological changes (using lithological
interpretations and wireline logs) and depositional environments (using

biostratigraphically derived palaeobathymetric interpretations).
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Seismic data:

A recently published study developed a seismic-stratigraphic framework for the
Cretaceous through present sedimentary succession on the SENR by integrating data
from IODP Exp. 342 boreholes with seismic facies interpretations from Cruise KN179-
01 (Boyle et al, 2017; Norris et al, 2014). The study identified pre-drift, drift
accumulation, and post-drift phases of sedimentation through the Late Cretaceous
and Cenozoic, but the lateral extent of these sedimentation changes, and how they
relate to oceanographic changes elsewhere in the North Atlantic, merit further
investigation. This chapter expands the interpretations made at the SENR to
sedimentary changes ‘up-stream’, along the continental slope and in the
Newfoundland Basin, and to other known spatially extensive oceanographic events
identified in the North Atlantic. This analysis allows the changes interpreted on the
SENR across the EOT to be viewed in relation to the rest of the Cenozoic, and in terms

of any up-stream oceanographic change.

Reconstructing palaeogeography:

The interpretation of well and seismic data, together with the Halliburton Neftex®
plate tectonic model, are used to reconstruct the palaeogeography and geographic
location of the SENR and the Grand Banks, continental slope, and Newfoundland
Basin to the North in this chapter. Reconstruction of the SENR at the time of the EOT
allows for further exploration of the hypothesis that silt and fine sand were carried up
on to the ridge by bottom currents from the Newfoundland Basin, presented in
Chapter 3. Furthermore, the model also allows for the reconstruction of the width and
geometry of the continental shelf above the SENR and Newfoundland Basin, the
location of the palaeo-coastline, and the palaeolatitude of the study area in general.
Understanding the geometry of the shelf can inform on the likelihood that sea level
change would result in off-shelf deposition, and defining the palaeo-coastline can
reveal likely sources of the sediments seen on the SENR (the detrital sand fraction in
particular appears to have a local provenance, see Pb isotope data in Section 2.3.2 and
Nd isotope data in Section 3.3.2). Placing the study area at the correct palaeolatitude
also further informs predictions on the likelihood of sea ice formation, as discussed in

Section 2.4.
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41.1 Aims

The first aim of this chapter is to characterise the changes in sediment facies
and depositional environments on the Grand Banks across the EOT,
determine whether these are linked to glacioeustatic sea-level change, and

explore any impacts on off-shelf deposition.

The focus of this chapter will then move to determining the extent of the pre-
drift, drift, and post-drift regimes identified on the SENR, and exploring the
relationship with larger-scale oceanographic changes in the Newfoundland

Basin.

Finally, interpretations made from well and seismic data will be used to
reconstruct the paleogeography of the Newfoundland margin at the time of
the EOT, and to explore the magnitude of the contour current required to

transport the detrital sand documented in Chapter 3 onto the SENR.

4.2 Methods and materials

4.2.1 Well data exploration of the Grand Banks

As highlighted in this thesis, high-resolution and in-depth analysis of marine
sediment recovered from IODP expeditions can provide a multitude of proxies on
palaeoclimatic and sedimentary changes with a very good temporal resolution. The
issue of spatial resolution, however, represents a key problem, as IODP cores
featuring EOT-age sediments in the Northwest North Atlantic are sparse. It would be
difficult to ascertain how geographically extensive the changes seen at Site U1411 are
using IODP data alone. Furthermore, the interpretation provided in Chapter 3
involved the off-shelf transport of detrital sand across the EOT, but there is currently
little material available from IODP expeditions (or similar) from the Grand Banks to

help explore this conclusion.

Collaboration with Halliburton Neftex ® allowed this issue to be tackled by accessing

their extensive database of industrial wells. Thirty-one wells with Late Eocene to
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Early Oligocene sediments were found in the area of interest (Figure 4.1) and were
accessed using IC™. For the purposes of this study, the following data were used from
these wells, where available: Palaeobathymetry, determined from fossil assemblage
data; Lithology, interpreted from wireline logs, and cuttings; and two wireline logs,
Gamma-Ray (GR) and Sonic (At). These wells were grouped into four areas for
convenience: North Grand Banks, Flemish Pass, East Grand Banks, and West Grand

Banks (Figure 4.1).
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Figure 4.1: Map of the study area showing the locations of the wells used to reconstruct changes in
sedimentation and palaeobathymetry across the EOT. The wells were divided into groups
to make analysis more manageable (red boxes), from north to south these are: N Grand
Banks, Flemish Pass, E Grand Banks and W Grand Banks. Map created using GeoMapApp
(http://www.geomapapp.org). See Appendix D for well charts.

4.2.1.1 Paleobathymetry or Depositional Environment

Many of the wells records identified in the Halliburton Neftex® database include
interpretations of the palaeobathymetry and/or depositional environment. These
interpretations, made by either the exploration companies responsible for drilling
each well or by biostratigraphy subcontractors, classify the environment according to
water depth using terms such as ‘neritic’ or ‘bathyal’. These interpretations were
made by analysing the fossil assemblages in cuttings from each well. However, these
cuttings were only taken intermittently, rather than providing a continuous record.

Age control was limited to the identification of long-ranging biozones (generally paly
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zones based on dinocysts), generally resolving age control to the sub-epoch/stage
level (e.g., Late Eocene/Priabonian). As the purpose of this thesis was to investigate
spatial changes across the EOT, the approach taken was to characterize the state of
the palaeobathymetry and lithology variables for both the Late Eocene (Priabonian)
and Early Oligocene (Rupelian), where data were available. A well was only used
where these stages or sub-epochs were identified, as it was deemed that wells that

only constrained data to the epoch level were not sufficiently accurate.

The Late Eocene and Early Oligocene were then compared, and any changes from the
two time-steps were recorded. The various descriptions for each well and each sub-
epoch were organized into eight classes, from shallowest to deepest, as follows:
marginal-neritic, inner neritic, neritic, outer neritic, neritic-bathyal, upper bathyal,

and lower bathyal.

4.2.1.2  Lithology

IC™ was used to identify wells with interpreted lithology data for the Late Eocene and
Early Oligocene in the same way as described for palaeobathymetry: the same
uncertainties described for the age control of palaeobathymetry interpretations
therefore also apply here. The lithological interpretations, made by geophysical
consultants on behalf of the original industrial operator, are based upon a
combination of analysis of cuttings and petrophysical interpretation of available
wireline logs. For this study, these interpretations were grouped into four
classifications (from finest to coarsest grain size): shale, siltstone, silty sandstone, and

sandstone.

4.2.1.3 Wireline Logs

In addition to interpreted changes in lithology and palaeobathymetry, several of the
industrial wells in the database have down-hole records of physical properties, which
might also reflect changes in sedimentation/deposition across the EOT. The Gamma
Ray tool in particular is commonly used in industrial well logging to characterise
changes in lithology (Rider, 2002). Sonic logging can also reflect changes in lithology

and effective porosity in the sedimentary column.
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The practice of Gamma Ray logging involves lowering a receiver down the well and
recording a continuous uphole record of natural gamma radiation. Different
lithologies emit varying amounts/spectra, and so the technique can be used to detect
changes in sedimentary facies. In particular, shales tend to emit more gamma
radiation than sandstones and limestones, due to the presence of potassium in their
clay component and the ability of the clay component to absorb thorium and uranium
through cation exchange (Rider, 1990). The wells featured in this report have gamma
ray records in two different formats: GR API (American Petroleum Institute), and GR
usl (unscaled logs). GR API reflects a weighted combination of the contributions of
uranium, thorium, and potassium; GR usl is a relative scale used on wireline data
from the public domain where the absolute scale was not provided, but trends can
still be discerned. Typical GR API values for shale range from 70-150, and sandstone
from 15-30 (Morton-Thompson, 1992), though depending on hole conditions
sandstone GR API values can reach as high as 169. Shales can have a GR API range of
24-1000 (Rider, 2002).

Sonic logging can also reflect changes in the sedimentary column. The process
involves lowering a piezoelectric transmitter downhole along with a receiver; the
time taken for sonic waves emitted from the transmitter to travel through the
surrounding rock and be recorded by the receiver is referred to as the transit time (At
or Dt). In the context of lithological changes, changes in At reflect changes in lithology,
effective porosity, and fluid content (Sheriff and Geldart, 1995). It is a less effective
tool for detecting changes in lithology than GR, but can still be useful in discriminating
shales and sandstone, for example. Sandstones tend to show At values between 55-80
us/ft, depending on how compact they are, whereas shales show more variability and
tend towards higher transit times (60-170 ps/ft) (Rider, 2002). The wireline logging
data here was interpreted in terms of % change from the Late Eocene into the Early
Oligocene. The advantages of wireline logging in analysing sedimentation changes,
over lithology interpretations from cuttings, are that it can record more subtle

changes in grain size, and that it provides a continuous down-core record.
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4.2.2 Seismic data

The existing interpretation of multi-channel seismic (MCS) profiles from cruise
KN179-01 was expanded upon using MCS profiles from cruise RC2510, and further
existing interpretations from MCS profiles from cruise EW0007 (Figure 4.2) (Boyle et
al., 2017; Shillington et al., 2004; Tucholke et al., 2004). Details of the specific MCS

profiles used from each cruise are provided in Appendix E.1.

Seismic Surveys g -
-KN179-01 (2004): ===
-EW0007 (2000): ra
-RC2510 (1984):

Figure 4.2: Cruise tracks of the three seismic surveys analysed in this study. Relevant IODP & ODP

sites are also shown. Map created using GeoMapApp (http://www.geomapapp.org).

4.2.2.1 Seismic cruises

Cruise KN179-01

A previously published interpretation of MCS profiles from the KN179-01 cruise on
the SENR, tied to physical property data from IODP Exp. 342, identified the seismic
basement as being of Aptian-Albian age. The SENR below this horizon consists of a
ridge of oceanic crust that formed during the opening of the Newfoundland-Iberia rift.
A pre-drift phase of pelagic sedimentation then occurred during the Late Cretaceous
and Palaeocene, which was followed by a series of intervals of drift accumulation

through the Cenozoic, and then a pelagic/IRD sequence from the Pliocene to the
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present day (‘Late contourite phase’ in Boyle et al, (2017). In total, five separate
seismic horizons were identified by this previous study across the SENR (Boyle et al.
2017). For this study, SEG-Y files from the KN179-01 lines that covered the SENR
were loaded into a three-dimensional environment created using the software
Petrel®, and the horizons identified by Boyle et al,, (2017) were mapped onto the
lines to provide a guide for further analysis. Boyle et al,, (2017) found that it was
possible to further subdivide their third seismic unit (Mid Eocene to Oligocene in age)
in some locations, as in some instances the reflectors in the lower part of this unit
display more lamination than the upper part. Although not extensively identifiable,
this facies shift was mapped where possible to allow comparison with

sedimentary/oceanographic changes identified elsewhere in this study.

Cruise RC2510

Several of the MCS profiles shot during cruise RC2510 also cover the SENR, and some
locations overlap with the lines from KN179-01. This allows for the potential to
correlate the acoustic basement, pre-drift, drift, and post-drift seismic sequences in
lines from both cruises (Figure 4.2). Crucially, as well as extending the coverage of the
seismic interpretation of the SENR, the RC2510 cruise lines also allowed this
interpretation to be extended to cover the continental slope and deep ocean to the
North, which is the interpreted direction from which the drift deposits were derived.
Analysis of these profiles to date has focused on identifying the placement of the
ocean-continent boundary along the J-anomaly or characterising the nature of
Newfoundland-Iberia rifting, largely ignoring the Cenozoic cover (Austin et al., 1989;

Tucholke et al.,, 1989).

Unlike KN179-01, there are no intersecting drill-holes with which to directly date any
seismic horizons identified, but it is possible to correlate horizons of known age
where the cruise crosses with KN179-01. The profiles were inspected to confirm that
their resolution was sufficient to capture the seismic horizons and facies identified in
KN179-01. SEG-Y files of the MCS profiles from RC2510 were then imported into the

Petrel® project and these horizons were mapped digitally.

107



Chapter 4

Cruise EW0007

Cruise EW0007 focuses on three extended MCS profiles extending from the Grand
Banks and Flemish Cap, across the shelf break, and down onto the Newfoundland
Basin. The central profile aligns with Ocean Drilling Program (ODP) Site 1276 and so
the seismic facies and horizons identified on this profile have been assigned ages
based on analysis of the sediments cored. Sediments were only recovered from this
Site from the crust to just above the EOB however, meaning that from the Oligocene
to present the seismic horizons cannot be dated. Instead, loose interpretations on the
major sedimentary bodies present have been made via comparison with other areas
along the Northwest Atlantic margin (Shillington et al., 2004; Tucholke et al., 2004).
This thesis extended the interpretation of these facies to the other MCS profiles shot
during EW0007, at which point it was then possible to correlate with the
northernmost MCS profiles shot during cruise RC2510, in a similar way as was done
with KN179-01 above (Figure 4.2). SEG-Y files from both cruises were integrated into

the existing Petrel® project, and the relevant horizons were mapped.
4.2.2.2  Data analysis

The horizons identified both on the SENR and Newfoundland Basin were mapped
across the Petrel® project. Seismic horizons and units identified on the SENR and in
the Newfoundland Basin were distinguished by using R (e.g., Horizon R1) to signify
the Southeast Newfoundland Ridge and B (e.g., Unit B2) to signify the Newfoundland
Basin. The depths in two-way travel time (TWT, ms) of each horizon were then
exported, and the thickness of each seismic unit identified was calculated along each
profile (again in TWT). This data was used to generate isochron maps covering the

extent of each unit, using the data package R®.

4.2.3 Reconstruction of EOT palaeobathymetry
4.2.3.1 Data preparation

Two facets of the analysis presented in this chapter were used to create a Digital
Elevation Model (DEM) for the SENR, continental shelf, and Newfoundland Basin at
the time of the EOT. Palaeobathymetry and/or depositional environment data from
industrial wells were used where an interpretation was available for the Earliest

Oligocene. This information helps to reconstruct the location of the palaeo-coastline
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and shelf edge. Analysis of the Petrel® seismic project described above provided the
basis for reconstructing the palaeobathymetry of the SENR and Newfoundland Basin.
Specifically, Horizon B4/AV was used. For profiles where this horizon was absent, the
depth of the next deepest horizon was used. For this assembled horizon, the two-way
travel time (TWT, ms) between the sediment surface and the horizon was calculated

across all available seismic profiles.

4.2.3.2 TWT to depth conversion and isostatic correction

To utilise the seismic data in the EOT palaeobathymetric model, it was first necessary
to depth convert the data from TWT. The depth to the seafloor was calculated using
the TWT of the sediment surface calculated from the Petrel® project, assuming that
seawater has a constant velocity of 1480 m s-1. Unfortunately, there was no downhole
logging of physical properties during IODP Exp. 342, and so the velocity of the
overlying sediment was calculated using discrete P-wave Caliper (PWC)
measurements taken during the expedition (Norris et al., 2014) across several sites.
Interpolation of the PWC data as a function of depth gives the following linear

relationship:

(4.1) V, (ms™!) = 03916 z (m) + 1501

Here V), is P-wave velocity, and z is depth. I}, (m s1) can then be integrated to obtain a

relationship between TWT and depth, which can then be rearranged to allow the

calculation of z as a function of TWT:

(4.2) TWT (s) = 5.107 - In(2.609x107* - z (m) + 1)
(4.3) z(m) = 3833(90.1958(TWT(S)) . 1)

Having calculated the present-day depth of the EOT horizon, it is then possible to

remove any overlying sediments and hence bathymetric features resulting from post

EOT processes. However, in removing the post EOT sediments it is necessary to

account for isostatic impacts. Assuming Airy Isostasy this can be calculated as follows:
Pm — Ps

(44) wi=wy+—mz
‘ ° Pm — Pw °
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Here, w; is palaeobathymetry, wo is present-day bathymetry, zs is the thickness of the
sediment being removed, pm is the mantle density (3300 kg m3), pw is the density of
seawater (1030 kg m-3), and p,is the average density of the sediment. p; can be
calculated as a product of the grain density (p,) and mean porosity (@) of the

sediment:

(4.5) Ps = pg(l - (l_)) + Ppw
Mean porosity can be calculated using:

_—ﬂ — p—CZs
(4.6) <P—CZS*(1 e=ss)

Where ¢, is porosity at z=0, and c is a decay constant that can be obtained from a

best-fit exponential trend of porosity with depth:

(4.7) @ = @pe™

For this study, c was calculated to be -1.070e-3 using shipboard moisture and density
(MAD) readings taken during IODP Exp. 342 (Norris et al, 2014). The depth
conversion of the seismic horizons and the calculation of the isostatic impact on

palaeobathymetry were performed at Halliburton Neftex® by Graham Baines.

4.2.3.3 3D palaeogeographic reconstruction

The final 3D palaeogeographic construction of the study area was performed at
Halliburton Neftex® following the methods of Vérard et al, (2015); Halliburton
Neftex®'’s own palaeogeographic maps and geodynamic plate tectonic model, and the
bathymetric interpretations obtained from well data in this study, were used to
define the coastline and the shelf edge position. The Halliburton Neftex® Geodynamic
Earth Model was used to situate the generated palaeobathymetry at its palaeolatitude

and longitude at the time of the EOT.
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4.3 Results and discussion

4.3.1 Well data exploration of the Grand Banks
4.3.1.1 Palaeobathymetry or depositional environment

In the Late Eocene, the sites closest to the Flemish Pass and Northern Grand Banks
indicate deeper palaeobathymetry (outer neritic to bathyal) than those along the East
and West Grand Banks, closer to the SENR (marginal-middle neritic, Figure 4.3a). In
the Early Oligocene, by comparison, the Flemish Pass and East Grand Banks appear to
be shallower than the Eocene, but no change is recorded across the North and West
Grand Banks (Figure 4.3b). Overall, little change is recorded in the wells featuring
interpretations for both the Late Eocene and Early Oligocene, though two show a
trend towards shallower palaeoenvironments across the EOB, and one shows a

deepening trend (Figure 4.4).
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Oxygen poor

Oxygen poor ER
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to inner middle neritic outer neritic to inner bathyal
neritic

Figure 4.3: Spatial extent of different palaeobathymetry classes identified in a) the Late Eocene and

b) the Early Oligocene. For identification of each well, see Figure 4.1.

Some care is needed with these interpretations, as the temporal resolution and
terminology of the industry data used can vary. Palaeoenvironments were often
recorded as a range, such as ‘neritic-bathyal’, and it was often difficult to interpret
whether this reflects an environment that is transitional or instead the uncertainty in
the initial interpretation. Where this was an issue, interpretations of changes from the
Late Eocene to Early Oligocene were marked as being tentative, for example in the

East Grand Banks (Figure 4.4). The lack of agreement in the palaeoenvironmental
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changes recorded in the wells may also partially relate to the data quality. As an
example, due to the poor sampling resolution available from cuttings, the positions of
stratigraphic boundaries (such as the EOB) are sometimes extrapolated. This is the
case for the position of the EOB in the log suggesting a deepening trend into the
Oligocene (Murre G67). As such, if a better age model were available for Murre G67, it
is possible that the EOB trend would be similar to those shown in the other wells

(Supp. Figure D3).
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Figure 4.4: Trends observed across the EOB for palaeobathymetry, where data were available for
both the Late Eocene and Early Oligocene in each well. Question mark indicates a

tentative interpretation, see text for further detail.

4.3.1.2 Lithology

In the Late Eocene, shale was the most common and widespread lithology (Figure
4.5a), with the only exceptions being one record of sandstone in the West Grand
Banks (Merganser 160, Supp. Figure D4), and one sandstone and one siltstone in the
North Grand Banks (Linnet E63 and Bai Verte ]57 respectively, Supp. Figure D1). In
the Early Oligocene, shale was still the most common lithology (Figure 4.5b), however
one additional well in the North Grand Banks records silty sandstone deposition
(Bonavista C99, Supp. Figure D1), as do one well each in the West Grand Banks (Gull
F72, Supp. Figure D1) and East Grand Banks (Spoonbill C30, Supp. Figure D3). In
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addition to this, two wells (Flying Foam_I13 and Hebron_I13, Supp. Figure D3) in the
East Grand Banks also preserve an Oligocene Sandstone (0SS) member over the EOB
(Figure 4.5b). Note that the identification of this member is recorded as a separate
parameter to interpreted lithology in IC™, as the two wells in question do not have

recorded interpretations for lithology.
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Figure 4.5: Spatial extent of different lithology classes identified in a) the Late Eocene and b) Early

Oligocene. For identification of each well see Figure 4.1.

The majority of wells with lithological interpretations above and below the EOB
showed no trend across the boundary, however coarsening upwards trends were

present in one well each in the North, East, and West Grand Banks (Figure 4.6). As
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detailed for trends in palaeobathymetry above, the issue of uncertainty in placing

boundaries arises from the use of cuttings.
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Figure 4.6: Trends observed across the EOB for interpreted lithology, where data were available for

both the Late Eocene and Early Oligocene in each well.

4.3.1.3 Wireline Logs

There is significant variation in GR values across the EOB, with both increases and
decreases seen along the Grand Banks; no data were available for the Flemish Pass.
The majority of wells (9 of 16) show a decrease in GR, suggesting a decrease in clay
content and an increase in grain size (Figure 4.7a). There is also a lack of uniformity
in the trends seen in the Sonic logs across the EOT, with five wells recording a relative
decrease (i.e., a faster response), five showing no change, and two recording an
increase (Figure 4.7b). Taken together, there is a general decrease in both variables,

particularly in the East and West Grand Banks.
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Figure 4.7: Trends in a) GR and b) Sonic logging from the Late Eocene to Early Oligocene.

4.3.1.4 Overall trends in well data

When considered in combination, the lithology and wireline log data demonstrate a
general coarsening-up trend across the study area, consistent with forced regression
and progradation associated with a sea level drop (Simmons, 2012). This implied sea
level drop could also be the result of normal progradation, with the filling of

accommodation space by sediments resulting in an apparent drop in sea level, but
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this would require the presence of large deltaic systems, for which there is no
evidence; the dominant palaeobathymetric environment suggests the area is inner to
middle neritic (Figure 4.3). Furthermore, the link between a coarsening trend and sea
level drop is not ubiquitous; it could also represent changes in palaeocurrent
intensity, or changes in sediment supply. It is also possible in the sequence
stratigraphic framework for sea level to fall without necessarily resulting in a
coarsening in lithology if the shoreline of the progradation system is muddy (Figure
3.2). It is perhaps surprising that there is not more widespread agreement between
the lithological and wireline logging trends. The record of interpreted lithology for
each well has a low degree of sensitivity — only four different lithologies were
identified in the study area — so it may be that the down-core gamma ray changes
across the EOT may pick up changes in lithology that are too subtle to warrant a

change from shale to sandstone, for example.

The palaeobathymetry data provide some support for the idea that the coarsening
trend across the EOT is a result of sea level fall, with two wells showing a shallowing
trend across the EOT (Figure 4.4). Furthermore, more wells in the Earliest Oligocene
document marginal to middle neritic environments than the Latest Eocene, with the
reverse being true for outer-neritic to outer-bathyal environments (Figure 4.3). The
lack of a more unified signal, as discussed in Section 4.3.1.1, may be due to the poor
sample resolution for this variable, which is derived entirely from biostratigraphic
analysis intermittent cuttings. Furthermore, the eight palaeobathymetric classes
interpreted account for a wide range of water depths, from shoreline to basin floor.
As such, sea level change on the order of ~50 m, as predicted for the EOT, might not
necessarily result in a change of bathymetric class (Coxall et al., 2005; Houben et al,,

2012; Katz et al,, 2008; Miller et al., 2008).

Site U1411, on the SENR, contains a record of lithic sand that increases dramatically
across the EOT, as discussed in Chapter 3. The grain size and provenance signal of this
sand suggests that it must have been sourced locally, and it is interpreted to be the
result of off-shelf transport in response to glacioeustatic sea level fall associated with

the EOT. It is inferred that this lithic material is then transported to its (relatively
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isolated) position on the ridge by bottom currents. The morphology of the drift
suggests the sediment was transported from the north (in agreement with modern
day flow paths), which suggests that the most likely source of the lithic material is the
eastern shelf of the Grand Banks or the Flemish Cap. This area appeared to become
shallower across the EOT, which may reflect the glacioeustatic effect of the formation
of Antarctic ice, and three wells showed evidence of sandstones in this area in the
Earliest Oligocene (including where the OSS member is recorded across the EOB).
This sand may represent progradation related to sea level fall, and its proximity to the
shelf break fits with the idea that it could be transported off-shelf and incorporated
into the drift deposits on the SENR (Figures 4.3 & 4.5).

The idea that eustatic sea level change is influencing the observed changes, however,
is complicated by the lack of consistency in the responses recorded (Figure 3.2). The
Newfoundland margin has been passive, without any major tectonic events, since the
late Aptian (114 Ma). More localised tectonic activity could have influenced changes
in sedimentation or relative sea level, in addition to eustatic change, but there is little
evidence of this occurring (Péron-Pinvidic et al., 2007). As discussed in section 1.1.4
however, even supposedly passive margins can experience dynamic topography,
though this is unlikely to have had an effect on sea level on the same scale as
glacioeustasy across the EOT (Moucha et al., 2008). It is more likely that variation is
related to the complications associated with temporal inaccuracy and/or poor

resolution from cuttings.
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4.3.2 Seismic data
4.3.2.1 Mapping of seismic horizons and facies between cruises

The five seismic facies (Unit R1-Unit R5), separated by six horizons (Horizon R1-
Horizon R6), identified previously on the SENR on cruise KN-179-1 were also
identified in cruise RC2510 (Figures 4.8 & 4.9). As described in section 4.2.2.1, the
internal horizon within Unit R3 was also identified intermittently within the KN-179-
1 profiles, although this horizon was very difficult to identify in the RC2510 profiles.
Where present, the sections of Unit R3 above and below this horizon were noted as
Unit R3b and R3a respectively. The varying structure of the acoustic basement, which
features several seamounts and other structures, meant that the lateral extent of any
given reflection was relatively short. This was counteracted though by the high
frequency of cross-points between profiles of the two cruises on the SENR (Figure

4.2).

Age/Unit Sed. Facies Interpretation KN179-01 RC2510 Seismic
Oma —R6 — _ Description
H H Laterally extensive,
Unit R5 (Heml)pela_glc strong parallel
sediments with IRD _ reflectors
~3ma —+—  R5 ——— |
Muddy drift semi-extensive, wavy,
. i H strong-moderate
~25 s —
Uni r;a b R4 weak-absent, undulating,
nit R3 | non-extensive reflectors.
Where visible, unit 3.1
Unit R3a Mud dy displays more laterally
drlft depOSitS extensive reflectors
~47 ma — R3 " ——|&
. Laterally extensive,
. Pelaglc strong-moderate,
Unit R2 sediments parallel,
horizontal reflectors
~98ma —|/—— R2
Pelagic Laterally extensive,
Unit R1 H moderate, parallel,
Sed Iments horizontal reflectors
112-
118 ma R1

Figure 4.8: Characterisation of seismic facies and horizons present on the SENR. Ages come from
correlation with I0DP drill sites from exp. 342 (Boyle et al. 2007). Examples for each

cruise come from the profiles shown in Figure 4.9.
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Six seismic facies (Unit B1-Unit B6) and seven horizons (Horizon B1-Horizon B7)
were identified in the Newfoundland Basin, where the profiles of cruises EW0007 and
RC2510 intersect (Figures 4.10 & 4.11). The facies identified here were more laterally
extensive than on the SENR, although the average distance between cross-points was

lower. It was again possible to trace horizons and identify different seismic facies

R2

Unit R1

R1

Seismic interpretation of Line 43, KN-179-1 (X-X"), and Line nb-12, RC2510 (Y-Y") on the
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across the two cruises. Units B2 and B3, together spanning ~34-98 Ma, were
recognizable together as a laterally extensive ‘package’ of very prominent parallel
reflectors, but it was sometimes difficult to distinguish one from the other (Figures

410 &4.11).

Age Sed. Facies Interpretation EWO0007 RC2510 Seismic
Oma B7 __ ———==_——1  Description
- = - e ——
) Pelagic sediments, == = [l ——— Laterally extensive,
Unit B6 L R
turbidites and parallel horizontal
. reflectors
Late debris flows
Pliocene B6 i
Internally chaotic
h facies, thinning
Unit B> Abyssal Fan further from shelf
. break
Mid B5
Miocene Prominent undulating
. Sed. waves & reflectors running
Unit B4 debris flows 1 perpendicular to shelf
break
Unit B3 Pelagic sediments Laterally extensive
. ‘package’ of strong
Mid Eocene B3 parallel,
Unit B2 Pelagic sediments horizontal reflectors
Latest B2
Cenomanian Laterally extensive
UnitB1 Pelagic sediments facies of weak
with turbidites parallel,
Latest horizontal reflectors
Aptian B1/U

Figure 4.10: Seismic facies identified in Cruises EW0007 & RC2510 in the Newfoundland Basin. Ages
come from correlation with ODP drill sites from leg 210 (Shillington et al. 2007), but are
inferred above horizon B4. Examples for each cruise come from the profiles shown in

Figure 4.11.
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Figure 4.11: Seismic interpretation of Line 2mcs, EW0007 (X-X"), and Line nb-1, RC2510 (Y-Y') in the

Newfoundland Basin.
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4.3.2.2 Correlation of horizons between the SENR and the Newfoundland

Basin

The ages attributed to several of the horizons identified on the Newfoundland Basin,
through previous correlation between EW0007 line 2mcs and ODP Site 1276, show
similarity to the ages attributed to horizons R1-R5 identified on the SENR (Boyle et
al, 2017; Shillington et al, 2004). This correlation between the timing of
sedimentation changes occurring on the SENR and those happening on the
Newfoundland Basin to the north, allows for some of these horizons to be tentatively
linked between the two areas of study (Figure 4.12). These correlations cannot be
made with absolute certainty without well control, particularly for Cruise RC2510
and for Horizons B5-B6 from the Newfoundland Basin, which were not sampled
during the drilling of Site 1276 (Shillington et al., 2004; Tucholke et al., 2004). Five
seismic horizons (including the water-sediment interface) were tentatively
interpreted to extend across both the SENR and the Newfoundland Basin. Horizon B5
on the Newfoundland Basin and Horizon R4 on the SENR, however, do not appear to
correlate with other horizons across the study area. Four seismic units were
tentatively interpreted to have developed contemporaneously both on the SENR and

in the Newfoundland Basin, bound by the correlated horizons (Figure 4.12).

Combined South East

EW0007 . Seismic Kn179-01
Newfoundland Basin T Newfoundland Ridge
2MCS Stratigraphy L043
Sedimentary Facies  Horizons/Units Horizons/Units Sedimentary Facies
interpretation interpretation
B7 Oma R6 - -
Pelagic sediments, 3 (Hemi)pelagic
turbidites and Unit B6 Unit5 UnitR5 sediments
debris flows B6 3ma RS with IRQ
Abyssal Fan Unit BS UnitBS ! Muddy drift
B5 ~12-__, UnitR4 Unit R4 deposits dominated
Sed & 16ma ", by sed. waves
ed. waves . e
X Unit B4 Unit B4 25 R4
debris flows ni : UnitR3b| UnitR3b Muddy
. ) drift
Pelagic sediments Unit B3 Unit 3a UnitR3a deposits
B3 ~47 ma R3
. Pelagic
Pelagic sediments Unit B2 Unit2 Unit R2 a9
sediments
B2 ~98 ma R2
i i Pelagic
Pelagic sediments Unit B1 Unit1 UnitR1 i
with turbidites n n sediments
112-
B1(U) 118 ma R1

Figure 4.12: Comparison between ages of horizons and nature of seismic units identified in the
Newfoundland Basin (left hand side) and the SENR (right hand side), giving the combined

seismic stratigraphic framework for this chapter.
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Figure 4.13: Extent of seismic horizons mapped in Petrel® across the Newfoundland Basin and SENR
(see Appendix E for further information). The depth to each horizon from sea level is

shown via colour scale.

Horizon R1/B1 (Acoustic Basement): The base of Unit R1 on the SENR, Horizon R1 is
defined by the acoustic basement, composed of the volcanic basement of the ridge

(i.e, oceanic crust). This crust is estimated to have formed during the early

124



Chapter 4

Albian/late Aptian, ~112-118 Ma (Norris et al., 2014; Tucholke and Vogt, 1979;
Tucholke et al,, 1989). To the north of the SENR, the Newfoundland Basin is underlain
by deformed continental crust — it lies to the west of the COB, marked here by the J-
anomaly. As a result, the deepest sediments here are much older than on the SENR:
the Salar Basin, which skirts the base of the continental slope, contains Triassic-to-
Jurassic-age evaporites, whereas closer to the COB a mix of syn-rift sedimentary and
volcanic fill is intertwined with a zone of complex faulted basement blocks (Tucholke
et al, 1989). The prominent and laterally extensive U reflection lies above these
sediments (Tucholke et al., 1989). It is associated with a strong erosional episode that
in many areas has removed all underlying sediments to the volcanic basement, and
also corresponds with the emplacement of sills in the northernmost part of the study
area covered by EW0007, related to rifting along the Newfoundland-Iberia margin
(Austin et al., 1989; Deemer et al., 2009; Keen and de Voogd, 1988; Peron-Pinvidic et
al., 2010; Quigley, 2005). As the U reflection roughly corresponds to the age of the
volcanic basement of the SENR, and in many places is the deepest easily traceable
horizon in seismic profiles across the Newfoundland Basin, it was used as the de-facto
acoustic basement for cruises EW0007 and RC2510 (Horizon B1) (Shillington et al,,
2004; Tucholke et al., 2006) (Figure 4.13a).

Horizon R2/B2: The age of Horizon R2 on the SENR—interpreted from correlation
with IODP Exp. 342 holes (Cenomanian, ~98 Ma)—broadly correlates with that given
to Horizon B2 in the Newfoundland Basin, obtained from Site 1276 (Boyle et al., 2017;
Shillington et al., 2004; Tucholke et al., 2004) (Figure 4.13b).

Horizon R3/B3: Horizon R3 on the SENR is dated as Mid-Eocene (Lutetian, ~47 Ma),
and marks the change from pelagic sedimentation in Unit R2 to drift accumulation in
Units R3 and R4 (Boyle et al., 2017). Although there is no corresponding drastic
sedimentation change interpreted in the Newfoundland Basin, Horizon R3 does
broadly correlate to a Horizon B3, which was identified in EW0007 to be of Middle
Eocene age (Shillington et al., 2004; Tucholke et al., 2004) (Figure 4.13c).
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Horizon B4/AU: Horizon B4 in the Newfoundland Basin was interpreted to correlate
with the widespread Horizon AU by correlation with sediments from IODP Site 1276
(Shillington et al., 2004). This horizon marks a Late Eocene to Early Oligocene
erosional unconformity along the Nova Scotia and U.S. East coast margins, and
correlates with other erosional unconformities throughout the North Atlantic
attributed to the onset of strong deep-water currents (Figure 1.4) (Tucholke and
Mountain, 1986, 1979b). On the SENR, Horizon B4 /AU corresponds to a change in
sedimentation identified within Unit R3, is interpreted by Boyle et al., (2017) to
represent a decrease in current intensity over the SENR as the core of the bottom
current deepened. However, this change was not widely identifiable in many of the
MCS profiles over the SENR, particularly in profiles from cruise RC2510 (Figure
4.13d).

Horizon R4: This horizon, which on the SENR is dated to ~25 Ma, marks an increase in
the accumulation rate of drift deposition on the ridge, combined with an inferred
decrease in current intensity (Figure 4.13e) (Boyle et al., 2017). It is interesting that
R4, which is one of the most easily identifiable horizons over the SENR, is not
represented by a contemporary sedimentary change in the Newfoundland Basin. It
may be that, as the Newfoundland Basin is exposed to downslope sediment
deposition from the continental slope (unlike the SENR), any evidence of sedimentary
change from bottom current variability was overridden by increased turbidite input

driven by Oligocene sea level change (Miller et al., 2008; Pekar et al., 1997).

Horizon B5: This horizon marks the top of Unit B4 and the base of Unit B5 in the
Newfoundland Basin (Figure 4.18f). The age predicted for this horizon is Mid-
Miocene, based on the identification of similar seismic units along the North
American margin, but the horizon itself was not sampled at ODP Site 1276 (Tucholke
et al, 2004). It does not appear to have a corresponding horizon on the SENR,
although the age control for the Neogene at IODP site 342 was not good enough to
characterize the KN-179-01 profiles for this interval (Boyle et al., 2017).
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Horizon R5/B6: On the SENR, Horizon R5 marks the end of drift accumulation in the
late Pliocene (~3 Ma) and the re-establishment of pelagic sedimentation, now
combined with ice-rafted debris (Boyle et al., 2017). This horizon is contemporary
with the predicted age for Horizon B6 for the Newfoundland Basin, although as with
the Horizon B5 there was no sampling from ODP Site 1276 (Tucholke et al., 2004)
(Figure 4.13g).

Horizon R6/B7 (Sediment Surface): This horizon separates Unit 5 below with the
water column above. It is the most laterally extensive horizon (other than the
acoustic basement), as there are very few areas that do not have at least a thin cover
of sediments from Unit 5. This horizon therefore represents the modern seabed

across most of the study area.

4.3.2.3  Spatial and temporal differences in sedimentation

The development of isochron maps for the correlated seismic units and horizons
presented in this study allows for comparisons to be made between the
sedimentation patterns occurring on the SENR and those occurring along
Newfoundland Basin. As stated in Section 4.3.2.2, four seismic units were tentatively
interpreted to have developed contemporaneously both on the SENR and in the
Newfoundland Basin; these were termed Unit 1, Unit 2, Unit 3a, and Unit 5. Units B4
and B5 in the Newfoundland Basin, and Units R3b and R4 on the SENR, do not appear
to have formed contemporaneously (Figure 4.12). The variation seen within each

identified unit is analysed below:
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b) Unit 2
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Figure 4.14: Isochron maps for a) Unit 1, b) Unit 2, c) Unit 3a, and d) Unit R3b. Thickness in TWT (ms).
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Figure 4.15: Isochron maps for a) Unit B4, b) Unit R4, c) Unit B5, and d) Unit 5. Thickness in TWT (ms).
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Unit 1: This unit (Figure 4.14a), which consists of largely pelagic sediments both on
the SENR and the Newfoundland Basin, shows a generally uniform, thin-to-absent
(~0-300 ms) distribution across both areas. It is early Albian/late Aptian to
Cenomanian in age. Areas of thicker accumulation across this interval include the
northern edge of the bridge between the SENR and the Grand Banks, and close to the
base of the Continental shelf near the Flemish Pass. The relatively uniform
accumulation fits with the interpretation that there was no significant bottom current
flowing along the slope and up onto the SENR during this interval (Boyle et al., 2017;
Davies et al., 2001). Variations in thickness within this unit in the Newfoundland
Basin may be controlled by sporadic off-shelf deposition from the continental shelf, as

turbidites are identified in sediments of this age at Site 1276 (Shillington et al., 2004).

Unit 2: The Isochron for Unit 2 has the smallest range in thickness of all the units
analysed in this report (0-500 ms, Figure 4.14b). This unit, which is Cenomanian to
Mid-Eocene in age, exhibits more spatial variation than Unit 1, showing thicker
accumulation along the northwestern end of the SENR (200-500 ms). On the SENR,
sediment accumulation through Unit 2 is interpreted to be carbonate-dominated
pelagic sedimentation, and here it is at its thickest over the shallowest areas of the
ridge, suggesting the CCD may be influencing accumulation (Boyle et al, 2017;
Tucholke and Vogt, 1979). In the Newfoundland Basin, this unit appears to increase in
thickness further away from the continental slope (up to 300 ms). These sediments in
the Newfoundland Basin are interpreted to have been dominantly deposited by

turbidite and debris flows (Shillington et al., 2004).

Unit 3a: This unit on the SENR marks the onset of drift accumulation in the Mid-
Eocene, and this is reflected by the thickness of sediment on the northern flank of the
ridge (Figure 4.14c, up to 1000 ms). The contemporary sedimentation occurring over
the Newfoundland Basin is much thinner, rarely exceeding 200 ms in thickness; here
the sediments are identified as hemipelagic mudstone and claystone (Shillington et
al., 2004). Pelagic sedimentation generally has slower sedimentation rates than drift
accumulation, which may explain the differences in thickness. The differing

thicknesses across this interval between the two areas may also be due to the erosion
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(or at least non-deposition) of fine material across the Newfoundland Basin by the
current influencing sedimentation on the SENR. The position of the thickest drift
accumulation, on the northern flank of the ridge, suggests that the current

responsible was flowing from the north (Figure 4.14c).

Unit R3bB: The sediment accumulation over the SENR during this interval is of a
similar thickness to during Unit 3a (500-1000 ms). It appears that the main area of
deposition moved slightly further down the ridge during Unit 3, across the EOT, and
also spread across the axis of the ridge (Figure 4.14d). The difficulty in identifying the

AU Horizon on the SENR hampers this interpretation, however (Figure 4.13d).

Unit B4: This unit begins to form in the Newfoundland Basin around the time of the
EOT, alongside Unit R3b on the SENR. Its base is bounded by Horizon B4/AY
(Shillington et al., 2004). This horizon marks an episode of erosion by abyssal
currents elsewhere in the North Atlantic, and on the SENR marks a change in the
depositional nature of Unit 3 as described above (Tucholke and Mountain, 1986). The
effects of bottom current erosion, signified by the AV Horizon, stretch several hundred
km from the base of the slope along the U.S. East coast margin, similar to the
distribution seen here (Figure 4.15e) (Mountain and Tucholke, 1985; Tucholke and
Mountain, 1986). In the area of Newfoundland Basin analysed in this chapter, a thick
sedimentary succession (in some places up to 1000 ms) overlies horizon AU along the
continental slope below the Flemish Cap and eastern Grand Banks (Figure 4.15e).
This unit is interpreted to contain material delivered by turbidity and debris flows
(Tucholke et al., 2004). It is worth noting that, following the formation of an extensive
Antarctic ice cap across the EOT, subsequent sea level fluctuations through the
Oligocene, driven by ice volume changes, may have driven the transportation and
deposition of off-shelf sediment during this interval (Lear et al., 2008; Miller et al,,
2008; Miller and Fairbanks, 1983).
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The thickness of the unit adjacent to the shelf break could be explained by the
downslope addition of sediment. The coarser material from this downslope activity,
would not have travelled far from the continental slope and would have been hard for
the current to entrain, whereas finer material may have been either entrained or
subsequently eroded by bottom currents (Dalrymple et al.,, 1992; McCave and Hall,
2006; Stow and Faugeres, 2008; Viana et al., 1998b). The morphology of this unit may
also have been controlled by bottom currents - Tucholke et al.,, (2004) identified
sediment waves of 1-8 km wavelength in EW0007 line 2mcs, and interpreted that
they represented the action of bottom currents (Figures 4.16 & 4.17). As noted by
Faugeres et al., (1999) however, sediment waves of this wavelength can occur in both
turbidite and contourite deposits. In the case of turbidites, these waves form
transverse to flow direction, whereas in contourites they can form either transverse
or oblique to the flow, suggesting that turbidity currents may in fact have been the
cause (Faugeres et al., 1999; Stow et al., 2009). The analysis of further profiles in this
thesis, however, identified sediment waves that are both perpendicular and parallel
to the continental slope, again with wavelengths of ~1-8 km (Figures 4.16 & 4.17).
Therefore, it may be that both contour and turbidity currents are responsible

(Faugeres et al., 1999; Stow et al., 2009).

The overall shape of the sedimentary unit can also help to determine whether
contour currents, turbidity currents, or both were responsible for its morphology.
This unit appears to extend along the continental slope and continental rise for
several hundred kilometres, a trend commonly seen in continental slope contourites
(Figure 4.16) (Hernandez-Molina et al., 2008). It is also possible that this unit
represents a turbidite fan that has since been modified and extended along-slope by
bottom currents, such as the Hikurangi Fan Drift (Faugeres et al., 1999). This unit has
since been buried under further sedimentation, making it difficult to comment further
on its morphology. This problem is exacerbated by the poor spatial coverage afforded
from seismic profiles, and the relatively poor resolution of said profiles — the
intended purpose of cruise EW0007 was to study the ocean-continent boundary

rather than Paleogene sedimentation.
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Figure 4.16: Enlarged view of isochron map for Unit B4, showing inferred location of mixed turbidite-
contourite system (red dashed line). Blue arrow signifies off-shelf deposition and white

arrow signifies action of bottom currents in elongating unit along the continental margin.
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Unit R4: This unit was only identified on the SENR, where it is marked by an
intensification of the drift accumulation first identified in Unit 3a (Boyle et al., 2017).
Compared to Unit 3a and Unit R3b, the distribution of thick (>1000 ms) sediments
here is more extensive, coats both the northern and southern flanks of the ridge, and
deposition generally appears to be in shallower areas, more proximal to the Grand
Banks (Figure 4.15f). This change in distribution is in agreement with the isochron

maps created by Boyle et al. (2017).

Unit B5: This unit, which is similar to those identified elsewhere on the North Atlantic
U.S. east coast margin, is interpreted to be of Miocene-Pliocene age (Mountain and
Tucholke, 1985; Tucholke et al., 2004). Its base, though poorly constrained, does not
appear to correlate with sedimentary changes on the SENR, and lies somewhere
within Unit R4. The formation of the fan is thought to have been controlled by a global
sequence of margin progradation (Bartek et al, 1991). It is perhaps unsurprising
therefore that this unit does not correlate with changes on the SENR, where
deposition is controlled instead by variations in current intensity. Its thickness is
greatest along the continental shelf, where it reaches >1500 ms, decreasing to <200

ms at the eastern-most extent of the study area (Figure 4.15g).

Though the drift accumulation rate at the SENR was at its highest during the
deposition of this unit over the Newfoundland Basin, the current strength on the
ridge during this time is interpreted to have been lower than in Unit R3 (Boyle et al,,
2017). This reduction of current intensity on the SENR is attributed to climatic
warming reducing the production of NADW. If it was also experienced over the
Newfoundland Basin, this could explain why it was possible for such a thick, extensive
unit to form along the continental slope, where previously such deposition may have
been limited by erosion from bottom currents (Campbell and Mosher, 2016;

Mountain and Tucholke, 1985).
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Unit 5: The base of Unit 5 marks the end of drift accumulation on the SENR in the Late
Pliocene, and on the Newfoundland Basin marks the top of the formation of the
abyssal fan in Unit B5. Horizon B6 here marks a widespread period of erosion also
identified in Nova Scotia and along the U.S. east coast margin (Campbell and Mosher,
2016; Mountain and Tucholke, 1985). This erosion is attributed to global cooling in
the Late Pliocene, which led to increased bottom water production in the high
Northern Latitudes and the establishment of the modern deep water configuration in
the North Atlantic (Boyle et al., 2017; Campbell and Mosher, 2016). Across the SENR,
drift deposition was replaced by a relatively thin (<400 ms) accumulation of pelagic
sediments, as the bottom current previously responsible for drift deposition moved to
deeper water (Boyle et al., 2017). Ice-rafted debris (IRD) is also prevalent in these
sediments. The ridge is isolated from downslope deposition from the Grand Banks,
but across the Newfoundland Basin to the north Unit 5 consists of a thick (~600-1600
ms) laterally extensive succession of debris flows and turbidite deposits (Figure
4.15h). This extensive downslope deposition is likely a result of sea level and
sedimentary changes driven by Northern Hemisphere glaciation through the Pliocene

(Bailey et al., 2013; Raymo, 1994).

4.3.3 EOT palaeobathymetry

The palaeoDEM generated in collaboration with Halliburton Neftex® for the EOT
shows several significant differences compared to the modern day bathymetry of the
same area (Figures 4.18, 4.19). Firstly, the ridge itself was situated at a palaeolatitude
of ~38-39°N across the EOT, compared to its modern latitude of ~41-42°N. This
makes the possibility that sedimentation on the ridge was under the influence of sea
ice at the time, as discussed in Chapter 2, even less likely; at its modern day latitude,
and with a colder climate than during the Oligocene, the SENR today lies at the
southern extent of the current North Atlantic sea ice regime (Deser et al., 2002;
Eldrett et al., 2009). As the DEM is a model, there is uncertainty associated with the

reconstruction, particularly of the bathymetry, which should be noted.
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Figure 4.18: a) Reconstructed palaeogeography of the study area for the Latest Eocene-Earliest
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Another major difference is the change in the location of the palaeo-coastline (Figure
4.18a). Across the EOT, there was land above sea level within ~160 km of the SENR,
and the continental shelf was rarely wider than ~65 km along the Grand Banks. In
comparison, the modern day SENR is ~580 km away from the Newfoundland coast,

and the shelf of the Grand Banks is ~480 km wide.

The Continental slope to the North of the SENR appears to be steeper across the EOT,
compared to the modern day; this is likely a result of the absence of the Miocene-age
abyssal fan identified in the seismic interpretation presented in this chapter (Figure
4.15). This proximal coastline, and the narrower shelf across the EOT may have made
off-shelf sediment transport more sensitive to sea level change, as discussed in
Chapter 3, in the context of the glacioeustatic response to Antarctic ice formation

(Harris and Wiberg, 2002).

The palaeobathymetry interpretations from industrial wells (Figure 4.18) appear to
define a north-to-south trending channel, possibly analogous to the modern day
Flemish Pass. This could have guided the transport of sediment off-shelf; it lines up
with the thickest accumulations of sediment indicated for the ‘sediment wave’ unit
identified above (Figure 4.16). It should be noted, however, that the precise
morphology of the coastline here is likely to be biased, as the distribution of wells
with available data is far from even, so there may have been other channels (Figure
4.18a). The possibility that sand was being deposited off-shelf, as discussed in
Chapter 3, is increased by the presence of Oligocene-age sandstone identified in the
lithology logs of the wells Linnet_E36, Spoonbill C30 and Egret K36, and the
identification of the Oligocene Sandstone (0OSS) member at the EOB in wells Flying
Foam_I13 and Hebron_I13 (Figures 4.5b & 4.18). The complex nature of the modelled
topography on the Grand Banks across the EOT may explain why the somewhat
simplified predictions made for the responses to SL change of well log data in this

chapter were not uniformly observed.
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Figure 4.19: Comparison between a) the modelled palaeobathymetry of the SENR, Newfoundland
basin, and Grand Banks across the EOB, and b) the modern day bathymetry of the same

area. Bathymetric profiles of A-A’, B-B’ and C-C’ are displayed in Figure 4.20.

137



Chapter 4

The shape of the SENR itself does not appear to have changed significantly; the
seamounts still exist as bathymetric highs, and shield the drift from downslope
movement (Figure 4.19). Depth profiles taken along transects A-A’, B-B’, and C-C’
allow further characterization of the bathymetric changes that the SENR has
undergone since the EOT (Figure 4.19, 4.20). Transects A-A’ and C-C’ both start at the
location of Site U1411 (and hence the EOT-Age drift deposit studied in Chapter 3 of

this thesis); transect B-B’ also intersects this location (red point on Figure 4.19).

Transect A-A’ shows that the drift at Site U1411 is now ~300 m deeper than at its
time of deposition (Figure 4.20a). Transect A-A’ assumes the approach of the bottom
current responsible for drift accumulation came from the east-north-east, which is
based on the location of the drift in relation to the seamount to its north, and the
thickest accumulation of sediment in Unit R3b (Figure 4.14d), which is to the east of
Site U1411. At the time of the EOT, this approach would have involved an increase in
elevation of ~2200 m from the Newfoundland Basin, across a distance of ~220 km
(i.e, a 1% incline). The modern equivalent over the same distance involves an
elevation change of ~1000 m and an incline of ~0.5%. Transect B-B’ shows that the
slope of the Grand Banks down to the SENR was relatively wider and more shallow in
the EOT, compared to modern bathymetry (Figure 4.20b); the seamounts are still
identifiable in each case. Transect C-C’ assumes that the current responsible for drift
accumulation followed the contours of the base of the Grand Banks and approached
the SENR from the North, as it does today (Section 1.2.2; Figures 4.19a, 4.20c). In the
modern day, this approach is relatively level; the continental slope immediately to the
north of the SENR is wider than during the EOT, as is the meeting between the SENR
and the base of the Grand Banks (Figure 4.19). During the EOT, this approach would
have involved an elevation change of ~900 m over a distance of ~70 km, giving an

incline of ~1.3%.
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Figure 4.20: Bathymetry profiles for transects a) A-A’, b) B-B’, and c) C-C’ as displayed in Figure 4.20. In
each plot, the dashed line shows the EOB palaeobathymetry and the solid line shows the

modern-day bathymetry.

It is possible, using these transects, to make some broad predictions of the strength of
bottom current required to carry fine sand (as identified in Chapter 3) up-slope onto
the SENR. This first requires an estimation of bottom current velocity along a

horizontal profile (i.e., the abyssal plain prior to the current reaching the ridge).

The widely used Hjulstrom Curve (Figure 4.21a) relates the erosion and deposition of
sediment (with the density of quartz) of varying diameter to the mean flow velocity
(Hjulstrom, 1939; McCave, 1984; Miller et al., 1977). However, the accuracy of the
depositional predictions of this diagram has been challenged; the low threshold for
deposition of fine-grained deposition does not take into account the entrapment of
falling sediment in a viscous sublayer that exists directly above the sediment surface
(Le Roux, 2005; McCave and Swift, 1976). As such, the deposition of suspended

material can in fact occur when flow speed drops below the critical erosion velocity
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(McCave, 1984; McCave and Swift, 1976). The grain size distribution analysis
presented in Chapter 3 of this thesis suggests the vast majority of the sand deposited
on the SENR was <160 pm (Figure 3.4), grains of this size would require a current
speed of ~20 cm s'! to be eroded/transported, given the considerations of McCave

(1984) as detailed above (Figure 4.21a).
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The current velocity in the Newfoundland Basin at the time of the EOT can also be
roughly estimated by bedform observations. The AV horizon, which is widespread in
the Newfoundland Basin, represents the erosion of sea-floor sediment. According to
Hjulstrom’s curve this would have required flow speeds of 220 cm s1, though this
assumption is complex for cohesive sediment (<10 pm) (Hjulstrom, 1939; McCave,
1984). In the Oligocene, the km-scale sediment waves identified in Unit B4 above the
AU horizon (Figure 4.17) are predicted to occur under bottom-current velocities from

5-25 cm s'1 in the matrix constructed by Stow et al (2009) (Figure 4.21b).

These two predictions of (horizontal) bottom-current velocity are broadly in
agreement, suggesting that it is possible that the bottom-current velocity during the
EOT interval over the Newfoundland Basin was high enough to transport the detrital
sand identified at Site U1411 on the SENR. Changes in the slope of the sediment
surface under a flow can affect the critical flow velocity compared to horizontal flow,
however. The relationship between horizontal critical flow velocity, (Uc), and critical

flow velocity for a slope (Ucq) was theorised by Allen (1982) to be:

Ca

(4.8) Z— = 1.3204/sin(¢ + )

co

Here, a is the slope of the bed (degrees), and ¢ is the pivot angle, or internal friction
angle for the sediment, taken to be 35° (Allen, 1982). This theory was tested
experimentally for rounded quartz sand across a range of slope angles, and was
supported by the data (particularly up to slopes of +14°) (Whitehouse and Hardisty,
1988). Equation 4.8 was used to calculate U for the profiles along transects A-A’ and
C-C’ (for both modern and EOT bathymetry), assuming a Ue of 20 cm s (Figure
4.22), showing that the effect of the slope of the SENR caused a minor (<1 cm s1)
increase in the flow velocity required to carry the sand grains in question, relative to
horizontal flow. For both profiles, the Uc required near the SENR across the EOT was

higher than for the modern day.
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Figure 4.22: a) Critical flow velocity for slope of profile A-A’, assuming a horizontal flow velocity of 20
cm s, b) bathymetry of profile A-A’, ¢) critical flow velocity for slope of profile C-C’,
assuming a horizontal flow velocity of 20 cm s, d) bathymetry of profile C-C’. In each
panel the dashed line represents the EOT reconstruction from Figure 4.20a and the solid

line is the modern bathymetry from Figure 4.20b.

The modern day DWBC has a mean southerly flow of ~5-10 cm s'1, but deep
(>4000m) currents along the western North Atlantic margin can be highly variable;
they were found to average 30 cm s over a two-week period along the Nova Scotia

continental rise (Gardner et al, 2017; Richardson et al, 1981). Modern day

142



Chapter 4

measurements along the base of the continental slope in the Labrador Sea document
bottom-current flow >20 cm s}, bottom currents of ~10 cm s have been measured in
the Newfoundland basin, and the Western Boundary Upper Current (WBUC) on the
SENR has been measured at 30 cm s! less than 50 km from Site U1411 (Clarke et al,,
1980; Cochonat et al., 1989; Rabinowitz and Eittreim, 1974).

4.4 Conclusions

4.4.1 Sedimentary changes on the Grand Banks

Although none of the variables analysed showed a uniform response across the EOT,
there does appear to be an overall shallowing trend suggested by palaeobathymetry
interpretations, and a coarsening trend suggested by lithology and wireline log data,
focused over the Eastern Grand Banks and Flemish Pass, to the North of the SENR.
These observations appear to suggest a drop in sea level corresponding to a lowstand
systems tract. Though the apparent sea level drop could also be explained by
accommodation space being filled up during progradation, this would require the
presence of extensive deltas, for which there is no evidence. The variability of
responses across the whole study area is likely down to issues with the temporal
accuracy of using cuttings, but may also suggest that there were also small-scale
tectonic changes occurring over the EOT in addition to eustatic sea level change,

resulting in a more complex sea level response.

4.4.2 Changes in sedimentation through the Cenozoic- the SENR vs. the

Newfoundland Basin

This chapter documents a concordant change in sedimentation patterns along the
North West Atlantic margin, where it appears that through the Cretaceous and
Cenozoic, the depositional changes occurring on the SENR were often linked to the
Newfoundland Basin and continental slope to the north.

* During the Late Cretaceous through to the Mid-Eocene (Units 1-2),
accumulation was relatively slow across the entire study area; pelagic
accumulation was focused in shallower areas of the SENR, while the
downslope delivery of sediments augmented thin pelagic successions across

the Newfoundland Basin.
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As the accumulation of thick (>1000 ms) drifts began over the SENR in the
Middle Eocene, sediment accumulation on the Newfoundland Basin remained
slow. Across the Eocene Oligocene Boundary, the presence of the AV horizon
provides evidence that the bottom current controlling deposition on the
SENR was eroding fine sediments across the Newfoundland Basin. The
significant lateral extent of this erosional unconformity implies that it is
unlikely there are any potential EOT-aged sedimentary records from the
Newfoundland Basin. The extent of the AY horizon, and other equivalent Late
Eocene/Early Oligocene erosional unconformities such as R4, TE, and T35
(Figure 1.4) throughout the North Atlantic, highlights how vital and unique
the expanded EOT interval on the SENR truly is. As erosion along the
Newfoundland margin largely took place at depths >4000 m, the bathymetry
of the SENR allowed the EOT interval to survive intact (Boyle et al., 2017).
More generally, this example highlights the palaeoclimatic importance of the
influence of bathymetric features on the formation of contourite drifts- which
can preserve expanded sequences at times where widespread oceanographic
changes might lead to erosion in more typical continental slope contourites
(Hernandez-Molina et al., 2008).

The increase in bottom current intensity going into the Oligocene also
appears to have influenced the formation of a thick (400-1000 ms) succession
of contourite and turbidite deposits along the continental slope of the Eastern
Grand Banks and the Flemish Cap. This unit (Unit B4) contains sediment
waves, suggesting moderation by bottom currents (Davies et al., 2001; Lear et
al, 2008; Miller and Fairbanks, 1983). In comparison to the Newfoundland
Basin, the sedimentary change seen across the EOT on the SENR is less
pronounced. Boyle et al, (2017) interpreted a slight decrease in current
intensity on the ridge, in response to the implied deepening of the bottom
current across the interval.

Heading into the Miocene, sedimentation on the SENR continued to be
controlled by bottom currents, but in the Newfoundland Basin, progradation
of sediments from the shelf led to the formation of a thick (>1500 ms) fan
deposit. The reduced influence of the bottom current on sedimentation over

the plain may have also been due to an interpreted decrease in current
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intensity along the North American margin (Boyle et al., 2017; Campbell and
Mosher, 2016).

* In the Late Pliocene, global cooling, Northern Hemisphere Glaciation, and the
associated increase in the production of NADW, led to the end of drift
accumulation on the SENR (Boyle et al., 2017; Campbell and Mosher, 2016;
Raymo, 1994). The SENR is isolated from downslope deposition, and its
sediment cover is thin (0-400 ms) and consists of pelagic sediments and IRD.
In contrast, this interval saw the accumulation of thick (>1500 ms) turbidites

along the continental slope and Newfoundland Basin to the north.

4.4.3 The palaeobathymetry of the Newfoundland Basin over the EOT

The palaeobathymetric model generated in this study suggests that during the EOT,
the SENR was proximal to a continental shelf that was much narrower than at the
present day, and that its arrangement was such that off-shelf deposition may have
occurred to the north. It documents that the SENR rose further above the
Newfoundland Basin to the north than it does today, but that the gradient of this rise
would not have been a significant impediment to the transportation of fine quartz
sand (as identified in Chapter 3) onto the ridge. The bottom current velocities
required to entrain and transport this sand are similar to those estimated from the
presence of the AUV erosional unconformity across the EOT, and from giant sediment
waves identified in the Newfoundland Basin during the Oligocene. They are also

comparable to modern-day measurements of bottom current velocities.
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Chapter 5 Conclusions

This thesis is constructed around three major themes. The first of these themes,
Chapter 2, focuses on establishing whether there was extensive Northern Hemisphere
Glaciation at the time of the Eocene Oligocene Transition (EOT), synchronous with
Antarctic glaciation. The second theme of this thesis, Chapter 3, explores signals of
palaeoclimatic, oceanographic, and sea-level change across the high-resolution EOT
interval recovered at Integrated Ocean Drilling Program (IODP) Site U1411 on the
Southeast Newfoundland Ridge (SENR). Finally, Chapter 4 investigates the
sedimentological development of the Cenozoic drift sequence on the SENR within the

broader context of the Newfoundland Margin.
5.1 Summary of main findings

5.1.1 Was there an extensive ice-rafting regime in the North Atlantic over

the EOT, signifying bipolar glaciation?

The controversial hypothesis of bipolar Cenozoic glaciation suggests that significant
ice caps formed across the EOT in both the Antarctic and the Northern Hemisphere
(Tripati et al., 2008), contrary to modelled CO; thresholds (DeConto et al,, 2008). A
large part of this hypothesis rests on the discovery of an EOT succession of ice-rafted
debris (IRD) at Ocean Drilling Program (ODP) Site 913 offshore of east Greenland
(Eldrett et al., 2007). Tripati et al,, (2008) interpreted this IRD to represent iceberg
rafting from a Greenland ice cap. The location of this site, however, proximal to the
Greenland coastline, combined with the absence of other EOT-age IRD records in the
North Atlantic, raises the possibility that it might only represent isolated mountain
outlet glaciers rather than an ice cap (Eldrett et al.,, 2007). The results of this thesis,
which explored three further North Atlantic EOT-age detrital sediment records,
suggest that while the EOT interval at Site 913 does represent an example of glacially
sourced ice rafting, there is no evidence for a larger ice-rafting regime extending into
the North Atlantic (i.e., there is no evidence for significant bipolar glaciation across
the EOT). Instead, the IRD identified at Site 913 likely represents ice rafting from a
local tidewater glacier on east Greenland, the influence of which did not extend into

the North Atlantic.
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Detrital grains identified at Sites U1411 and U1406 on the SENR were originally
interpreted by members of the IODP Expedition 342 shipboard party to be a further
record of IRD across the EOT (Norris et al,, 2014). The analysis presented in this
thesis on the surface textures of quartz grains from these sites, however, suggests
that, along with those from ODP Site 647 in the Labrador Sea, these grains were
transported in a sub-aqueous environment. They differ from those found at Site 913
and from the Pleistocene interval at Site U1411, which were transported by icebergs
(Section 2.3.4). Provenance analysis of the Site U1411 and U1406 grains also showed
that they derived from terranes local to the Newfoundland Margin, rather than

Greenland (Sections 2.3.2 & 3.3.2).

CT-scanning shows that the loosely compacted detrital clasts identified at the Site
U1411 EOT interval, originally suggested to have been ice-rafted dropstone clasts
similar to those seen at Site 913, are instead products of post-depositional
bioturbation (Norris et al, 2014): their three-dimensional structure reflects a
network of inter-connected silt-lined burrows. Inspection of low-latitude drift
deposits also revealed similar features, confirming that they can be formed outside of

areas under the influence of ice rafting (Section 2.3.1).

5.1.2 Is the surface textural analysis of quartz grains sensitive to changes in

grain size?

The results of analysis on the sensitivity of surface textures to grain size, as featured
in Chapter 2, emphasise a need for caution when comparing quartz surface texture
analyses from different studies, especially if the size fractions in each are not
consistent. Quartz grains from both of the sites sampled for this thesis displayed
increasing roundness with increasing grain size, and the same trend is also visible for
the frequency of chemical surface textures. Krinsley and Doornkamp (2011) suggest
that quartz grains larger than 200 pm (2.32 ¢) display surface textures in a different
way to smaller grains. This interpretation is borne out by the results of this thesis,

particularly in terms of roundness and chemical surface textures (Section 2.3.3).
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5.1.3 Does the detrital sand flux at Site U1411 represent changes in sea

level, current intensity, or both?

Detrital sands deposited in sediments of EOT age appear to represent a separate
sediment source to the majority of the fine material being carried by the bottom
current responsible for drift accumulation on the SENR, based on differing grain size
distributions, Nd isotopic signatures, and dominant cyclicity (Hass, 2002; Prins et al.,

2002).

The grain flux record increases step-wise across the EOT, similarly to several existing
benthic foraminiferal 680 records for the interval (though it should be noted that the
EOT-1 step was not easily identifiable in the bulk carbonate 680 record for Site
U1411 as presented in this thesis). The largest increase in grain flux follows the Oi-1
event, suggesting that glacioeustatic sea level change may be the driving factor
controlling sediment delivery from local shelf-edges to the nepheloid layer (Section
3.3.1) (Alaf, 1987; Piper et al.,, 1994). The sand flux record also appears to show 41 ka
obliquity and potentially 100 ka eccentricity cycles, similar to another sea level-
controlled sedimentation record from the early Oligocene (Abels et al., 2007). Site
U1411 (and Site U1406, which also shows an increase in detrital sand flux across the
EOT) are bathymetrically isolated from direct downslope sand transport. Therefore,
the sand must have been transported up onto the ridge by bottom currents after it
was ejected off-shelf. The Nd isotopic signature of the sand fraction suggests it
originated from sources closer to the site of deposition than the fine fraction (i.e., it
has been transported over a shorter distance). This interpretation is also supported
by grain size distribution analysis of the detrital fraction, which shows a bimodal

distribution (Section 3.3.2).

There is little evidence in the clay mineral analysis and fine fraction Nd and Sr
isotopes for a change in bottom current intensity prior to, or directly in time with, the
EOT, as interpreted by previous studies (Abelson and Erez, 2017; Pusz et al,, 2011)
though there may be evidence for a change in circulation ~33 Ma, in broad agreement
with a study by Via and Thomas (2006). The confidence of this interpretation could

be improved, however, by increasing the resolution of these proxies.
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5.1.4 How did Sedimentation on the Grand Banks Change across the EOT?

Commercial well records of interpreted lithology, wireline log data, and interpreted
palaeobathymetry were used to analyse sedimentary and palaeobathymetric change
on the Grand Banks across the EOT. Although none of the variables analysed showed
a uniform response across the EOT across all wells, there does appear to be evidence
for sea level fall over the Grand Banks across the interval. In particular, there is an
overall shallowing upwards trend suggested by palaeobathymetry interpretations,
and a coarsening upwards trend suggested by lithology and wireline log data, focused
over the Eastern Grand Banks and the Flemish Pass, to the north of the SENR. These
observations are consistent with a fall in sea level corresponding to a lowstand
systems tract. Though the apparent sea level fall could also be explained by
accommodation space being filled up during progradation, this would require the
presence of extensive deltas, for which there is no evidence. The variability of the
response across the whole study area is likely attributable to issues with the temporal
accuracy of using cuttings, but may also suggest that there were also small-scale
tectonic changes occurring over the EOT in addition to eustatic sea level change,

resulting in a more complex sea level response.

5.1.5 How was sedimentation on the SENR and in the Newfoundland Basin
affected by changes in sea level and bottom current change through

the Cenozoic

Analysis of seismic profiles covering the SENR and the Newfoundland Basin showed
that through the Cenozoic, depositional changes occurring in these two locations
were often linked. Prior to the Mid-Eocene, accumulation was relatively slow across
the entire study area; pelagic accumulation was focused in shallower areas of the
SENR, while the downslope delivery of sediments augmented thin pelagic successions
across the Newfoundland Basin. While the accumulation of thick (>1000 ms) drifts
began over the SENR in the Mid-Eocene, sediment accumulation in the Newfoundland

Basin remained slow.

Across the Eocene Oligocene Boundary, the presence of the AU horizon in the

Newfoundland Basin provides evidence that the bottom current controlling

150



Chapter 5

deposition on the SENR was now strong enough to erode fine sediments in the basin.
Glacioeustatic sea level fall across the EOT, controlled by Antarctic Ice Sheet
formation, also appears to have increased off-shelf deposition into the Newfoundland
Basin going into the Oligocene, as shown by evidence of turbidity and debris flows in
sediments along the continental slope of the Eastern Grand Banks and Flemish Cap.
These sediments also contain sediment waves suggesting moderation by bottom
currents, and they may represent a mixed contourite-turbidite drift (Davies et al,,
2001; Lear et al, 2008; Miller and Fairbanks, 1983). In comparison to the
Newfoundland Basin, the sedimentary change seen across the EOT on the SENR is less
pronounced, with a slight decrease in current intensity on the ridge interpreted in
response to the implied deepening of the bottom current across the interval (Boyle et
al, 2017). Though erosion along the Newfoundland margin, and across the North
Atlantic as a whole, appears to have been widespread across the EOT, the bathymetry
of the SENR appears to have allowed the EOT interval here to survive intact (Boyle et
al.,, 2017).

During the Miocene, sedimentation on the SENR continued to be controlled by bottom
currents. In the Newfoundland Basin, however, prograding sediments from the
continental shelf led to the formation of a thick (>1500 ms) and laterally extensive fan
deposit. The increasing influence of sea level change on off-shelf deposition, driven by
fluctuations in the volume of a large Antarctic ice cap, may have driven this
progradation and overshadowed the influence of the bottom currents on
sedimentation in the basin. There may have also been a decrease in current intensity
along the North American margin (Boyle et al., 2017; Campbell and Mosher, 2016;
Miller et al., 1991).

Global cooling, expanding Northern Hemisphere glaciation, and the associated
increase in the production of NADW led to the end of drift deposition on the SENR in
the Late Pliocene. This was replaced by the accumulation of thin (0-400 ms) pelagic
sediments and IRD (Boyle et al., 2017; Campbell and Mosher, 2016; Raymo, 1994). In
contrast, this interval saw the accumulation of thick (>1500 ms) turbidites along the

continental slope and the Newfoundland Basin to the north.
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5.1.6 How did the geography of the SENR, Grand Banks, and Newfoundland
Basin across the EOT differ from the modern day, and how hoes this

affect the feasibility of sediment transport onto the ridge?

The creation of a palaeogeographic Digital Elevation Model (DEM) for an EOT time
slice of the Newfoundland Margin revealed several key differences between the
modern day bathymetry of the same region. The model generated suggests that the
SENR during the EOT was proximal to a continental shelf that was much narrower
than at present day, and that its arrangement was such that off-shelf deposition
would have occurred to the north of the SENR, into the Newfoundland Basin. It
documents that the SENR rose further above the Newfoundland Basin to the north
than it does today, but that the gradient of this rise would not have been a significant
impediment to the transportation of fine quartz sand (as identified in Chapter 3) onto
the ridge. The bottom current velocities required to entrain and transport this sand
are similar to those estimated from the presence of the AV erosional unconformity
across the EOT, and from giant sediment waves identified in the Newfoundland Basin
during the Oligocene. They are also comparable to modern-day measurements of

bottom current velocities in the Labrador Basin, Newfoundland Basin, and the SENR.

5.2 Future considerations

Caution is needed when looking for evidence of ice rafting:

The analysis presented in Chapter 2 shows that caution should be used when
interpreting detrital sand at any given site as IRD, even when the downslope delivery
of sediment does not appear to have a direct influence over sediment deposition at a
given site. In particular, the mm-scale loosely compacted detrital clasts identified at
Site U1411, which at first glance appear quite convincingly to be dropstones, are

shown here to be post-depositional features.

Future estimates of EOT ice volume from North Atlantic sites:

The Site U1411 bulk carbonate 6180 record for the EOT presented in this thesis differs
from existing benthic foraminiferal 6180 records for the interval, which feature a two-

step shift (EOT-1 and Oi-1 event); it only appears to record the Oi-1 event. The
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detrital grain flux record from Site U1411, however, does appear to have a step-like
nature. Though beyond the scope of this thesis, the development of a high-resolution
benthic foraminiferal oxygen isotope record for Site U1411 will better resolve
whether the EOT-1 step exists at this site. This record will also allow, with
accompanying foraminiferal Mg/Ca ratios, for the ice volume associated with each
step to be estimated. The relatively shallow depth of Site U1411 will hopefully
circumnavigate the CCD-related complications that were encountered when analysing
the Pacific EOT Mg/Ca record from ODP Site 1218 (Coxall et al., 2005; Lear et al,,
2008).

Further analysis of provenance of Site U1411 & U1406 detrital sand fraction:

One of the findings from this thesis is that the detrital sand seen on the SENR is not
transported from a large Greenland ice cap, via iceberg rafting; it appears to be more
locally sourced. Possible source regions include Late Eocene to Early Oligocene
sandstone bodies on the Eastern Grand Banks, and reworked sediments from the
Newfoundland Basin. This interpretation could be taken further by Pb isotope
analysis of feldspars from further EOT-age North Atlantic intervals, any available
material from ODP Site 1276 in the Newfoundland Basin, and any remaining rock

cuttings from industrial wells on the Eastern Grand Banks.

Considerations for Hydrocarbon exploration:

The conclusion that the detrital sand flux record at Site U1411 reflects off-shelf sand
deposition is important because it suggests that the off-shelf transport of sediment
occurred by the end of the EOT in the Northwest North Atlantic, controlled by eustatic
change, and demonstrates the far-reaching effects of the formation of Antarctic ice
over the EOT. The fine fraction (and fine sand) from this sediment was re-distributed
by bottom currents, which may have left behind a coarser deposit of potential interest
as a hydrocarbon reservoir. The identification of giant sediment waves during the
Oligocene in the Newfoundland Basin, for example, suggests the reworking of
sediments by bottom currents. The possibility of a sizeable Oligocene-age drift

deposit in the Newfoundland Basin could have significant implications for deep-water
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hydrocarbon exploration if this unit is able to provide a potential reservoir. This unit
is of particular hydrocarbon interest because it overlies Cretaceous-age sediments
featuring black shales that have total organic carbon (TOC) contents of up to 12%
(Arnaboldi and Meyers, 2006). Potential hydrocarbon source rocks have also been
identified in the Salar Basin, which underlies the Newfoundland Basin (Wielens et al.,
2006). Better age control and sedimentological data is needed however, particularly
on the sediments filling the Newfoundland Basin after the Latest Eocene (Shillington
et al., 2004). Further seismic exploration of the Newfoundland Basin, at a resolution
akin to Cruise KN179-01, is also essential to better reveal the nature of Paleogene

sedimentation in this region.

Predicting palaeocurrent intensity through the sortable silt proxy:

Understanding that some of the silt fraction at Site U1411 may have been derived
from a secondary source, and hence that its flux may not be influenced purely by
bottom current intensity, is important if attempts are to be made to calculate bottom
current intensity via the sortable silt proxy (Hass, 2002; McCave et al., 1995; Mulder
et al,, 2013). A greater understanding of the relative contributions of the two sources
of material to the SENR drifts could be achieved by higher resolution grain size
distribution analysis than presented in this thesis, coupled by accompanying high-

resolution Nd isotope and QEMSCAN analysis of the differing size fractions.

The bioturbation recorded at Site U1411 (burrow features, originally thought to be
ice-rafted lithic clasts) may also provide a proxy with which to study changes in
palaeocurrent intensity. The increased oxygenation and sediment supply afforded by
contourite currents can lead to enhanced burrow formation, though the relationship
is as yet poorly understood (Uchman and Wetzel, 2011; Wetzel and Uchman, 2012).
In other sediments, bioturbation intensity has also been used as a proxy for the
oxygenation of the depositional environment. Further work to establish a record of
the abundance of the burrow features may help to better understand oceanographic

change through the interval (Frey, 2012).
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5.3 Wider implications

The conclusion presented in Chapter two, that detrital lithic grains found in the
Northwest Atlantic do not represent a widespread iceberg-rafting regime, has wider
implications for the controversial hypothesis of bipolar glaciation (Tripati et al., 2005;
2008). It appears that northern hemisphere glaciation to the same extent as seen in
the Pliocene or Pleistocene did not exist across the EOT, implying that IRD seen along
the East Greenland Shelf are the result of ice rafting from localised glaciers rather
than an ice cap (Bailey et al., 2012; Eldrett et al., 2007). The results highlight two
points to take forward for future IRD studies. Firstly, the presence of detrital sand
grains and/or clasts should not be interpreted as evidence of ice rafting without
detailed examination (e.g. of their texture, size, and/or provenance), even in locations
where downslope transport of sediments is not apparent or feasible. As a follow up to
this thesis, it might be wise to consider using the lessons learned to create a checklist
or identification guide to be used during IODP expeditions when attempting to
identify IRD. Secondly, even in scenarios where detrital grains can be reasonably
described as IRD, as is the case for the Site 913 EOT interval, their presence should be
taken only to represent localised tidewater glaciers in the absence of other evidence,

rather than a potential ice cap.

Chapter three highlighted that the detrital sand record seen on the SENR across the
EOT was the result of a complex combination of several processes. In particular, grain
size, geochemical Nd-Sr, and time series analyses suggest that the sand was
transported from a different source (and potentially through a different process) to
the finer components of the drift sediments that plaster the ridge. This complexity
should be borne in mind when attempts are made to relate the accumulation of the
drift deposits to changes in bottom current intensity, through the sortable silt proxy

for example (Hass, 2002; McCave et al,, 1995).

Chapter four of this thesis can be viewed as a case study for collaboration between
the UK-IODP (via university-led research and analysis of IODP-derived material) and
an industry partner (in this case via the database and earth system modelling

capabilities of Halliburton Neftex®). The hydrocarbon well and seismic data provided
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by Halliburton Neftex® were used to explore the spatial extent of the climate signals
interpreted at ODP and IODP sites along the Newfoundland Margin, and accessing
Halliburton Neftex®’s modelling capabilities allowed for the generation of an EOT-
aged palaeoDEM in which the I0ODP-obtained data could be situated. In return,
through part-funding this studentship Halliburton Neftex® were able to influence the
generation of new proxy records from a high-resolution IODP-recovered sedimentary

interval, and can use the data generated to contribute to the accuracy of their models.

5.4  Concluding remarks

This thesis features an extensive exploration of the sedimentary and palaeoclimatic
signals of the EOT in the North West Atlantic, with specific attention paid to the SENR
and Newfoundland Basin. No support is found for the suggestion that bipolar
glaciation occurred across the EOT, rather the sedimentary record is most consistent
with the conclusions of Eldrett et al.,, (2007), that ice formation was limited to a small
tidewater glacier local to east Greenland, unable to produce icebergs capable of
rafting detrital material into the North Atlantic at the scale seen much later into the
Cenozoic. Instead, the sedimentary record of the SENR reveals a complex combination
of off-shelf deposition influenced by Antarctic-driven glacioeustatic sea-level fall and

bottom current-controlled sediment transport.
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Appendix A SEM Grain surface analysis

A.1 Surface texture descriptions

Texture L.
Type Description
Removal of large, blocky portions of original grain via
Breakage Blocks M L . . .
physical impact with other grains or ice.
Distinctive curved breakage surface; do not follow
Conchoidal fractures M |separation planes. A result of grain-to-grain contact.
Straight or arcuate Fractures that feature distinct repeated steps,
step M incorporating several planes of separation.
Isolated cusps/ v M Isolated pits found on grain surface, caused by the sharp
impact pits corner of another grain impacting on the surface.
Other M Irregular and isolated cracks that run across grain, ignoring
Fractures planes of separation.
. Superficial scratches on grain surface caused by the sharp
Striations/Grooves M . . .
edge of a separate grain being dragged across it.
Fresh grain edge is brok d chipped b in-to-grai
Edge abrasion M ! resh grain edge is broken and chipped by grain-to-grain
impacts.
Upturned plates M Edges of overlying plates have been exposed.
Silica dissolution C Amorphous dissolution of the original silica of grain surface
) ) Forms through successive precipitation of thin diagenetic
Micro-layering C o
silica layers
Amorphous covering of diagenetic silica, can cover other
Silica precipitation C surface features and give grain a smooth appearance and
low relief
] ) Fragments of foreign material that have been chemically
Adhering particles C ) L
stuck to the surface of the grain, e.g. by silica cement
Similar to mechanical impact pits, but are formed b
Chemical v shaped pits C pactp y

dissolution of silica. They often have a distinctive V-shape.

Table A : Descriptions of mechanical (m) and chemical (c) surface textures used in this thesis
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A.2 Abundance of quartz surface textures

Interval
Texture Site 647 Exp. 342 Site 913 Site U1411
EOT EOT EOT Pleistocene
Breakage Blocks 30.19 38.28 35.14 22.77
Conchoidal Fractures 64.15 58.59 83.24 77.23
Arc Step-like Fractures 33.96 29.69 37.30 36.63
Straight Step-like Fractures 24.53 16.41 20.00 16.83
Isolated Fractures 7.55 17.97 35.68 11.88
Mechanical Impact Pits 32.08 36.72 72.43 63.37
Gouges/Striations 47.17 40.63 59.46 64.36
Edge Abrasion 47.17 55.47 46.49 71.29
Upturned Plates 50.94 34.38 28.11 39.60
Microlayering 13.21 25.78 2.70 1.98
Chemical v-pits 54.72 42.97 31.89 18.81
Adhering Particles 18.87 38.28 16.76 11.88
Silica Precipitation 92.45 84.38 70.27 65.35
Silica Dissolution Y/N 83.02 67.97 62.16 46.53
Dissolution- Rare-Absent 1.89 7.03 71.35 16.83
Dissolution- Present 15.09 25.00 24.86 39.60
Dissolution- Common 54.72 44.53 38.38 32.67
Dissolution- Pervasive 28.30 23.44 23.78 13.86
Relief-Low - 54.72 42.19 10.81 7.92
Relief-Medium 37.74 42.97 50.27 55.45
Relief-High 7.55 14.06 38.38 39.60
Roundness-Very Angular 3.77 4.69 6.49 20.79
Roundness-Angular 13.21 16.41 23.78 40.59
Roundness-Sub-Angular 24.53 22.66 44.86 19.80
Roundness-Sub-Rounded 47.17 28.91 16.76 11.88
Roundness-Rounded 9.43 20.31 5.95 6.93
Roundness-Well Rounded 1.89 6.25 2.16 0.00

Table A 1: Abundance of surface textures on quartz sand grains for the four intervals featured in this
thesis
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Sample, IODP Nomenclature

913-1 913-2 913-3 913-4 913-4
B20R3W | B22R2W | B24R1W | B24R 2W | B26R 4W
Texture 37-43 107-110 | 107-110 | 80-83 20-22
Breakage Blocks 44.44 22.73 37.50 43.24 28.57
Conchoidal Fractures 82.22 79.55 87.50 86.49 82.86
Arc Step-like Fractures 35.56 43.18 54.17 27.03 31.43
Straight Step-like Fractures 8.89 31.82 33.33 21.62 8.57
Isolated Fractures 35.56 43.18 29.17 37.84 28.57
Mechanical Impact Pits 53.33 79.55 75.00 78.38 80.00
Gouges/Striations 64.44 70.45 45.83 51.35 57.14
Edge Abrasion 42.22 43.18 45.83 51.35 51.43
Upturned Plates 24.44 27.27 25.00 32.43 31.43
Microlayering 4.44 4.55 0.00 0.00 2.86
Chemical v-pits 31.11 25.00 37.50 27.03 42.86
Adhering Particles 8.89 18.18 20.83 13.51 25.71
Silica Precipitation 68.89 81.82 62.50 67.57 65.71
Silica Dissolution Y/N 60.00 61.36 62.