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Abstract. Previous studies of paleogeography,
global climate, and foraminiferal stable 1sotopes have
suggested that Paleogene deepwater circulation was
significantly different from that of today. Extracting
details of deepwater history from the western North
Atlantic has been hampered by Oligocene erosion and
the lack of ideally located drill holes. We report the
discovery of a seismic disconformity on the SW
Bermuda Rise that we have tied to a late Paleocene
erosional event in Deep Sea Drilling Project (BSDP)
boreholes from this region. Distribution of this new
seismic marker, Reflector AY, indicates that it was
formed by cyclonically circulating bottom water
entering the western North Atlantic from the south.
We attribute this vigorous deep circulation to a
Southern Ocean source, analogous to the effects of
modern Antarctic Botiom Water; this interpretation is
supported by isotopic comparisons that show the
Paleocene Southern Ocean was enriched in 13C
relative to the Pacific, We distinguish Reflector A?
from the overlying Reflector AY on the basis of
superposition and ages obtained at DSDP sites and
piston cores; using one of the cores, we have
estimated that the youngest age for Reflector A% is
earliest Oligocene (36.6-34.0 Ma), while its oldest
age has been previously established as late Eocene.
Laminated sediments beneath Reflector Ab are
enriched in organic carbon, indicating that the early
Paleocene deep western North Atlantic was
occasionally anoxic. These low oxygen levels may
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have been the result of sluggish deep circulation
and/or low-latitude production of Warm Saline Deep
Water (WSDW). Sediments immediately above
Reflector AP show that deposition resumed on the
western Bermuda Rise (Site 387) by the latest
Paleocene to earliest Eocene (Biochron NP1Q;
57.240.6 Ma). While deposition resumed on the
central Bermuda Rise (Site 386) during the late
Paleocene, erosion/nondeposition continued across
much of the Bermuda Rise. Widespread resumption
of pelagic deposition in the early Eocene is consistent
with 813C evidence for reduced Southern Ocean
influence at this time. However, lower Eocene
sediments record well-oxygenated conditions, and
813C and 8180 comparisons indicate that there were
two early Eocene decpwater sources: the Southern
Ocean and WSDW (Pak and Miller, this issue).

INTRODUCTION

The earliest seismic profiles that imaged deep-sea
sediments demonstrated the relevance of reflection
seismology to paleoceanography. Using these
profiles, Ewing and his colleagues identified a
widespread intrasediment reflector in the western
North Atlantic that they named "Horizon A" [Ewing
and Ewing, 1962, 1963, 1965; Ewing, 1965;
Ewing, Worzel et al., 1969; Ewing et al., 1970,
Ewing and Hollister, 1972]. Although seismic
reflection technology has improved and the
significance of this reflecting event has grown more
detailed, the importance of this first-order division of
the sediment column endures to this day. In this
report, we discuss the implications of our most
recent return to Horizon A.
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By today's standards, the 0.5 1b explosive
charges and the "slack and shoot” recordings of the
1950s and early 1960s were crude. Nonetheless,
Horizon A was detected in almost all early profiles
from the western North Atlantic, and subtle
variations detected in its acoustic character continue
to be confirmed with the improved resolution of
more recently acquired profiles. On the Bermuda
Rise, Horizon A is either distinct or diffuse, and it
typically conforms to the underlying volcanic layer.
Toward the western and southern boundaries of the
basin, it becomes level and disconformable, and is
almost always sharply defined. Beneath the U.S.
continental rise, Horizon A is buried by 2 or more
seconds of overlying sediment. Along the Bahama
Escarpment, it crops out on the seafloor.

By the late 1970s, numerous, greatly improved
seismic profiles were obtained and correlated to Deep
Sea Drilling Project (DSDP) drill holes. These data
provided the detail needed to recognize that Horizon
A was composed of as many as five different
reflecting surfaces, not all of which were expressed
at any one location [Tucholke, 1979; Tucholke and
Mountain, 1979].

In 1984, we collected high-resolution water gun
seismic profiles which allow us to resolve a sixth
reflector in the Horizon A complex, and we have
named it Reflector Ab. Like the others, this reflector
is locally expressed and in regions of erosion or very
slow deposition it merges laterally with other A-
complex reflections. Nevertheless, where it can be
recognized on the western Bermuda Rise, Reflector
Ab represents a valuable record of changing
deepwater circulation. Although initial seismic
stratigraphic studies described the general aspects of
this event [Mountain et al., 1985], the timing and
significance remained uncertain. Recent advances in
the understanding of late Paleocene-early Eocene
chronology and deepwater history [e.g., Miller et al,,
1987a; Kennett and Stott, 1990; Thomas, 1990; Katz
and Miller, 1991; Pak and Miller, this issue] allow us
to place Reflector Ab into a more complete
paleoceanographic context.

BACKGROUND
Paleogene Stratigraphy of the Bermuda Rise

The Bermuda Rise (Figure 1) is a 1500 x 800 km
region where oceanic crust was elevated roughly 1
km during the Eocene [Tucholke and Mountain,
1979; Sclater and Wixom, 1986; Detrick et al,,
1986). Few studies have utilized the Paleogene
paleoceanographic record within the overlying
sediments for several reasons:

1. Only six DSDP sites are located on the Rise
(Figure 1), and Paleogene core recovery is especially
low (typically less than 50%).

2. Carbonate preservation indicates that many
samples were deposited beneath the calcite

compensation depth (CCD) (Figure 3 by Tucholke
and Vogt, [1979]).

3. Abyssal plains onlap the Bermuda Rise to the
north, west, and south (Figure 1), making difficult
any seismic correlation to regions of better-known
stratigraphy.

4. Oceanic crust on the eastern half of the Rise
is unusually rugged [Windisch et al., 1965; Sundvik
et al., 1984], forcing seismic interpreters to make
uncertain "jump correlations" across basement highs.

5. Highly reflective cherts and turbidites plus
volcanic breccias near the island of Bermuda
(Reflectors A®, AY, and AY, respectively) [Tucholke,
1979] often obscure pre-Eocene stratigraphy.

Despite these difficulties, the following first-
order features of Paleogene paleoceanography of the
Bermuda Rise are known.

Maestrichtian chalks/limestones represent a
distinctive bed (the Crescent Peaks Member) within
the Upper Cretaceous-lower Paleocene oxidized red
claystones of the Plantagenet Formation [Jansa et al,,
1979]. This calcium carbonate-rich unit marks a

“temporary deepening of the CCD, confirmation of

which can be seen in the distribution of its seismic
equivalent, Reflector A* [Tucholke, 1979; Tucholke
and Mountain, 1979]. This marker horizon is most
reflective on the central Bermuda Rise (e.g., near
DSDP Site 386; Figure 1), where CaCOs content in
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Fig. 1. Location map showing tracks of single-
channel seismic (SCS) profiles collected during
C2512. Note that this survey was almost entirely
east of previously known occurrences of Reflector
AU (as mapped by Mountain and Tucholke {1985]).
DSDP drillsites discussed in text are noted by site
number. The location of profiles shown in Figures 2
and 6 are labeled; the boundaries of the isopach map
in Figure 5 are outlined on the SW Bermuda Rise.
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the Crescent Peaks Member is ~60 percent
[Tucholke, Vogt et al., 1979]. Carbonate content
and reflectivity decrease westward as paleodepths
increase (Figures 1 and 2); as a result, Reflector A*
has not been identified on the western or the southern
Bermuda Rise. The Crescent Peaks Member is
absent at Sites 417 and 418, indicating that either: (1)
the Maestrichtian CCD shoaled toward the south; (2)
paleodepths increased southward, despite uniform
crustal age; and/or (3) these sediments were removed
by bottom-current erosion sometime between the
Maestrichtian and the Eocene. This latter hypothesis
is supponed by disconformities covering this time
interval at Sites 417 and 418 [Dounelly, Franchetea
et al., 19801 ‘
Paleocene slope failure along the North American
continental margin generated turbidity currents that
carried sediment as far eastward as the flanks of the
mid-ocean ridge [Tucholke and Mountain, 1979;
Mountain, 1987]. The growth of this "proto-
Hatteras Abyssal Plain" (Figure 1) continued during

DSpp
Site 387

the Eocene, although distribution patterns changed
considerably when the Bermuda Rise was uplifted
and isolated from additional allochthonous
sedimentation. The top of these turbidites forms the
distinctive seismic Reflector At {Tucholke, 1979;
Tuchotke and Mountain, 1979]. Although it cannot
be confirmed with available drill holes, this
interpretation of simultaneous Bermuda Rise uplift
and turbidite offlap implies that Reflector Atis a few
million years older on the Bermuda Rise than itisin
areas away from the uplift. The post-Reflector At
strata on the Bermuda Rise are generally
hemipelagic, mid-gyre sediments of the the Blake
Ridge Formation {Jansa et al., 1979].
Silica-bearing sediments were prevalent
throughout the North Atlantic during the Eocene.
Although the cause of siliceous sedimentation is not
clear, several hypotheses have been proposed:
increased volcanism {Gibson and Towe, 1971},
initiation of cold deep waters from the Arctic
[Berggren and Hollister, 1974], increased upwelling
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Fig. 2. (Upper) C2512 line 1 profile and (Jower) interpreted tracing at the same scale; both are displayed
in seconds of two-way travel time. The profile crosses DSDP Site 387 on the central western Bermuda
Rise (location in Figure 1). The stratigraphic column at left (with standard DSDP lithologic symbols} is
from Tucholke, Vogt et al., {1979] who noted the reflecting surface between A€ and A* that we have
defined as Reflector Ab and have tied to an unconformity separating lower Paleocene from lower Eocene

sedimenits.
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due to changes in surface water circulation [Tucholke
and Vogt, 1979; Premoli-Silva and Boersma, 19861,
and global cooling [McGowren, 1989]. Whatever
the cause, the result is the widespread occurrence of
siliceous Eocene sediments plus upper lower and
lower middle Eocene nodules or layers of
porcellanite (opal-CT) and chert. These diagenetic
products are found in the turbidites of the western
Bermuda Rise, hemipelagic sediments of the eastern
Rise, and sediments on top of local structural highs.
Because of the high impedance contrast with the
enclosing sediment type, the top of this diagenetic
front constitutes the especially strong seismic
Reflector A€ [Tucholke, 1979; Tucholke and
Mountain, 1979]. Although Reflector A€ is
diachronous, the extent of the diachrony is limited
(e.g., from upper lower Eocene Zone P9 to lower
middle Eocene Zone P11)[Tucholke and Mountain,
1979; Premoli-Silva and Boersma, 1986].

The development of swift deepwater circulation
in the late Eocene to earliest Oligocene dramatically
changed depositional patterns throughout the North
Adlantic. The western parts of the basin were deeply
eroded, forming an angular unconformity. This
unconformity is represented by Reflector R4 in the
northern North Atlantic [Roberts, 1975; Miller and
Tucholke, 1983] and Reflector AY along the North
American margin [Tucholke and Mountain, 1979;
Mountain and Tucholke, 1985]. The age of this
erosional event is difficult to determine due to the
lengthy hiatus found in available drill holes; Reflector
AU has been constrained as upper Eocene to lower
Miocene by Tucholke and Vogt [1979] and Hart and
Mountain [1987] and upper Eocene to upper
Oligocene by Premoli-Silva and Boersma [1986]. In
the northern North Atlantic, the presumably
equivalent Reflector R4 correlates with the
uppermost Eocene to lowermost Oligocene sections
at Sites 116 and 406 [Miller and Tucholke, 1983].
In this report, we provide new constraints on the
minimal age of Reflector AY (lowermost Oligocene
Zone P18§).

This dramatic increase in deep circulation is
associated with deepwater cooling and increased ice
volume in Antarctica (i.e., the earliest Oligocene
8180 increase)[Kennett and Shackleton, 1976].
However, the relatively sudden onset of vigorous
deepwater currents in the North Atlantic may be due
to tectonism. Backtracking estimates of the sill-
depths between Greenland, Iceland, and Scotland
have shown that deepwater gateways to the North
Atlantic probably existed by the Oligocene [Miller
and Tucholke, 1983; Miller et al., 1986; also J. D.
Wright and K. G. Miller, manuscript in preparation,
1992] in contrast with previous views of a later initial
connection [e.g., Thiede and Eldholm, 1983]. The
Arctic Ocean became connected to the Norwegian-
Greenland Sea with the opening of the Spitsbergen
Fracture Zone by Anomaly 13 time (earliest
Oligocene; Talwani and Eldholm, 1977). This

correlation prompted Miller and Tucholke [1983] to
speculate that Reflectors AY/R4 were generated
during erosion by swiftly circulating deepwater that
had formed in the Arctic. The conditions that
generated this circulation were maintained throughout
most of the Neogene, although the erosional
capability of earliest Oligocene bottom currents was
rarely equaled. On the basis of our mapping the
extent of Reflector AY, the Bermuda Rise was
basinward of the deepwater flow axis; only the
westernmost edge of the rise shows evidence of
erosion in the late Eocene to earliest Oligocene.

Puzzling Features on the Southwest Bermuda Rise

Seismic profiles collected in the 1970s reveal
unusual Paleogene deposits on the southwest
Bermuda Rise (Figure 3, upper). Isopach maps
prepared with these data indicate a NNE/SSW
orientation to the roughly lenslike features seen in
cross section in Figure 3. These deposits are buried
by several hundred meters of younger sediment, and
their thickness varies abruptly from near zero to
several hundred meters over a distance of 10 km.
Tracing the reflectors enclosing these deposits to a
dated seismic grid is difficult to do with these older
profiles for reasons noted above. As aresult:

(1) neither Reflector A* (Maestrichtian
chalk/limestone) nor Reflector At (upper middle
Eocene turbidites) can be traced to this region; and
(2) these deposits are capped by a strong reflector
that might be Reflector A€ (upper lower to lower
middle Eocene porcellanite/chert), but its generally
level character suggests that it may be an erosional
surface, which would be inconsistent with other
known occurrences of Reflector AC. An additional
shortcoming of the previously available seismic data
is the lack of reflector definition within the deposits
on the SW Bermuda Rise. Without this fundamental
knowledge of stratal geometry, it cannot be
determined if these deposits are depositional or
erosional (Figure 3, middle and lower).

To determine the origin of these unusual strata,
we designed a seismic survey that centered on these
deposits and tied them to existing drill holes. Our
first goal was to detect reflectors within these
deposits; the second was to determine the age of
these deposits through seismic ties to DSDP
boreholes and to outcrops we could sample with a
piston core. Several coring sites were chosen with
existing 3.5-kHz profiles; others were surveyed and
selected during our cruise. Regarding the first goal,
we had two working models at the outset, as
follows.

A depositional origin would be implied if the
upper reflector defining these deposits was shown to
conform with underlying reflectors (Figure 3,
middle). The apparent lineation and lenslike shape of
these deposits would in this case indicate a sediment
drift origin, which would be surprising for two
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Fig. 3. C1903 SCS profile (upper) displayed in seconds of two-way travel time across the SW Bermuda
Rise (location in Figure 5). Tucholke and Mountain [1979; their Figure 15] reported that the lenslike

deposi

it in this profile is bracketed by Reflectors A above and A* below. Our data show the upper marker

is Reflector AP, while the lower one is possibly the mid-Cretaceous Reflector K of Mountain and Tucholke
[1985]. Note the absence of reflectors within this lenslike deposit. Two hypothetical cases of reflector
geometry within this deposit are shown: (middie) same-scale tracing as original profile with reflectors that
reveal possible sediment drift origin; and (lower) same-scale tracing that shows reflector geometry

consistent with erosional origin of AP-K deposit.

reasons. First, there are roughly 200 m of older
sediment between the base of these deposits and the
underlying ~130 Ma basement, suggesting that these
deposits are as old as Early to middle Cretaceous.
Although Jurassic bottom currents may have swept
the Blake Basin [Sheridan et al., 1983}, at the time of
our cruise there were no published reports of bottom
carrents as important oceanographic features of the
North Atlantic until Reflector AWR4 time (late
Eocene-carliest Oligocene). Second, the top of these
deposits is likely to be as young as early Paleocene, 2
time when black and green-grey shales with intervals
of high organic carbon content (1.3%) were
deposited at DSDP Site 387 on the central western
Bermuda Rise [Tucholke and Vogi, 16791, This

‘latter fact indicates a time of bottom water isolation

angd probably sluggish circulation in the deep westerm
Atlantic ocean; these are not conditions that would
contribute to sediment drift buildup.

Alternatively, an erosional origin for these lens-
shaped features would be indicated if the upper
reflector were shown to truncate underlying
reflectors (Figure 3, lower). There would be two
likely implications of the erosional model. Either the
erosional surface is equivalent to Reflector A® {upper
Eocene to lowermost Oligocene) or it is the result of
a separate, probably older event. The former
interpretation would require extending eastward the
region of seafloor known 1o have been eroded during
Altime. The latter would call for an explanation for
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previously undetected, vigorous pre-Oligocene
deepwater circulation.

New Seismic Reflection and Piston Core Data

To determine if either of the above models
applies to these lenslike deposits, we collected 6900
km of reflection profiles along the central and south
western Bermuda Rise (Figure 1). Twin 1311 cm3
(80 in3) water guns were fired at 12-s intervals,
received on a 100-m single-channel streamer towed
at between 6 and 8 knots, and recorded digitally at a
1 ms sampling rate. For the displays in this report,
each profile has had a 140-210 Hz band-pass filter
applied at the seafloor, decreasing to 70-140 Hz by
1.6 s subbottom travel time. Automatic gain control
was applied across a 100-ms window, and the
average absolute value of each trace amplitude was
normalized among 100 adjacent shots. Navigation
was based on Global Positioning System (GPS)
positions for as much as 16 hours of each day; transit
satellites and dead-reckoning filled in the remaining
coverage. The survey track was designed to tie
existing drill holes to a consistent seismic grid with
the goal of providing correlations to the lenslike
sedimentary features on the SW Bermuda Rise.
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We attempted seven piston cores in areas
identified during the survey as possible outcrops of
Paleogene strata. Because of considerable water
depths (5 km or more), occasionally adverse surface
weather conditions, and what we estimate from drift
of the corer to be strong near-bottom currents, hitting
one of these roughly 1 km x 2 km outcrops was a
challenging task. The corer landed on target 4 times,
as confirmed by a 3.5-kHz pinger mounted 50 m
above the core head. We conducted shipboard and
shore-based micropaleontological studies on all the
cores using planktonic foraminifera, ichthyoliths,
and radiolaria. However, fossil preservation and
abundances as well as short core recovery limited the
biostratigraphic resolution (Table 1).

In addition to our piston core studies, we
examined samples from DSDP Site 387 for
planktonic foraminifera; J. Morley (personal
communication, 1984) examined samples from Hole
417A for radiolaria. We otherwise rely on
biostratigraphy published in the Initial Reports of the
DSDP. In this contribution, we use the geomagnetic
polarity time scale (GPTS) of Berggren et al. [1985]
and the age of the Paleocene/Eocene boundary of
Aubry et al. [1988] (57.0 Ma, middle of Biochron
NP10). Cande and Kent [1992] have made large

TABLE 1. Piston Cores

Core  Water Core Age,
Number Depth, Length,
m cm

Comments

Biostratigraphic Criteria

RC25-12 5525 1189

RC25-13 5466 908

RC25-14 5609 878

the base)
RC25-15 5620 170
RC25-16 5590 1090
Pleistocene

RC25-17 5500 955

RC25-18 5262 20  norecovery

Eocene - lower Oligocene
(Chiloguembelina spp. and
Catapsydrax unicavus)

Neogene (Globigerinoides ruber
and G. conglabatus 3 m from

short penetration and Mn fragments
in washed samples suggest corer
hit Mn pavement

lower Oligocene (foraminifera
and radiolaria; see text)

few meters of Neogene overburden
were not resolved on 3.5-kHz profile

indeterminate (poorly fossiliferous)

Neogene (Globigerinoides ruber
and G. conglabarus)

missed the outcrop

Mn pavement
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revisions (>2 m.y. in some cases) to much of the
Paleogene GPTS. We note, however, that changes
in the numerical age of the boundary will not affect
the relative timing of the events discussed here.

RESULTS

Our new seismic data show that subtle reflectors
within the sediment lenses of the SW Bermuda Rise
are truncated by the upper reflector (Figure 4), which
clearly supports the erosional model described
above. We have tied this reflector to DSDP sites and
to piston core samples collected during our survey,
and have determined that this erosional surface pre-
dates Reflector A8, To remain consistent with the
mnemonic labeling of the reflectors that comprise the
"A-complex” [Tucholke, 1979; Tucholke and

W HATTERAS ABYSSAL PLAIN

429

Mountain, 1979], we refer to this newly identified
surface as Reflector AP (as in A-"Bermuda Rise").

Reflector AY: Its Character, Distribution, and Age

We concentrated our seismic survey on the SW
Bermuda Rise where the sediment lenses were
previously observed. Our grid makes it possible to
map these deposits in detail (Figure 5). It is clear
that the lenslike cross section of these deposits first
seen in NW-SE profiles (e.g., Figure 3} is the result
of basement-conformable strata being truncated by a
more nearly level Reflector AP,

We are able to trace Reflector Ab from that
detailed survey along our seismic grid southeast to
Sites 417 and 418, north to Sites 6, 7, and 387, and
a short distance west to tie to other profile data with

BERMUDA RISE E
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Fig. 4. (Upper) C2512 line 11 profile and (lower) interpreted tracing at the same scale across the
boundary of the Hatteras Abyssal Plain and SW Bermuda Rise, showing erosion by Reflector Ab that

clearly pre-dates the Reflector At (location in Figure 5).

































