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In the North Atlantic Ocean, contour-following deep currents have created regional erosional unconformities and
deposited contourite drifts that exceed 2 km in thickness and extend for 100 s of km. The stratigraphic records in
the drifts have been used to reconstruct variations inNorth Atlantic deep-water circulation throughout the Ceno-
zoic; however, uncertainties remain about certain aspects of the timing, intensity, depth distribution, and region-
al impact of these currents. Here, we use an integrated dataset of seismic-reflection profiles and IODP core data
(lithology, biostratigraphy, and magnetostratigraphy) to document sedimentation history and the development
of current effects in the Cretaceous to present sedimentary record on the J-Anomaly Ridge and Southeast New-
foundland Ridge, offshore Newfoundland, Canada. The Newfoundland ridges are in a key location, lying between
well-studied areas in the northern and western North Atlantic and under the path of both the modern Deep
Western Boundary Current and the Gulf Stream. Late Cretaceous through Early Eocene sedimentation on the
ridgeswas dominated by biogenic pelagic sedimentation, but at ~47Ma, near the Early-Middle Eocene boundary,
well developed contourite drifts began to accrete in paleo-water depths of ~4000–4500 m, accompanied by an
order-of-magnitude increase in terrigenous sediment mass accumulation rates. From this time forward, drift de-
position, interrupted by brief episodes of erosion, continued unabated. This timing for the onset of persistent
deep currents is coincident with reorganization of Atlantic circulation inferred from a change from biosiliceous
to non-biosiliceous sedimentation in the western North Atlantic (Horizon AC) and with the current-eroded
Intra-Eocene Unconformity (IEU) in the northern North Atlantic. A change in sedimentation style occurredwith-
in theMiddle Eocene to upperOligocene drift sequence, and it likelywas related to a shift to deeper,more intense
currents that eroded the widespread Horizon AU along the margin of eastern North America about Early Oligo-
cene time. Beginning in the Late Oligocene (~25 Ma) a thick drift exhibiting seismically laminated mudwaves
was deposited in a distinct belt at ~3500–4500m paleodepth on the Southeast Newfoundland Ridge. This devel-
opment correlateswithwidespread Late Oligocene throughMiocene-Pliocene drift accumulation throughout the
North Atlantic. The most recent phase of drift deposition, since Late Pliocene time (~3 Ma), occurred after a shift
to the ‘modern’ circulation system of deeper, swifter currents, and it includes mixed pelagic-hemipelagic
sediments and ice-rafted debris that reflect glacial-interglacial influences on sedimentation.
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1. Introduction

In the North Atlantic Ocean, southerly flowing, contour-following
deep currents have been associated with development of regional un-
conformities and deposition of contourite drift deposits that exceed
X, 77079 USA.
2 km in thickness and extend for 100's of km (Heezen and Hollister,
1964; Heezen et al., 1966; Tucholke and Mountain, 1979; Mountain
and Tucholke, 1985; Faugères et al., 1999; Stow et al., 2002; Rebesco
et al., 2014). In themodern ocean, the southerly flow of the DeepWest-
ern Boundary Current and underlying southward-flowing Antarctic
Bottom Water (AABW) comprise the primary deep current system
along the continental margin of the western North Atlantic Ocean
basin (Fig. 1) (McCave and Tucholke, 1986; Bower and Hunt, 2000;
Stow et al., 2002; Rahmstorf, 2006). The stratigraphic records in
contourite drifts that formed along the path of the progenitor of this
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Fig. 1. (a) Bathymetric map of the J-Anomaly Ridge (JAR) and Southeast Newfoundland Ridge (SENR), offshore Newfoundland, Canada. Solid black lines show seismic-reflection profiles
acquired during R/V Knorr Cruise 179-1 (Norris et al., 2004). The dashed polygon shows the limits of the areamapped. Thick red lines show the path of themodern DeepWestern Bound-
ary Current (DWBC), which consists of Labrador Sea Water in its upper part, Norwegian-Greenland Sea Overflow water at intermediate depths, and Antarctic Bottom Water below
~4500 m on the south side of the Newfoundland ridges (McCave and Tucholke, 1986). IODP Exp 342 drill sites are shown as red points with yellow centers and DSDP Site 384 is a
black and red star. Thick green lines show locations of seismic profiles in Figs. 5–8. (b) Map of the North Atlantic Ocean showing regional bathymetric features and location of box in
part A. CGFZ = Charles Gibbs Fracture Zone; PFZ = Pico Fracture Zone; AFZ = Atlantis Fracture Zone). Bathymetric base map for (a) and (b) is from GeoMapApp (http://www.
geomapapp.org). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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deep current system have been used to infer variations in deep-water
circulation throughout the Cenozoic (e.g., Berggren and Hollister,
1974; Tucholke and Ewing, 1974; Tucholke and Mountain, 1979;
Mountain and Tucholke, 1985; Davies et al., 2001; Hohbein et al.,
2012). For simplicity, we hereafter refer to the southerly flow of
bottom water along the continental margin as the DWBC, irrespec-
tive of its specific sources, density, and depth range during the
Cenozoic.

The Cenozoic is a period that experienced “Greenhouse” warming
and long-term (107 yr) global cooling as well as several short-term
(b106 yr) global-scale climate shifts/events (Zachos et al., 2001, 2008)
that affected deep circulation. While the local to regional effects of
many of these circulation events are relatively well known, there are
still significant uncertainties about: 1) the times at which abyssal circu-
lation was stimulated by sinking of cold, dense surface water at various
high-latitude locations, 2) depths at which the resulting deep currents
flowed, 3) regional vs. local geologic significance of theflows, and4) cor-
relation of circulation events throughout the North Atlantic ocean ba-
sins. For example, proposed dates for the onset of significant deep-
water formation in the high-latitude North Atlantic vary from as old as
Early Eocene to as young as Early Miocene (Miller and Tucholke, 1983;
Davies et al., 2001; Hohbein et al., 2012; Müller-Michaelis et al., 2013).
It has also been proposed that southern-sourced bottom water was
responsible for erosion on the southwestern Bermuda Rise as early as
Late Paleocene time (Mountain and Miller, 1992), and southern-
sourced bottom water may have contributed significantly to later
circulation events (Norris et al., 2001).

The Newfoundland ridges, southeast of the southern Grand Banks
(offshore Newfoundland, Canada), include the J-Anomaly Ridge (JAR)
and Southeast Newfoundland Ridge (SENR) (Fig. 1). The JAR and SENR
are ideally located to record the activity of the DWBC because the cur-
rent is constrained by the overturning circulation in the North Atlantic
to flow around the ridges. This area is also influenced by theGulf Stream
and its northward extension as the North Atlantic Current, which have
been shown to extend to the seafloor both north and south of the
SENR (e.g., Savidge and Bane, 1999; Meinen and Watts, 2000). In addi-
tion, the deep (~N4500 m) southern margins of the JAR and SENR are
presently affected by the southern-sourced AABW (Richardson et al.,
1981; McCave and Tucholke, 1986; Norris et al., 2001).

The JAR and SENR are mantled with sediments that have accumu-
lated since the Early Cretaceous, and current-controlled sedimentary
drifts there are well developed in the Cenozoic section. The area is
well suited to examine contourite development because it is topo-
graphically isolated from downslope sediment transport from the
adjacent Grand Banks. The entire sedimentary record formed from
a combination of pelagic and current-controlled sedimentation; thus
any reworking or erosion of deposits has resulted from bottom-
current activity. The depositional system covers an area N 70.000 km2

and spans a modern water-depth range of ~3400 m to N5000 m
(excluding shallower seamounts) (Fig. 1). Thus its sedimentary record
has the potential to elucidate the effects of abyssal currents at varying
depths through time.

In this paper we examine the Cretaceous through present evolution
of North Atlantic deep-water circulation, with a focus on the Middle
Eocene and younger sedimentary sequence, as delineated by seismic-
stratigraphic analysis of contourite drifts on the Newfoundland ridges.
We use high-resolution seismic-reflection data coupled with lithologic,
biostratigraphic,magnetostratigraphic, and sediment physical-property
data obtained from boreholes during Integrated Ocean Drilling Program
(IODP) Exp 342 (Norris et al., 2014). Our analysis focuses on sedimenta-
ry packages that have distinct internal architecture and mappable
boundaries that are tied to age control from IODP Exp 342 cores,
which allows us to interpret the history of deep-ocean circulation and
compare it to climate history.
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2. Geologic background

2.1. Geologic evolution of the J-Anomaly Ridge and Southeast
Newfoundland Ridge

Opening of the central North Atlantic Ocean started during the
Middle Jurassic, creating a transform boundary along the southwest
margin of the Grand Banks offshore Newfoundland (Fig. 1) (Tucholke
and Ludwig, 1982; Pe-Piper et al., 2007). Separation of Newfoundland
from Iberia began at the end of Jurassic time (e.g., Tucholke et al.,
2007) and was followed by rifting that propagated northward,
opening the Labrador Sea and finally the northeastern Atlantic Ocean
(e.g., Pe-Piper et al., 2007).

The Southeast Newfoundland Ridge (SENR), a positive bathymetric
feature extending southeast from theGrandBanks, has been interpreted
as a volcanic edifice overlying the intersection of the transform margin
and the axis of the rift between Newfoundland and Iberia (Tucholke
and Ludwig, 1982; Tucholke et al., 2007). The J-Anomaly Ridge (JAR)
extends southwest from, and perpendicular to the orientation of the
SENR; it is a topographic high associated with a high-amplitude mag-
netic anomaly formed about the time of anomaly M0 (Rabinowitz
et al., 1978; Sullivan, 1983; Tucholke et al., 1989). The main body
of the SENR presently lies at ~3400 to 5000 m depth, and the JAR is
~4000 to 5000 m deep (Fig. 1).

Several prominent volcanic seamounts on the northern part of the
SENR rise 500–1000 m above adjacent seafloor to depths of 2500 m.
Seismic-reflection data clearly show layered sediments atop these sea-
mounts, but these sediments are unsampled and their stratigraphy can-
not be seismically correlated across the steep flanks of the seamounts to
the stratigraphy of the surrounding seafloor.

The basement of the JAR and SENR is interpreted to be oceanic, with
the conjoined edifices formed above amantle plume primarily between
chrons M4 to younger than M0 (Barremian to Aptian time) during the
opening of the Newfoundland-Iberia rift (Tucholke and Ludwig, 1982;
Sullivan, 1983; Tucholke et al., 1979, 2007; Norris et al., 2014). The
young age limit of magmatism and the relative timing of effusive
volcanism in various parts of the Newfoundland ridges are unknown,
but magmatism likely did not persist beyond Early Albian time.

Several lines of evidence suggest that the volcanic basementmaking
up at least parts of the SENR and JAR was emergent during its early
history. The basement was penetrated by drilling at Deep Sea Drilling
Project (DSDP) Site 384 on the southern JAR (Fig. 1), where highly
altered tholeiitic basalt with vesicularity typical of water depths
b500 m was recovered at 4230 mbsl (Tucholke et al., 1979). The base-
ment corewas interpreted as a paleosol formed by subaerial weathering,
and it is capped by rudistid reef material of late Barremian/Early Aptian
to Early Albian age. The reef material appears subsequently to have
been exposed to meteoric waters before subsiding to its present depth.
IODP Exp 342 also recovered Albian coral fragments and carbonate-
bank deposits that had been exposed to meteoric-water diagenesis
at Site U1407 over a basement high on the SENR (Fig. 1) (Norris et al.,
2014).

2.2. Modern oceanographic setting

The modern Deep Western Boundary Current (DWBC) is a deep-
water thermohaline-driven contour current that intersects the New-
foundland ridges as it flows south along the western margin of the
North Atlantic Ocean basin (Fig. 1) (Richardson et al., 1981; Schmitz
and McCartney, 1993). Above ~4500 m depth it is sourced in its upper
part largely from cooling, sinking surface waters in the Labrador Sea
and in its lower part from waters originating in the Norwegian-
Greenland Sea (Clarke et al., 1980). The cold, high-salinity deep waters
transported in the modern DWBC are collectively referred to as North
Atlantic Deep Water (NADW) (McCartney and Talley, 1984; Fine and
Molinari, 1988). NADW accounts for approximately 40% of Earth's
deep-water formation and thus it is a significant contributor to thermo-
haline circulation and global heat transfer (Broecker et al., 1998; Talley,
2013). Deepwater that flows from theNorwegian-Greenland Sea across
the Greenland-Scotland Ridge accounts for a large component of
modern NADW (Hansen and Osterhus, 2000). Below ~4500 m, AABW
sourced from the circum-Antarctic current follows the path of the
DWBC southward along the continentalmargin south of theNewfound-
land ridges (Fig. 1); it circulates primarily in the western North Atlantic
basin although AABW components also reach into the northeastern
Atlantic (Clarke et al., 1980; McCave and Tucholke, 1986; Dickson and
Brown, 1994).

The mean southerly flow of the modern DWBC is probably only 5–
10 cm/s, which is sufficient to transport suspended sediment for signif-
icant distances but not enough to erode the seafloor (Gardner et al., in
press; Hogg, 1983). West of the JAR and SENR along the continental
rise of Nova Scotia, the mean speed of the modern DWBC above
~4000 m is estimated to be ~10 cm/s or less (Tucholke et al., 1985).
However, currents measured there at greater depths (down to
~5100m) are highly variable in speed and direction, with speeds some-
times exceeding 70 cm/s and averaging 30 cm/s over a two-week
recording period (Richardson et al., 1981). This variability is caused
by interaction of the DWBCwith the northeasterly flowing Gulf Stream.
Details of this interaction are complex and poorly understood
(e.g., Clarke et al., 1980; Fofonoff, 1981), but it is apparent that surface
eddy kinetic energy (EKE) associated with the Gulf Stream can propa-
gate to the seafloor (abyssal EKE), interacting with the DWBC to gener-
ate intermittent and variable high-velocity currents that strongly
modify the seabed (Hollister and McCave, 1984). The Gulf Stream
path, and its associated high EKE, extend eastward across the JAR and
SENR (e.g., McCave and Tucholke, 1986; Savidge and Bane, 1999).
Given the fact that the JAR and SENR lie beneath this zone of high EKE,
we should expect that energetic bottomcurrents probably have affected
this area since the time that the Gulf Stream first developed.

3. Data

3.1. Seismic-reflection profiles

Fifty-six high-resolution (10–20 m vertical resolution) 2-D seismic-
reflection profiles that cover a ~70,000 km2 area of the JAR and SENR
were acquired during Knorr cruise 179–1 (Fig. 1 and Supplementary
Fig. S1) (Norris et al., 2004). These data were acquired using the
Lamont-Doherty Earth Observatory (LDEO) high-resolution multi-
channel seismic (MCS) system, which consisted of a 75/75 cubic inch
generator-injector (GI) airgun fired at 10 s interval and a solid-state
ITI 48-channel streamer with a total length of 600 m towed at 2 m
depth and stabilized with depth-keeping birds. The data were digitized
at 1 msec. The airgun was configured in true GI mode and floated at a
depth of 4 m, which produced a pulse with a spectral peak extending
between 30 Hz and 250 Hz and cresting at 90–100 Hz. Despite strong
and variable surface currents, the ship maintained a speed over ground
of 4.5–4.9 knots. The tightest grid spacing was over the JAR between
51°W to 52°Wand40°N to 40°30′Nand also over the SENRnear the sea-
mounts between 48°30′W to 50°W and 41°N to 41°45′N (Fig. 1). Grid
spacing was 7–14 km over the JAR and 10–18 km in the seamount
area. The seismic profiles have a vertical resolution of approximately
8–10 m in shallow sections and up to ~20 m in deeper intervals, and
data quality is generally excellent; however, the southern part of line
46 is substandard due to high sea-state during Hurricane Alex (Norris
et al., 2004), and it has been used with discretion.

Seismic-reflection data were processed with the SIOSEIS software
package. Processing included nulling of six bad traces, application of a
frequency-domain, zero-phase bandpass filter with corner frequencies
of 35 Hz and 300 Hz, a rolloff of 48 db/octave, and an outside mute.
Stacking after normal moveout correction used a single-layer velocity
profile based on rms velocity analyses from an earlier Newfoundland
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Basin MCS cruise that used a 3.1 km long streamer (Tucholke et al.,
1989). The stacked traces were processed with Stolt migration using
the velocity of water (1500 m/s) and assuming that the traces were
uniformly spaced. Trace amplitude was adjusted using time-varying
gain. The seismic-reflection data are publically available and were
downloaded from the IODP Site Survey Data Bank (SSDB) for use in
this study (Norris et al., 2004).
Fig. 2. Criteria used for the identification and mapping of seismic horizons: downlap,
truncation, onlap, and abrupt vertical changes in seismic facies.
3.2. Sediment cores

The primary objective of IODP Exp 342 was to acquire contourite
drift sediments (Norris et al., 2014), which can provide relatively
high-resolution (N3 cm/kyr) archives of climatic and oceanographic
change compared to typical pelagic successions (Keigwin and Jones,
1989). Twenty-five holes were cored at nine drill sites (Sites U1403 –
U1411; Fig. 1) with a total sediment recovery of ~5400 m. Drill sites
were selected using the seismic-reflection data described above to
target Paleogene sediments and were drilled along depth transects in
order to examine stratification of seawater and changes in ocean
chemistry through the Paleogene. Four drill sites targeted drifts on the
JAR and the remaining five were drilled in SENR drift accumulations
(Fig. 1) (Norris et al., 2014).

Detailed core descriptions were made by the shipboard scientific
party and cores were dated using calcareous nannofossils, radiolarians,
and foraminifera combined with magnetostratigraphic analysis.
Downhole logs were not acquired at any of the drill sites (Norris et al.,
2014) so shipboard measurements of core physical properties were
used to link core depths to reflection times in seismic-reflection records
(see Section 4.3 below). P-wave velocities of cored sediments were ob-
tained using a P-wave Caliper (PWC) tool (Norris et al., 2014) which
measures velocities parallel to bedding. We used PWC rather than
whole-round (PWL) P-wave measurements; PWC measurements on
section halves are higher quality because of better coupling between
sensors and the sediment (Norris et al., 2014). Salt-corrected density
data were derived using a standard balance to obtain values for dry
mass and helium pycnometry to measure volume (Blum, 1997). PWC
velocity and density were sampled in 0.5 m increments along the
recovered cores.
4. Methods

4.1. Seismic stratigraphic mapping

Vertical and horizontal changes in seismic-reflection facies primarily
represent lithologic variations in the sedimentary record, and reflection
configurations help to identify processes responsible for sediment
transport and deposition as well as sediment availability. Differences in
amplitude, concordance, continuity, and geometry of reflections
enable the identification and classification of distinct seismic facies
(e.g., Sangree and Widmier, 1977; Nielsen et al., 2008; Müller-
Michaelis et al., 2013).

Wemapped seismic-stratigraphic units, hereafter referred to as seis-
mic units, which are constrained by distinct horizons (H1 to H5) that
can be traced throughout the study area. The horizons were defined
based on four criteria: (1) onlap, (2) downlap, (3) apparent truncation,
and (4) vertical seismic facies change (Fig. 2). Some horizons were not
cored and therefore cannot be precisely dated, and some horizons
effectively merge where their stratigraphic separation is at or below
the vertical resolution of the seismic data (~10–20 m). Because layered
sediments on the tops of seamounts cannot be seismically correlated
to the stratigraphy of surrounding regions, we excluded these sedi-
ments from our interpretation. Schlumberger's seismic-reflection data
visualization and interpretation software Petrel® was used to map
horizons.
4.2. Isochron map generation

Stratigraphic thicknesses between horizons were calculated in
Petrel® using the ‘surface attributes’ process and were subsequently
used to create isochron maps of each seismic unit. This process
calculates thickness in two-way traveltime (TWT) between specified
seismic horizons at Common Depth Points (CDP) and assigns the calcu-
lated thickness attribute to the stratigraphically younger horizon.
Computer-generated isochron maps were produced with a convergent
interpolation algorithm, which were biased toward trackline locations.
Tominimize this limitation, thickness between horizons was converted
to point data along tracks, filtered to every 500th CDP (~6 km), and
labeled and displayed as a grid of points with thickness values. The
computer-generated isochron maps were then overlaid with the
point-grid data and final isochron maps were hand contoured.
4.3. Borehole-seismic data correlation

Estimates of seismic horizon depths were obtained by applying
average lab-measured PWC velocities to observed reflection-time
depths of horizons at the boreholes, progressing from the top to the bot-
tom of the section. Laboratory PWC velocities weremeasured parallel to
bedding, and bedding-parallel velocities are often higher than vertical-
incidence velocities because of factors such as grain alignment and
preferential cementation of layers (e.g., Tucholke et al., 1976). However,
there is probably little such anisotropy in the relatively uniform, seismi-
cally transparent drift deposits of Seismic Units 3 and 4. In any case, we
consider the PWC velocities to be maximum laboratory values. The
laboratory PWC velocities were corrected to in situ pressure and
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temperature conditions using the method of Hamilton (1970) with
relevant data taken from tables for the speed of sound in seawater
(U.S. Naval Oceanographic Office, 1962), bottom-water temperatures
from Fuglister (1960), and assuming a geothermal gradient of
0.06 °C m−1 in the sediments and a constant pore water salinity of
35‰. The resulting seismic-borehole correlations are summarized in
Supplementary Table A and shown graphically in Supplementary
Figs. S2–S9.

We also used laboratory density and velocity measurements to gen-
erate downhole profiles of acoustic impedance (Supplementary
Figs. S2–S9) that helped to guide correlations. Pleistocene sediments
of Seismic Unit 5 generally have high impedance (Supplementary
Figs. S5–S9). Horizon H4, where present within largely seismically
transparent sediment, is associated with generally subtle impedance
contrasts (Supplementary Figs. S2–S5 and S8). Horizon H3 in some
cases correlates with a marked downward increase in impedance
(Supplmentary Figs. S2 and S6) but in most cases the correlation is
less well defined.

4.4. Horizon age assignments

Interpreted seismic horizons were assigned ages using chrono-
stratigraphic information from IODP Exp 342 cores (Norris et al.,
2014) and are reported using numerical ages and stages from the
Gradstein and Ogg (2012) geologic time scale. Not all seismic horizons
were penetrated at every drill site because IODP Exp 342 specifically
targeted Paleogene drift accumulations (Table 1). Ages were assigned
to each horizon via a two-step process: (1) horizon agewas determined
at each drill site via interpolation between subjacent and superjacent
biostratigraphic and/or magnetostratigraphic datums in cores (Norris
et al., 2014); (2) these site-specific ages were then averaged to provide
an integrated age for each horizon over the entire study area. In cases
where a seismic horizon falls within a section of core that is barren of
biostratigraphic and/or magnetostratigraphic control, the range of
bracketed ages is reported but is not used to calculate an average age
(Table 2).

4.5. Volumetric and mass sedimentation rate calculations

Borehole-derived (linear) sediment accumulation rates can vary
significantly from site to site in sedimentary systems where deposition
is laterally highly nonuniform. Therefore we calculated volumetric
accumulation rates for the entire study area (and mass accumulation
rates based on volumes) to obtain a more accurate representation of
sedimentation history. Using velocities from our seismic/borehole
correlations to determine sediment thickness, we calculated bulk
volume of each seismic unit from isochron maps, then multiplied the
volumes by average, shipboard-measured, salt-corrected dry density
(Norris et al., 2014) to compute total sediment mass for each unit. We
further estimated terrigenous mass by subtracting the average weight
% CaCO3 in each seismic unit (Norris et al., 2014), assuming that the
non-carbonate fraction approximates the terrigenous fraction. Finally,
we calculated terrigenous mass accumulation rates normalized to
Table 1
Water depth and borehole penetration depth to seismic horizons.

IODP Exp 342 site U1403 U1404 U1406 U140

Water Depth (mbsl) 4949 4710 3799 3073
Horizon H5 depth (mbsf) Not resolved Not resolved Not resolved Not r
Horizon H4 depth (mbsf) 52 155 143 11
Horizon H3 depth (mbsf) 136 Not penetrated 243 75
Horizon H2 depth (mbsf) Not penetrated Not penetrated Not penetrated 249
Horizon H1 depth (mbsf) Not penetrated Not penetrated Not penetrated Not p

Note: Drill site U1405 did not resolve Horizon H5 and did not penetrate any deeper horizons a
Note: mbsl = meters below sea level; mbsf = meters below seafloor.
1) the areal extent of each corresponding seismic unit and 2) the
70,000 km2 areal extent of the entire survey area (Table 3).We consider
terrigenous rates to be themost representative of drift accumulation be-
cause effects of changes in surface-water productivity and the calcite
compensation depth (CCD) are removed. Thus we use terrigenous
rates in our discussion.

4.6. Seafloor paleodepths

We estimated seafloor paleodepths to the nearest ~500 m at the
times of horizons H3, H4, and H5 using the basement age/depth curve
determined at DSDP Site 384 on the J-Anomaly Ridge, correcting for
loading by sediment overburden that was present at the time of each
horizon (Tucholke and Vogt, 1979).

5. Results

5.1. Seismic units

We identified seven seismic facies, including acoustic basement, and
mapped the boundaries of the facies as Horizons H1–H5 (Fig. 3). The six
sedimentary facies are treated as five seismic stratigraphic units, with
two grouped together as Seismic Unit 4. Each of the five seismic units
displays distinctive internal seismic-reflection characteristics; the
bounding horizons are regionally mappable and are assigned ages
based on IODP Exp 342 borehole results (Fig. 4 and Table 3).

5.1.1. Acoustic basement
Acoustic basement is characterized bymoderate- to high-amplitude,

discontinuous to chaotic seismic reflections, with an upper boundary
defined as seismic Horizon H1 (Figs. 3–7). Horizon H1 is relatively
smooth in some areas but more commonly is irregular. Basement age
at DSDP Site 384 on the JAR is Late Barremian/Early Aptian, and base-
ment age of the entire JAR/SENR complex may range from Barremian
to Early Albian based on magnetic anomalies (Tucholke and Vogt,
1979). In the absence of other data, we assume a basement age of
115 ± 3 Ma (upper Aptian) for Horizon H1 (Table 2).

Basement at DSDP Site 384 subsided unusually rapidly (Tucholke
and Vogt, 1979), but it is not known whether the northern JAR and
SENR basement experienced a similar subsidence history. Given that
the seamounts in the northern part of the study area are up to
~1700 m shallower than basement at DSDP Site 384, it is likely that
their summits were once subaerially exposed. Indeed, the tops of
three of the seamounts are relatively flat-topped, suggesting subaerial
erosion. Thus acoustic basement surrounding these features likely con-
tains debris eroded from the seamounts and dates to an age younger
than the underlying volcanic rocks.

5.1.2. Seismic Unit 1
Seismic Unit 1 exhibits moderate- to high-amplitude, continuous to

semi-continuous reflections that downlap and onlap onto acoustic
basement (Horizon H1) in multiple directions (Figs. 4–7). The upper
boundary of the unit is a sharp contact identified by moderate- to
7 U1408 U1409 U1410 U1411

3022 3503 3387 3299
esolved Not resolved Not resolved 33 Not resolved

14 19 52 22
222 99 223 Not penetrated
Not penetrated Not penetrated Not penetrated Not penetrated

enetrated Not penetrated Not penetrated Not penetrated Not penetrated

nd is excluded from this table.



Table 2
Seismic horizon age.

Seismic
Horizon

U1403 U1404 U1406 U1407 U1408 U1409 U1410 U1411 DSDP 384 Average

Age (Ma) Age (Ma) Age (Ma) Age (Ma) Age (Ma) Age (Ma) Age (Ma) Age (Ma) Age (Ma) Horizon
Age* (Ma)

Horizon
H5

3 (?) [Late
Pliocene]

3 (?) [Late
Pliocene]

3 (?) [Late
Pliocene]

3 (?) [Late
Pliocene]

3 (?) [Late
Pliocene]

3 (?) [Late
Pliocene]

3 (?) [Late
Pliocene]

3 (?) [Late
Pliocene]

3 (?) [Late
Pliocene]

3 (?) [Late
Pliocene]

Horizon
H4

39**
[Bartonian]

25 [Chattian] 26 [Chattian] 1–32‡ 11–33‡ 26 [Chattian] 24 [Chattian] 18–27‡ – 25 [Chattian]

Horizon
H3

49 [Ypresian] Not
penetrated

43 [Lutetian] 47 [Lutetian] 47 [Lutetian] 47 [Lutetian] 48 [Ypresian] Not
penetrated

Upper Lower
Eocene

47 [Lutetian]

Horizon
H2

Not
penetrated

Not
penetrated

Not
penetrated

98
[Cenomanian]

Not
penetrated

Not
penetrated

Not
penetrated

Not
penetrated

– 98
[Cenomanian]

Horizon
H1

Not
penetrated

Not
penetrated

Not
penetrated

Not
penetrated

Not
penetrated

Not
penetrated

Not
penetrated

Not
penetrated

~112–118
[Albian-Aptian]

~112–118
[Albian-Aptian]

Note: Site U1405 did not resolve Horizon H5 and did not penetrate any deeper horizons and is excluded from this table.
Note: Shipboard age model, numerical ages, and stages/epochs use GTS2012 (Gradstein and Ogg, 2012) timescale.
? Inferred age based on regional correlation and relationships; see text for further explanation.
‡Horizon occurs in section of core that lacks biostratigraphic andmagnetostratigraphic data; stratigraphically closest age datums shown; site not used in calculating average horizon age.
* Ages calculated by linear interpolation between subjacent and superjacent ages from shipboard age model (Norris et al., 2014).
** Horizon occurs in section of core with only magnetostratigraphic control (no biostratigraphic information); site not used in calculating average horizon age.
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high-amplitude reflection Horizon H2, which dips gently toward the
southern portion of the study area where it commonly downlaps onto
or convergeswith Horizon H1 (Figs. 5 and 6). In some areas, internal re-
flections of Seismic Unit 1 are truncated by overlying Horizon H2
(Fig. 5). Horizon H2 was penetrated only at IODP Site U1407 at a
depth of 248 m below the seafloor (mbsf) (Table 1) where a thin
(b3 cm) chert bed marks the top of alternating beds of light to dark
nannofossil chalk with intervals of dark, organic-rich claystone and
rare chert (Norris et al., 2014). Horizon H2 may correlate regionally
with this lithofacies, but locally it could be associated with a hiatus as
suggested by the truncations in the seismic-reflection data (Fig. 5).

Seismic Unit 1 has a maximum thickness of N0.4 s TWT in the shal-
low part of the survey area close to the seamounts. Elsewhere the unit
thins below the resolution of the seismic-reflection data except in
local patches, most notably on the deep eastern flank of the JAR
(Fig. 9f). Chronologic information dates Horizon H2 to ~98 Ma
(Cenomanian) (Table 2), indicating that Seismic Unit 1 spans ~17 Myr
above inferred upper Aptian basement. The basement (Horizon H1)
was not sampled on IODP Exp 342.

5.1.3. Seismic Unit 2
Seismic Unit 2 exhibits moderate- to high-amplitude semi-

continuous to discontinuous reflections (Fig. 3). Its upper boundary is
a moderate- to high-amplitude semi-continuous reflection (Horizon
H3) thatmarks an abrupt transition to overlying seismically transparent
sediments (Figs. 4–8). In some areas, Horizon H3 truncates internal re-
flections in Seismic Unit 2 but in most locations it is parallel or sub-
parallel to those reflections (Figs. 4–8). Horizon H3 dips gently toward
the south where it converges with Horizon H2 in the same area where
Horizon H2 downlaps onto acoustic basement (Figs. 5 and 6). Horizon
Table 3
Volumetric and mass accumulation rates.

Seismic unit Age span
(Ma)

Mapped
area (km2)

Bulk Seismic
volume (km3)

Unit
duration
(Myr)

Bulk vol.
accum. rate
(km3/Myr)

Bulk d
densit
(kg/m

5 3–0 37,229 3939 3 1313 834
4 25–3 48,746 26,570 22 1208 760
3 47–25 60,962 16,375 22 744 1010
2 98–47 46,661 6441 51 126 1091
1 115–98 14,452 2018 17 119 1461

‡ Proxy for terrigneous mass accumulation rate; normalized to mapped area of corresponding
⌃ Proxy for terrigneous mass accumulation rate; normalized to seismic survey reference area (
* Calculated using shipboard moisture and density (MAD) data from IODP Exp 342 cores (Norr
** Proxy for terrigenous fraction. Calculated using average non-CaCO3 weight % from shipboard
H3 is associatedwith chert-rich intervals in IODPExp342 cores; howev-
er, few individual chert beds, which are typically b10 cm thick, were
measured for PWC velocity by the routine 0.5 m sampling interval, so
they are not well represented in impedance profiles (Supplementary
Figs. S2–S9). Therefore, we used shipboard descriptions of chert-bed oc-
currence to help guide borehole-seismic ties. Horizon H3was penetrat-
ed at six IODP drill sites (U1403 andU1406–U1410; Figs. 3 and 4). Based
on shipboard chronology, the horizon dates to ~47 Ma (Ypresian, or
upper lower Eocene) (Table 2), indicating that Seismic Unit 2 was de-
posited over a period of ~51 Myr.

Cores from Seismic Unit 2 contain nannofossil ooze/chalk and
biosiliceous ooze/chalk interbedded with claystone and chert (Fig. 10)
(Norris et al., 2014). This lithologic variation causes significant vertical
variability in acoustic impedance below Horizon H3 (Supplementary
Figs. S2–S9). The unit has a maximum thickness N 0.4 s TWT over the
shallower parts of the JAR and SENR and thins to below the resolution
of the seismic data in most of the deeper, southern part of the survey
area (Fig. 9e).

5.1.4. Seismic Unit 3
Seismic Unit 3 is a seismically transparent interval overall but has

low-amplitude reflections in some locations (Fig. 3). Most observable
reflections are near the base of the unit where in places they lap onto
underlying Horizon H3 (Figs. 4–8). The upper boundary of the unit, Ho-
rizon H4 (Fig. 3), is difficult to pinpoint within the seismically transpar-
ent drift deposits in some profiles. In some places, the horizon
effectively merges with, and is indistinguishable from, the seafloor
(Figs. 4b and 5). Horizon H4 was penetrated at three IODP sites on the
JAR and five on the SENR, and it shows different seismic expression in
the two areas. The JAR drill sites generally show an uphole change to
ry
y*
3)

Sediment
mass (Mt)

Mass accum.
rate (Mt/kyr)

Non-CaCO3

Fraction**
Non-CaCO3 mass
accum. rate‡
(Mt/km2/Myr)

Non-CaCO3 mass
accum. rate⌃
(Mt/km2/Myr)

3.3E + 06 1095 0.82 24.1 12.8
1.6E + 07 722 0.82 15.4 10.8
1.6E + 07 749 0.66 8.1 7.1
6.9E + 06 135 0.30 0.9 0.6
2.8E + 06 164 0.30 3.6 0.7

seismic unit.
70,000 km2); shown graphically in Fig. 11.
is et al., 2014).
chemistry of IODP Exp 342 cores (Norris et al., 2014).



Fig. 3. SeismicUnits 1–5, delineated byfive horizons (H1–H5)mapped across the survey area. Seismic Units 1, 2, 3, and 5 are characterized by a single, distinct seismic facies (B, C, D, and G,
respectively). Seismic Unit 4 consists of two distinct but generally time-equivalent seismic facies (facies E and F) that occur in different areas but are both bounded by underlying Horizon
H4 and overlying Horizon H5. Horizon ages are based on seismic-borehole correlations discussed in text and shown in Supplementary Figs. S2–S9. See Table 1 for horizon depths at drill
sites and Table 2 for assigned ages.
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acoustic impedance values that are lower overall and have reduced var-
iability, but at the five SENR sites, where H4 is associated with a hiatus
(or hiatuses) beneath generally much younger and comparatively thin
sediments, the uphole change is characterized by increased variability
in impedance (Supplementary Figs. S2–S9). Based on chronology from
the drill sites, the age of Horizon H4 is ~25 Ma, with the exception of
Hole U1403A where the horizon appears to date to ~39 Ma (Table 2).
Considering the difficulty of tracing Horizon H4 within the seismically
transparent sediments, it is possible that the apparent seismic/borehole
correlation at site U1403 (Supplementary Fig. S2) is not valid. For exam-
ple, if the horizon actually is one cycle (~1ms) shallower than picked, it
would fall at the boundary between Eocene and overlying barren
sediments and could well date to a much younger age. For this reason,
we discount the 39 Ma age and consider the average age of Horizon
H4 to be ~25 Ma (Table 2). Thus Seismic Unit 3 spans a time interval
of ~22 Myr.

Sediment cores from Seismic Unit 3 contain thoroughly bioturbated
nannofossil clay, clayey nannofossil ooze, and clayey biosiliceous ooze
(Fig. 10) (Norris et al., 2014). These sediments have relatively uniform
grain size (clay with minor silt) and a homogenous character resulting
in diminished acoustic-impedance variability (Supplementary Figs. S2–
S9), which is consistent with the mostly transparent seismic expression
of the unit (Figs. 3–8). The unit thickness varies significantly across the
JAR and SENR. It is thickest in the southern and eastern parts of the



Fig. 4. (a) Perspective image of seismic-reflection profiles along Lines 7 and 5 on the JAR showing the seismic framework and boreholes used to constrain horizon ages. (b) Perspective
image of seismic-reflection profiles along Lines 20, 24, and 25 together with boreholes on the SENR. Horizon color explanation in (a) refers to both (a) and (b). (c) Map of study area
showing simplified bathymetry and seismic tracklines; illustrated lines are in red. See Fig. 1 for detailed bathymetry and borehole locations. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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survey area (locally N1.0 s TWT) and thins below the resolution of the
seismic data at the deepest, southern margin of the survey and in
patches near the crest of the SENR (Fig. 9d).

5.1.5. Seismic Unit 4
Seismic Unit 4 consists of two distinct seismic facies (Facies E and F;

Fig. 3) that occur in different areas but are bounded by underlying
Horizon H4 and overlying Horizon H5. Facies E is characterized by low-
to moderate-amplitude concordant reflections including prominent
wavy internal geometries (Fig. 5). The wavy reflections commonly lap
onto underlying Horizon H4 (generally from south to north), are located
along the mid to lower margins of the SENR and JAR below ~3500 m
water depth, and have variable thickness (up to N1.0 s TWT) (Fig. 9c).
The second facies (Facies F) consists of moderate- to high-amplitude,
concordant to semi-continuous reflectionswith a characteristicmounded
cross-sectional geometry (Fig. 3). This facies is generally thin (b0.2 s
TWT) and mostly restricted to the vicinity of the seamounts on the
SENRwhere it occurs in isolatedmounded sediment bodies that downlap



Fig. 5. Seismic-reflection profile Line 37 showing typical seismic-reflection character of the sedimentary sequence on the southern part of the SENR. (a) Uninterpreted profile. (b) Profile
with interpreted seismic horizons and seismic units. (c) Line-drawing of interpreted profile. Profile location in Fig. 1.
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onto Horizon H4 (Figs. 7 and 9c). Overall, Seismic Unit 4 is thin to absent
in the northern part of the SENR where Sites U1407–U1411 are located
(Figs. 1 and 9c).

Horizon H5 is variably marked by erosional scours filled with
onlapping sediments of overlying Seismic Unit 5 (Fig. 6), by local ero-
sion (Figs. 7, 8), by abrupt vertical facies change to Seismic Unit 5
(Fig. 8), or bymergingwith the seafloor horizon (Figs. 5 and 6). Horizon
H5 is not directly datable with IODP Exp 342 cores because it is within
10–15 m of the seafloor and thus is not separable from the high-
amplitude seafloor reflection (Figs. 3–8; Supplementary Figs. S2–S9);
the horizon can be identified separately at Site U1410 but there is no
age control there. We infer the age of the horizon in two ways. First,
there are some similarities between the overlying Seismic Unit 5 and
the seismic character and sediment type of stratigraphic intervals docu-
mented in other North Atlantic seismic-stratigraphic studies (Arthur
et al., 1989; Driscoll and Haug, 1998; Müller-Michaelis et al., 2013;
Campbell and Mosher, 2015), and the base of those units is dated at
2.6 Ma. Second, there is strong similarity between the change in seismic
character across Horizon 5 and the change at horizons T4 (4 Ma) and
Blue (~3 Ma) on the Nova Scotia margin and the U.S. margin farther to
the west and southwest, respectively (see Section 6.3). Based on these
observations, we assume an age of ~3 Ma for Horizon 5, which would
indicate that Seismic Unit 4 spans a time period of ~22 Myr.

Substantial thicknesses of Seismic Unit 4 were cored on the JAR at
IODP Sites U1404 through U1406 (Table 1, Fig. 10; Supplementary
Figs. S2–S9). The sediment is primarily nannofossil clay and clayey
nannofossil ooze (Norris et al., 2014). The general lithologic uniformity
of these sediments is apparent in acoustic impedance profiles, particu-
larly that at Site U1404 (Supplementary Fig. S3), which is consistent
with the low-amplitude character of the unit in seismic-reflection re-
cords (Fig. 6).

5.1.6. Seismic Unit 5
Seismic Unit 5 is composed entirely ofmoderate- to high-amplitude,

parallel and continuous reflections (Figs. 3–8). The upper boundary of
this unit is the seafloor and the lower boundary usually is Horizon H5;
however, Horizon H4 is the lower boundary in some areas where
Seismic Unit 4 is absent (Fig. 7). In either case, reflections at the base
of Seismic Unit 5 are variably conformable to non-conformablewith un-
derlying deposits, and internal reflections of the unit drape or lap onto
the underlying unit (Figs. 3–8). Seismic Unit 5 sediments locally fill de-
pressions (Figs. 6 and 7), which suggests erosion into underlying units,



Fig. 6. Seismic-reflection profile Line 5 showing typical seismic-reflection character of the sedimentary sequence on the J-Anomaly Ridge. Location of IODP Exp 342 borehole U1406 is
shown. (a) Uninterpreted profile. (b) Profile with interpreted seismic horizons and seismic units. (c) Line-drawing of interpreted profile. Profile location in Fig. 1. See Suppl. Fig. S4 for
detailed display at IODP U1406 borehole.
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but the lack of clearly truncated reflections in Seismic Unit 4 precludes a
definitive interpretation. In other cases, Seismic Unit 5 appears to be
filling depressions that are remnant topography related to the wavy
and/ormounded features of Seismic Unit 4 (Fig. 5). There are rare occur-
rences of mounded bodies in Seismic Unit 5 that are similar to those of
underlying Seismic Unit 4 in the SENR seamount area, but these are not
defining features of the unit.

IODP Exp342 cores show that Seismic Unit 5 consists primarily of in-
tercalated beds of upper Pliocene and Pleistocene clay, foraminiferal
sand, and nannofossil ooze (Fig. 10) (Norris et al., 2014). The cores



Fig. 7. Seismic-reflection profile Line 20 showing typical seismic-reflection character of the sedimentary sequence on the northern part of the SENR. Locations of IODP Exp 342 boreholes
U1409 andU1410 are shown. (a)Uninterpretedprofile. (b) Profilewith interpreted seismic horizons and seismic units. (c) Line-drawing of interpreted profile. Profile location in Fig. 1. See
Suppl. Figs. S7 and S8 for detailed displays at IODP U1409 and U1410 boreholes.
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also contain granitic and metamorphic pebbles and cobbles as well as
polished quartz and lithic sand grains that are interpreted to be ice-
rafted detritus (Norris et al., 2014). The unit is observed only over the
shallower parts of the JAR and SENR (up to ~0.4 s TWT in thickness)
and in significant turbidite accumulations in much deeper-water areas
off the ridges to the south under the Sohm Abyssal Plain (Fig. 9b) and
to the north outside the study area. Seismic Unit 5 spans ~3 Myr.

5.2. Sediment accumulation phases

Three primary phases of sedimentation over the SENR and JAR
are identified based on our seismic stratigraphic mapping: (1) Pre-
Contourite Phase, (2) Active-Contourite Phase, and (3) Late-Contourite
Phase (Fig. 11). Seismic Units 1 and 2 represent the Pre-Contourite
Phase (~115 Ma to 47 Ma, Late Aptian to the Early-Middle Eocene
boundary). Sediments in these units are dominantly calcareous (~70%;
Norris et al., 2014) and they had low terrigenous mass accumulation
rates compared to overlying units (Table 3). The sediments are not dis-
tributed uniformly; the thickest accumulations are mostly in shallower
water depths but there are also local thick patches in deeper water
(Fig. 9e and f).

The Active-Contourite Phase (47 Ma to 3 Ma; Early-Middle Eocene
boundary to ~Late Pliocene) consists of a contourite drift complex record-
ed in Seismic Units 3 and 4 (Fig. 10). Active-Contourite Phase accumula-
tions form elongate depocenters that generally parallel bathymetric
contours and show thicknesses decreasing in up- and down-slope



Fig. 8. Seismic-reflection profile Line 43 showing typical seismic-reflection character of the sedimentary sequence on the southeastern part of the SENR. (a) Uninterpreted profile.
(b) Profile with interpreted seismic horizons and seismic units. (c) Line-drawing of interpreted profile. Profile location in Fig. 1.
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directions (Fig. 9c and d), which are diagnostic features of contourite de-
position (McCave and Tucholke, 1986; Faugères et al., 1999; Rebesco and
Stow, 2002). Near the SENR seamounts, isolatedmounded depositswith-
in Seismic Unit 4 show thickness variations that we interpret to be moat
and levee features controlled by local current dynamics around the sea-
mounts. Relative to the Pre-Contourite Phase, sediments deposited dur-
ing the Active-Contourite Phase are significantly thicker, depocenters
shifted toward deeper water (Fig. 9c and d), and a strong terrigenous
component appeared (Norris et al., 2014). Terrigenous mass accumula-
tion rates in the Active-Contourite Phase are an order-of-magnitude
greater than rates in the Pre-Contourite Phase (Table 3; Fig. 11).

The final phase of deposition (~3 Ma to 0 Ma; Late Pliocene to pres-
ent) is termed the Late-Contourite Phase and is represented by Seismic
Unit 5 (Fig. 11). We designate these deposits as the Late-Contourite
Phase due to a change in seismic character associated with the ‘modern’
deep circulation. Accumulation of Late-Contourite Phase sediment is
less spatially extensive than underlying Active-Contourite deposits,
with depocenters in the north over shallow seafloor in close proximity
to the SENR seamounts (Fig. 9b), but with an increase in terrigenous ac-
cumulation rates by a factor of ~1.5 relative to the Active-Contourite
Phase (Table 3; Fig. 11).
6. Discussion: North Atlantic Ocean paleo-circulation

6.1. Pre-contourite phase: Cretaceous to Early Eocene
pelagic sedimentation

The pattern of Seismic Unit 1 and 2 thicknesses (Fig. 9e and f)
suggests two controls on sedimentation. First, the generally thicker
accumulations in shallower water are consistent with deposition of
the dominantly calcareous sediments above the contemporary CCD
(Tucholke and Vogt, 1979). Second, the patchy distribution implies sed-
iment redistribution by currents and/or possibly gravity flows. There is
some evidence for local erosion in these units (Fig. 5), and seismic Line 7
across the southern flank of the JAR shows differential deposition that
appears to be current controlled (Figs. 4 and 6). A possible explanation
is that sedimentation patterns were affected by currents in an anticy-
clonic gyre north of the circum-equatorial current that is thought to
have existed at the time (Tucholke and McCoy, 1986).

A number of prominent seismic horizons of Cretaceous to Early
Eocene age have beenmapped elsewhere in the western North Atlantic
basin but these are not identified at the Newfoundland ridges.
The Maastrichtian Horizon A* seismic reflection found near the U.S.



Fig. 9. (a) Track lines of seismic profiles used tomap sedimentary sequences. Isochron (thickness)maps of seismic units are displayed in two-way traveltime (TWT, inmilliseconds [ms])
for: (b) Seismic Unit 5 (~3 Ma to present); (c) Seismic Unit 4 (~25 to ~3 Ma); (d) Seismic Unit 3 (~47 to ~25 Ma); (e) Seismic Unit 2 (~98 to ~47 Ma); and (f) Seismic Unit 1 (~115 to
~98 Ma). Note isochron scale changes in different panels. Heavy black lines show locations of profiles in Figs. 5–8 (see part a). Refer to Fig. 1 for bathymetry and site numbers of
boreholes, to Suppl. Fig. 1 for a map of profile numbers, and to Supplementary Fig. S10 for seismic unit thickness in relation to basement depth.
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continental margin and under the western Bermuda Rise (Tucholke,
1979; Mountain and Tucholke, 1985) would be within our Seismic
Unit 2 but is not identified there. Horizon A* is the top of a carbonate
interval within pelagic clays in the deep North Atlantic basin and is
interpreted by Tucholke and Vogt (1979) to be caused by a temporary
depression of the CCD. This event of carbonate deposition would not
create a prominent, mappable reflection on the JAR/SENR because the
Cretaceous to Middle Eocene section there is dominantly carbonates.

In younger sediments of the western North Atlantic basin, Mountain
and Miller (1992) mapped a seismic unconformity, termed Horizon Ab,
in the Paleocene section on the southern Bermuda Rise, which they
interpreted to be the result of erosion by bottom currents sourced
from the south (‘proto-AABW’). At the time of that event, the southern
Bermuda Rise was at depths N5000 m (Tucholke and Vogt, 1979), well
below the paleodepth (~3–4 km) of the bulk of the JAR/SENR. Although
the currents could have affected sedimentation along the base of the
Newfoundland ridges, contemporary sediments there are largely absent
(Fig. 9e), so it is difficult to evaluate this possibility. A much shallower
(b~2200 m) system of southward-flowing currents was proposed to
explain a time-equivalent unconformity on the Blake Nose, offshore
Georgia, at the time of the Paleocene-Eocene Thermal Maximum
(PETM) (Norris et al., 2001).We did not identify a correlative, regionally
mappable horizon associated with unconformity development within
Seismic Unit 2 on the shallower parts of the Newfoundland ridges. At
the deep Site U1403 on the JAR there is an upward and permanent
change from carbonate-free to carbonate-bearing claystones associated
with the PETM (Norris et al., 2014; Penman et al., 2016), but it does not
produce a regionally distinctive seismic reflection.

6.2. Active-contourite phase

The boundary between Seismic Units 2 and 3 (Horizon H3, ~47 Ma)
is marked by an abrupt regional change in seismic facies (Figs. 3-8) and
patterns of sediment thickness (Fig. 9), as well as an ~order-of-magni-
tude increase in terrigenous mass accumulation rates (Table 3; Fig. 11).
Above this, Horizon H4 (~25 Ma) is an intra-drift horizon that marks
an upward change to more strongly defined depocenters (Fig. 9c). The
dominant seismic facies also changed from mostly seismically transpar-
ent belowH4 towavy ormounded sequences above on the SENR (Figs. 3,
5, 7, 8) but it remained the same on the JAR (Figs. 4 and 6). Below, we
discuss potential correlations of these horizons to other regionally map-
pable seismic horizons as well as the paleoceanographic implications,
with emphasis on the onset of contourite deposition at ~47Ma, possible
changes in sedimentation associated with the Eocene-Oligocene transi-
tion, the intra-drift Horizon H4 at ~25 Ma, and the shift to ‘modern’
deep circulation at ~3 Ma.

6.2.1. Onset of contourite deposition near the Early-Middle
Eocene boundary

The transition from Pre-Contourite to Active-Contourite Phase
sedimentation is marked by Horizon H3 at ~47 Ma, or earliest Lutetian
(just above the Early Eocene-Middle Eocene boundary) (Fig. 11).
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Fig. 10. Correlation chart of IODP Exp 342 drill sites used to constrain seismic stratigraphic framework. See Table 1 for horizon depths, Table 2 for site-specific horizon ages, and
Supplementary Figs. S1–S9 for comparison of lithology, physical properties, and seismic-reflection profiles at each site. Lithologic descriptions are from Norris et al. (2014). Site U1405
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Above this level, Seismic Unit 3 is developed as a ‘plastered drift’
(McCave and Tucholke, 1986; Faugères et al., 1999). The transition
from Seismic Unit 2 to 3 is marked by a five-fold increase in total mass
accumulation rate, due mostly to an increase of more than an order-
of-magnitude in the terrigenous component (Fig. 11, Table 3). This is
consistentwith a change in sedimentary regimewherein a newly devel-
oped deep current systemwas able to transport sediments from sources
along the northeast Canadian continental margin southward to the
topographically isolated Newfoundland ridges.

The onset of drift sedimentationmatches a lithologic change in IODP
Exp 342 cores from chert-rich oozes/chalks to overlying clay-rich
sediments (Norris et al., 2014). The upward disappearance of chert is
similar to the lithologic change associated with the widespread,
upper-lower to Lower-Middle Eocene Horizon AC seismic reflection in
the deep western North Atlantic south of the Newfoundland ridges
(Jansa et al., 1979; Tucholke and Mountain, 1979; Tucholke, 1981;
Mountain and Tucholke, 1985). Unlike the advent of current-controlled
deposition recorded on the Newfoundland ridges, however, the deep-
basin sedimentary sequence overlying Horizon AC shows no evidence
of abyssal current activity (Tucholke and Mountain, 1979; Mountain
and Tucholke, 1985).

The situation is somewhat different in the shallower (b~2200 m)
sedimentary sequence on the Blake Nose, where ODP Leg 171B found
evidence of widespread erosion in otherwise pelagic sediments dating
to ~45–50 Ma, with the duration of the hiatus increasing upslope of
~2200 m paleodepth (Norris et al., 2001). The Blake Nose condensed
sequence includes cross-bedded, silicified foraminifer sands as well as
clay firm-grounds, suggesting both the activity of traction currents
and the development of silicified omission surfaces (Norris et al.,
1998); these observations are consistent with strong, upper mid-
depth bottom currents. The silicified foraminifer sands on Blake Nose
are approximately the same age (~48–49 Ma) as Horizon AC in the
deep North Atlantic.

We interpret Horizon H3 to mark the onset of significant deep-
current activity in the North Atlantic Ocean that has persisted without
notable interruption to the present. It involved the development of ter-
rigenous clay deposition in drifts at intermediate depths on the New-
foundland ridges, produced a change in chert to non-chert lithofacies
over a wide depth range, and was associated with active erosion in
some shallower sites, such as the Blake Nose. This event is close to the
time proposed by Hohbein et al. (2012) for initiation of North Atlantic
deep circulation based on a study of the Judd Falls drift in the Faroe-
Shetland Channel in the northeast Atlantic. They identified a prominent
seismic horizon at the base of this drift that they termed the Intra-Eocene
Unconformity (IEU), and they interpreted this to mark the time (49–
48 Ma) at which dense waters that formed in the Norwegian-
Greenland Sea began to spill over the Greenland-Scotland Ridge.

The onset of this deep circulation corresponds to the end of the pe-
riod of highest Cenozoic global temperatures, known as the Early Eo-
cene Climatic Optimum (EECO; ~53–51 Ma) (Greenwood and Wing,
1995; Zachos et al., 2001, 2008; Hyland and Sheldon, 2013) and the
start of a long-term (~26 Myr) global cooling trend during Middle



Fig. 11. Chronostratigraphic chart showing seismic horizons, seismic units, sediment accumulation phases, and terrigenous mass accumulation rates (see Table 3) for the JAR and SENR.
Ages of other significant seismic reflections in the North Atlantic basins are shown, together with a global oxygen-isotope compilation. Horizons Blue, Merlin, AU, AC, Ab, and A* are in the
western North Atlantic (Mountain and Miller, 1992; Mountain and Tucholke, 1985; Norris et al., 2001); T4, T11, T35, and T50 are from the Nova Scotia margin (Campbell and Mosher,
2015); R1E is from Eirik Drift (Arthur et al., 1989; Müller-Michaelis et al., 2013); R1G, R2G, and R4 are from various drift systems in the North Atlantic (Miller and Tucholke, 1983;
Wright and Miller, 1996; Miller et al., 2009); TE is from Southeast Faroes Drift (Davies et al., 2001); and IEU is from Judd Falls Drift (Hohbein et al., 2012). The global oxygen isotope
compilation (gray points) includes a moving average (black curve); data from Friedrich et al. (2012) and references therein. EECO = Early Eocene Climatic Optimum; EOT = Eocene-
Oligocene Transition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Eocene up to Late Oligocene time (Fig. 11) (Bohaty and Zachos, 2003;
Sexton et al., 2006; Jovane et al., 2007; Anagnostou et al., 2016). Aubry
(1995) noted that there are hiatuses of this age in many, but not all,
regions of the Atlantic Ocean, and Norris et al. (2001) suggested that
Horizon AC (time equivalent to H3 at the Newfoundland ridges) might
reflect a global change to more vigorous ocean circulation. It is clear
that the start of theMiddle Eocene involved changes in ocean chemistry,
possibly related to re-organization in ocean overturning, because
biosiliceous sedimentation (and subsequent chert formation) largely
halted in the North Atlantic at this time (Tucholke and Mountain,
1979; Mountain and Tucholke, 1985).

At the time Seismic Unit 3 was deposited on the Newfoundland
ridges, the main part of the drift extended over paleodepths of
~4000–4500 m. We do not know the depth at which the core of the
deep current system was active, nor do we know the speed of the cur-
rent (and thus its potential for seafloor erosion, sediment transport, or
deposition) on Myr time scales. If it had a shallow core, then the drift
could have been deposited along the deeper, slower reaches of the cur-
rent system. At shallow paleodepths (b~3000 m) on the Nova Scotia
margin to the west, the Early Eocene (50 Ma) Horizon T50 has been
interpreted to correlate temporally with Horizon AC (Campbell et al.,
2015), and it is characterized by carbonate-rich lithologies within
downslope-oriented gully and ridge topography and, thus, no evidence
for current-controlled sedimentation. Erosion documented at depths
less than ~2200mon the Blake Nose (Norris et al., 2001), contemporary
with Horizon AC, could be part of the same current system,whichwould
suggest that the core of the current was indeed at relatively shallow
levels.

Another possibility is that the core of the current had average speeds
that were appropriate for transportation and deposition of sediments,
as opposed to erosion. In this case, the depth distribution of Seismic
Unit 3 indicates that the current system was best developed between
about 4000 m and 4500 m. A third possibility is that a high-speed
current core was present at depths greater than ~4500 m along the
continental margin and that the drift was deposited along the upper,
slower margin of the flow. Unfortunately, the Eocene sedimentary re-
cord that might be used to test this idea farther to the west and south
along the continental margin is largely missing. It was removed in
Late Eocene to Early Oligocene time by strong abyssal currents at depths
of ~5000 m, resulting in the formation of the widespread Horizon AU

unconformity (Tucholke and Mountain, 1979; Mountain and Tucholke,
1985).

From the available evidence, particularly assuming that sediments
on the Blake Nose were eroded by the same current system that depos-
ited the Seismic Unit 3 drift, it's possible that the strongest currents
were at depths less than ~2000–2500m and that the drift was deposit-
ed along the deeper perimeter of this flow. If this was the case, it seems
unlikely that that there were also high-speed currents at depths
N4500 m, which would require a ‘dual-core’ current system. On the
other hand, if the shallow-water (b2200 m) erosion on the Blake Nose
was caused by currents unrelated to the deep boundary current
(e.g., a ‘proto-Gulf Stream’), then the core of the deep current could
have been near the base of the JAR/SENR, with the plastered drift of
Seismic Unit 3 being deposited along its upper reaches.

6.2.2. Changes in drift sedimentation near the Eocene-Oligocene transition
It is noteworthy that the lower part of the Seismic Unit 3 drift (47–

25 Ma) is more seismically laminated than the upper part and is rela-
tively conformable to underlying topography (Figs. 5 and 6). The
upper part of the drift is more seismically transparent and it exhibits
moderate to strong thickness variations that commonly are indepen-
dent of the underlying topography (Figs. 4-6). In addition, where the
drift has been cored at IODP boreholes (Fig. 10), the Oligocene sedimen-
tary section is commonly thin or missing, in contrast to underlying
Eocene sediments, most of which aremarkedly thicker (Supplementary
Figs. S2-S9). It is not possible to map thickness patterns of these age
units in the low-reflectivity sediments of Seismic Unit 3. However, the
changes in seismic and morphologic expression and the marked
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thickness differences of the age units at boreholes suggest a significant
change in the deep current system during development of Seismic
Unit 3.

The change in current regime appears to have occurred in Late Eo-
cene to Early Oligocene time, i.e., at the same time that Horizon AU

was being eroded by strong abyssal currents in the deep (N5000 m)
basin to the south (Fig. 11) (Tucholke and Mountain, 1979; Mountain
and Tucholke, 1985). The time at which Horizon AU developed also cor-
responds to a period ofmarked erosion by abyssal currents elsewhere in
the North Atlantic (Fig. 11). Sedimentary drifts in the northern and
northeast North Atlantic (e.g., Gloria, Gardar, Hatton, Feni, and Rockall
drifts) contain the widely distributed unconformity Horizon R4, identi-
fied as earliest Oligocene in age. This horizon was interpreted by Miller
and Tucholke (1983) to represent the onset of northern-sourced,
strongly circulating bottom water. In the Faroe-Shetland Basin, Davies
et al. (2001) identified lower Oligocene seismic Horizon TE, which
they also associated with the onset of current-controlled deposition.
On the Nova Scotia continental slope, west of the Newfoundland ridges,
Campbell and Mosher (2015) documented modest erosion by abyssal
currents in Early Oligocene time (35 Ma, Horizon T35; Fig. 11), and
Ebinger and Tucholke (1988) mapped erosion marked by Horizon AU

at greater depths, below the salt front there on the lower continental
rise.

Previous studies have noted the correlation of this shift in circulation
dynamics to marked global cooling at the Eocene-Oligocene Transition
(EOT; ~33–35Ma) (Fig. 11). The EOTmarked the beginning of Cenozoic
icehouse conditions and resulted in the formation of dense bottomwa-
ters at high latitudes (Coxall and Pearson, 2007, and references therein).
(We note that studies of North Atlantic deep circulation in later times
[Plio-Pleistocene] show that currents intensified during relatively
warm periods and weakened during cool periods [e.g., Bohm et al.,
2014; Henry et al., 2016], which seems to be at odds with our interpre-
tation. However, in the Plio-Pleistocene, deep-water formation during
cold periods has been suppressed due to the presence of sea ice
[e.g., Raymo et al., 1989], and that condition is unlikely to have occurred
during the EOT.) We expect that production of these dense waters
would intensify the deep current system around the Newfoundland
ridges and, if the current had been at shallow to intermediate levels,
shift it to greater depths. Thus, it seems likely that during deposition
of the Seismic Unit 3 drift, the core of the current system intensified
and became established along the deep flanks of the ridges. This evolu-
tion would explain why a change in style of deposition occurred during
the development of Seismic Unit 3. The lower part of the unit would
have been deposited and reworked near the axis of the flow, thus creat-
ing impedance contrasts and seismic lamination, while later deposition
of the unit would have been beneath slower currents along the upper
reaches of a deeper, more intense flow. The paleo-water depth of the
Seismic Unit 3 depocenters was no greater than ~4500m (at the south-
eastern limit of the seismic survey; Fig. 9d). Therefore, strong abyssal
currents below that depth could have formed the Horizon AU erosional
unconformity along the deep eastern margin of North America while at
the same time the upper section of Seismic Unit 3 was being deposited
beneath shallower, weaker currents.

6.2.3. Late Oligocene to Pliocene drift deposition
Seismic Unit 4 was deposited between Middle-Late Oligocene and

Late Pliocene time (~25 Ma to ~3 Ma; Table 2). On the SENR, Horizon
H4 marks a change from the seismically transparent facies of the
upper part of Seismic Unit 3 to a wavy or mounded seismic facies in
Seismic Unit 4 (Figs. 5, 7, and 8). On the JAR, however, Horizon H4 has
a more subtle expression within dominantly transparent seismic facies
(Figs. 4a and 6), although it is mappable and can be correlated to the
SENR. We did not identify clear truncation of underlying Horizon H3
(~47 Ma) by Horizon H4, but the seismically transparent character of
the upper part of Seismic Unit 3 makes it difficult to observe whether
such erosion may have occurred. We interpret the wavy seismic facies
of Seismic Unit 4 on the deeper parts of the SENR to represent muddy
sedimentwaves. Apparentwavelengths are kilometer-scalewith ampli-
tudes of 10′s of meters (Figs. 5, 8), similar in dimensions to deep-
current-deposited sediment waves described elsewhere (Faugères
et al., 1999, and references therein). Mounded features near the SENR
seamounts (Fig. 7) are interpreted to be moat-levee deposits that
developed from interaction of bottom currents with the seamounts
(e.g., Faugères et al., 1999; Stow et al., 2002).

Like Seismic Unit 3, Seismic Unit 4 is a plastered drift but withmuch
greater regional continuity than the underlying Unit 3. The isopachmap
of this unit shows contour-elongate drift deposits that pinch out both
toward shallow water depths on the SENR and toward the deep basin
(Fig. 9c), and internal reflections lap onto Horizon H4 in the up-slope
(generally northward) direction on parts of the SENR (Fig. 5). The
depocenter of the drifts is at nearly the same paleodepth (~3500–
4500m) as that of underlying Seismic Unit 3 (Fig. 9d). Themost striking
difference with the underlying seismic unit is the near-absence of Seis-
mic Unit 4 at paleodepths less than ~3500 m. The moderate-amplitude
reflection character of the sedimentwaves and the levee deposits on the
SENR also suggest a more ‘bedded’ stratigraphy (i.e., vertical grain-size
variation) compared to the transparent character of underlying Seismic
Unit 3 (Figs. 5, 7, and 8). However, IODP sites did not penetrate any of
these features and therefore the lithology of the deposits cannot be di-
rectly related to the seismic architecture. Intervals of Seismic Unit 4
were recovered on the JARwhere the seismic facies is more transparent
than the equivalent units on SENR (Fig. 6); those sediments are
nannofossil-rich clay and clayey nannofossil ooze (Norris et al., 2014).

The general coincidence in location of Seismic Units 3 and 4
(Fig. 9c,d) suggests that the depth and pathway of the deep circulation
did not change significantly after Seismic Unit 3 was deposited. Howev-
er, Horizon H4 developed at a time when the deep oceans warmed
(and/or continental ice volume diminished) near the end of the Oligo-
cene (Fig. 11); this climatic warming could have reduced the supply of
dense bottom water to the North Atlantic and thus reduced deep-
current intensity. This is consistent with a general reduction of current
strength through the Oligocene and Early Miocene that is documented
to the west along the Nova Scotia margin (Campbell and Mosher,
2015). Mountain and Tucholke (1985) recognized a similar reduction
in abyssal circulation farther south along the U.S. Atlantic margin during
this period,withmajor sediment drifts (Blake, Bahama, Chesapeake and
Hatteras) beginning to nucleate by Early Miocene time. At the New-
foundland ridges, reduced current strength may explain the observed
pattern of drift deposition in Seismic Unit 4, namely that sediments
were transported and deposited along the axis of the flow between
about ~3500–4500 m paleodepth, with sediment accumulation being
very limited in shallower, more tranquil areas.

On the Nova Scotiamargin Campbell andMosher (2015) document-
ed a brief episode of erosion by bottom currents that occurred during
the period when Seismic Unit 4 was being deposited (earliest Late Mio-
cene; horizon T11 at 11 Ma) (Fig. 11). A similar, and most likely coeval,
event (horizon Merlin) was identified by Mountain and Tucholke
(1985) on the U.S. continental margin, which was interpreted to be
Late Middle Miocene age. In both areas, well-developed sediment drifts
with migrating sediment waves developed above the unconformity. In
the northern North Atlantic, a widespread and essentially coeval uncon-
formity (Late Middle Miocene) has also been documented between ho-
rizons R2 and R1 (Miller and Tucholke, 1983). The current pulse that
caused this erosion near the end of the Middle Miocene in all these
regions occurred at a time when global ocean temperatures were
again cooling (Fig. 11), which suggests that denser waters were once
again introduced into the deep North Atlantic, presumably strengthen-
ing the deep circulation.

No reflection correlating with this brief erosional episode has been
identified in Seismic Unit 4 on the Newfoundland ridges, and the distri-
bution of boreholes is not adequate to resolve how drift construction
there may have responded to such a change in deep circulation. On
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the SENR, Sites U1407-U1411 (Figs. 1, 4b, and 7) targeted Eocene to
lower Oligocene sediments in areas where the upper Oligocene-
Pliocene section is strongly condensed (Norris et al., 2014). In contrast,
Sites U1404-U1406 on the JAR (Figs. 1, 4a, and 6) shows that there was
rapid drift construction throughout the Late Oligocene to Early Miocene
and very little accretion thereafter (Norris et al., 2014). At the deepest
site on the JAR (U1403, ~4950 m), however, this section is very thin
(b50 m) or missing (Supplementary Fig. S1), presumably because
swift currents were eroding the seafloor or preventing deposition.

By analogy with the post-Merlin/T11 development of sediment
waves observed in drifts along the continental margin to the west, we
speculate that the parts of Seismic Unit 4 that exhibit sediment waves
on the eastern SENR are predominantly of Late Miocene age. If this is
correct, there was a significant shift from deposition on the JAR in the
Late Oligocene to Early Miocene, to deposition on the eastern SENR in
the Late Miocene. As noted previously, the general depth and pathway
of the deep circulation probably did not change significantly; instead,
changes in current strength would have been responsible for reorgani-
zation of the drift depocenters within Seismic Unit 4. Drilling on the
eastern SENR is needed to fully understand how drift deposition may
have shifted during Late Oligocene to Pliocene time.
6.3. Late-contourite phase: Late Pliocene to quaternary sedimentation

Horizon H5 heralded a significant change in the pattern of sediment
accumulation on the Newfoundland ridges (Fig. 9b). Where drilled, the
horizon is very close to the seafloor and generally is not seismically
resolvable from that interface (Fig. 10) except at SiteU1410 (Supplemen-
tary Fig. S8). At all drill sites, however, it appears to be coincident with a
major unconformity between Pleistocene (or age-indeterminate)
sediments above, and upper Miocene or older sediments below
(Supplementary Figs. S2–S9).

We attribute the unconformity to current-controlled erosion and
non-deposition that began by the end of Pliocene time, coincident
with marked global cooling (Fig. 11), and we infer that it dates to
~3 Ma (Table 2) based on correlation to stratigraphic architecture of
the continentalmargin farther to thewest. On theNova Scotia continen-
tal rise, Campbell and Mosher (2015) documented a Late Pliocene epi-
sode of current erosion (T4, 4 Ma) that affected the continental slope
there, and farther south Mountain and Tucholke (1985) mapped a sim-
ilar unconformity (horizon Blue, ~3 Ma) on the U. S. continental rise
(Fig. 11). Mountain and Tucholke (1985) suggested that the unconfor-
mity was eroded due to enhanced production of bottom water at high
latitudes, and Campbell and Mosher (2015) further suggested that it
was related to an increased contribution of Labrador Sea Water to the
western boundary current system. We consider this ~Late Pliocene
event along the continental margin and on the JAR/SENR to reflect the
establishment of modern deep circulation in the North Atlantic.

Above Horizon 5, Seismic Unit 5 shows an almost direct reversal of
drift spatial accumulation patterns compared to the underlying unit
(Figs. 9b,c). The axis of the main depocenter shoaled to paleodepths of
about 3500 m, and drift accumulation ceased on the mid to lower
parts of the JAR and SENR (Figs. 5 and 6). We interpret the zone of ero-
sion andnon-deposition below ~4000m to be the location of the core of
the DWBC, with sediments accumulating only under the shallower,
slower reaches of the flow. The depocenter at the southernmost limit
of the survey area (Fig. 9b) consists of turbidites beneath the Sohm
Abyssal Plain at depths below ~5300 m.

On the north slope of the SENR, seafloor gradient is greater than on
the south slope, and topographically intensified flow there has resulted
in marked asymmetry of sedimentation and erosion on the two ridge
flanks (Fig. 8). This stratigraphic architecture is remarkably similar to
the configuration of the Pliocene-Pleistocene section that encompasses
horizon Blue on the Blake Outer Ridge (Fig. 8–27 of Mountain and
Tucholke (1985). On the SENR to the west, flow perturbed by the
seamounts has created irregular sedimentation patterns as well as
local truncation of underlying sediments at the level of Horizon H5
(Fig. 7).

The seismically well-laminated sediments of Seismic Unit 5 on ele-
vated parts of the Newfoundland ridges reflect multiple sedimentary
processes and variable sediment grain size and/or composition that
were associated with fluctuations in continental glaciation. The unit is
a thin veneer (below seismic resolution) at most IODP Exp 342 sites
and consists of interbedded clay, foraminiferal sand, nannofossil ooze,
and outsized clasts interpreted as ice-rafted debris (Norris et al.,
2014). Pleistocene glaciations accompanied by lowered sea levels re-
sulted in episodic dominance of down-slope, terrigenous sedimentation
on the continental margin to the west (Campbell and Mosher, 2015;
Mountain and Tucholke, 1985) and in deep water adjacent to the New-
foundland ridges (e.g., on the SohmAbyssal Plain). Seismic Unit 5 on the
JAR/SENR likewise probably includes terrigenous sediments that were
eroded from the Grand Banks. However, these sediments were deposit-
ed predominantly from southward-flowing currents and ice rafting
rather than fromdownslope gravityflows because the JAR/SENRwas to-
pographically isolated from the Grand Banks (Fig. 1b).

One further process that has influenced deposition and erosion on
the Newfoundland ridges since at least Late Pliocene time is interaction
with the Gulf Stream, which is thought to have strengthened signifi-
cantly in the Late Pliocene as the Central American Seaway closed
(Bartoli et al., 2005; Haug and Tiedemann, 1998). The JAR and SENR un-
derlie a zone of high abyssal eddy kinetic energy at the base of this flow
(McCave and Tucholke, 1986; Savidge and Bane, 1999). Thus, variable
but often strong currents there have probably contributed to moat con-
struction near seamounts, to winnowing and sediment transport that
have created seismic lamination, and to the generally irregular distribu-
tion of Seismic Unit 5 (Fig. 9b). The effect that an earlier ‘proto Gulf
Stream’ may have had on sedimentation on the JAR/SENR, if any, is
unknown.

7. Conclusions

We used an integrated data set of seismic-reflection profiles and
IODP core data (lithology, biostratigraphy, and magnetostratigraphy)
to document the Cretaceous to present sedimentation history on the J-
Anomaly Ridge and Southeast Newfoundland Ridge, offshore New-
foundland, Canada. We focused particularly on Middle Eocene and
younger sediment drifts and their relationship to the deep paleo-
circulation history in the North Atlantic. Our results are summarized
as follows:

• Initial deposition (Albian through Early Eocene)wasdominated by ac-
cumulation of calcareous pelagic sediments. Sediment thickness pat-
terns suggest that deposition was controlled by the depth of the CCD
and also by limited current activity, possibly related to gyres associat-
ed with circum-global equatorial circulation at that time.

• A marked change in deposition patterns occurred ~47 Ma, near the
Early/Middle Eocene boundary, when well defined contourite drifts
began to aggrade in paleo-water depths between ~4000 and
4500 m, accompanied by an order-of magnitude increase in terrige-
nous mass accumulation rates. We interpret this to record the time
at which geologically significant, persistent deep circulationwas initi-
ated in the North Atlantic. This timing is coincident with a general cir-
culation change implied by cessation of biosiliceous sedimentation
and subsequent chert formation throughout thewestern North Atlan-
tic (marked by seismic Horizon AC) and with seafloor erosion by deep
currents that formed the Intra-Eocene Unconformity (IEU) in the
northeastern North Atlantic.

• Drift accretion continued through the Middle Eocene to late Oligo-
cene, but a change in style of drift development (i.e., in seismic-
stratigraphic facies, morphology, and thickness patterns) occurred
within this sequence. We suggest that this change was the result of
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deepening and intensification of abyssal currents in late Eocene to
Early Oligocene time. Those strong currents caused widespread ero-
sion below ~4500 m along the eastern margin of North America,
marked by seismic Horizon AU.

• By late Oligocene time (~25 Ma), current strength was reduced, ter-
rigenous mass accumulation rates increased slightly, and drift con-
struction was constrained to a well defined zone generally at
paleodepths of ~3500–4500 m. Accretion of these drifts correlates
with the widespread onset and continuing construction of major sed-
iment drifts throughout the North Atlantic in ~late Oligocene through
Miocene-Pliocene time. On the Southeast Newfoundland Ridge the
drifts are dominated by laminatedmudwaves, whilemore seismically
transparent sediments accumulated on the J-Anomaly Ridge. The dif-
ference in drift development on the two ridges could be related to
shifts in the deep current circulation in ~Middle/Late Miocene time,
coincident with formation of drifts dominated by mud waves farther
south along the continental margin, but this concept needs to be test-
ed by drilling.

• A significant change to strongly laminated seismic facies occurred in
~late Pliocene time (~3 Ma). This seismic facies corresponds to
mixed pelagic-hemipelagic sediments that contain ice-rafted debris
and show evidence of glacial-interglacial fluctuations. The locus of
drift accumulation shifted markedly with respect to the underlying
drifts, with deposition occurring shallower than 4000 m and erosion
or non-deposition present at greater depths. We suggest that this
change corresponds to establishment of the ‘modern’ deep circulation
system that has persisted to the present.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margeo.2016.12.014.
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