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Abstract

Abyssal mud waves (or fine-grained sediment waves) are often cited as evidence for deep current activity because
subbottom profiles show that the wave form has migrated with time. The migration history of a fine-grained sediment
wave on the Blake-Bahama Outer Ridge (ODP Site 1062) has been studied through the analysis of multiple ODP
holes spaced across the wave. Additional information about wave migration patterns comes from 3.5-kHz records and
watergun seismic profiles. These data suggest that wave migration has varied during the last V10 Myr, although the
only sediments sampled are younger than 4.8 Ma. Seismic profiles suggest wave migration was initiated about 8^10
Ma, and wave migration was pronounced from about 5 Ma to about 1 Ma (with an episode of wave reorganization
about 4.5 Ma). Analysis of ODP cores suggests that migration rates have been somewhat lower and more variable
during the last 1 Myr. Intervals of no wave migration are observed for several time intervals and appear to
characterize deglaciations, especially during the last 500 kyr. Comparisons between seismic profiles and the core
record show that most of the seismic horizons correlate closely with time horizons, and thus that the seismic profiles
give a reasonable representation of sediment wave migration. Models suggest that wave migration is more
pronounced during periods of higher bottom current flow and less pronounced during periods of lower current flow.
Thus the migration record is consistent with generally higher bottom flow speeds at this site prior to 1 Ma and lower
bottom flow speeds after 1 Ma. The Mid-Pleistocene Transition from a dominant climatic periodicity of 40 kyr to a
dominant climatic periodicity of 100 kyr starts at about this time, suggesting an overall reduction in bottom flow
speed at this site coincident with changing climate patterns. These changes in flow speed could be related to changes in
the depth of the Western Boundary Undercurrent as well as to changes in the speed of thermohaline circulation.
: 2002 Published by Elsevier Science B.V.
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1. Introduction

Variations in North Atlantic Deep Water
(NADW) production have been considered of ma-
jor climatic importance due to the role this deep
water mass plays in the intra- and interhemispher-
ic heat and chemical exchanges (i.e. gases, salt,
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nutrients ; e.g. Broecker and Denton, 1989; Im-
brie et al., 1992, 1993). Thermohaline overturn
in the Nordic Seas via evaporative cooling of
the warm, saline waters advected northward by
the Gulf Stream perpetuates deep water formation
by drawing additional warm waters to the north.
In the North Atlantic, during warmer periods,
NADW forms the lower part of the ‘global ocean
conveyor belt’ (Broecker, 1991). This mode of
thermohaline circulation can change dramatically
during cold periods, with NADW production de-
creasing or coming to a halt (e.g. Alley et al., 1999
and references therein). At longer time scales,
Raymo et al. (1990) studied the dynamics of the
NADW production over the last 2.5 Myr by in-
terpreting the deep ocean N

13C gradients between
Atlantic and Paci¢c. They found that glacial re-
ductions in NADW were more intense in the
Pleistocene than in the Late Pliocene. Bickert et
al. (1997) con¢rmed this result, showing that gla-
cial NADW production probably decreased after
1.6 Ma. This decrease was more severe in the last
million years and particularly during the Mid-
Pleistocene Transition period (V900^500 ka)
when a change from a dominant climatic period-
icity of 40 kyr to a dominant climate periodicity
of 100 kyr occurred (Raymo et al., 1990, 1997;
Bickert et al., 1997; Schmieder et al., 2000).

Deep water £ow history can also be used to

infer the dynamics of deep water mass production
because the two are closely related. The carrier of
NADW to the south along the eastern continental
margin of North America is the Western Bound-
ary Undercurrent (WBUC; Stahr and Sanford,
1999 and references therein), but at deeper depths
the WBUC includes a component of Antarctic
Bottom Water (AABW; Amos et al., 1971). Com-
positional and textural characteristics of sedi-
ments have been used to get direct information
on past WBUC circulation (e.g. Hollister and
Heezen, 1972; Barranco et al., 1989; Haskell,
1991; Bianchi et al., 2001; Giosan et al.,
2002a,b). Abyssal mud waves (also called ¢ne-
grained sediment waves; Fig. 1) are often cited
as evidence for deep current activity and they
have been used to explore past deep £ow varia-
tions (e.g. Manley and Flood, 1993; Brew and
Mayer, 1998).

Fine-grained sediment waves appear to have
developed in areas of abundant ¢ne-grained sedi-
ment deposition where steady currents £ow over
the sea £oor. Flood (1978, 1988) reported that
internal waves in the water column were appar-
ently ¢xed in position over sediment waves on the
Bahama Outer Ridge (BOR) and suggested that a
strong interaction was occurring at the present
time. Sediment waves thought to be created by
near-bottom £ows are present on the levees of

Fig. 1. 3.5-kHz subbottom pro¢le collected across the ¢ne-grained sediment wave site (ODP Site 1062). The locations of the three
sets of holes drilled are shown. The locations of the holes and seismic line are shown in Fig. 4.
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turbidity current channels as well as on sediment
drifts (e.g. Normark et al., 1980). Normark et al.
(1980) estimated a densiometric Froude number
of about 1 for sediment waves on the Monterey
Fan based on a two-layer £ow model and they
suggested that the sediment waves there are anti-
dunes. However, there is no equivalent interface
with a sharp density contrast in the deep ocean
and thus Flood (1978, 1988) presented a concep-
tual model where internal waves developed on a
density gradient rather than on a sharp interface.
Flood (1978, 1988) reported that U=Nh/U (where
N is the stability, h is the wave height and U is the
free-stream velocity) ranged from 0.4 to 1.5 for
sediment waves on the BOR. U is the inverse of
the gradient Froude number, indicating that the
present-day Froude number for £ow over these
waves is about 1 and thus that these sediment
waves can be described as antidunes. While a gra-
dient Froude number of 1 indicates a strong in-
teraction between £ow and bedform, it does not
provide insight into the precise mechanisms that
leads to wave growth and migration. The lee-wave
model presented by Flood (1978, 1988) does ac-
count for the upcurrent migration often observed
for sediment waves (Fig. 2). While the model of
Flood (1988) was developed for a bottom £ow
normal to the sediment wave crest, the general
relationship between wave migration and £ow

over the wave appears to hold for most cases
where sediment waves are at an angle to the
mean current (Blumsack and Weatherly, 1989;
Weatherly, 1993; Flood, 1994; Hopfauf et al.,
2001). In the lee-wave model, a weakly strati¢ed
bottom £ow is perturbed by the sediment topog-
raphy leading to a change in the velocity structure
of the £ow. The £ow decelerates on the upstream
wave £ank and accelerates on the downstream
wave £ank. The accumulation rate of ¢ne-grained
cohesive sediment decreases as shear stress in-
creases (McCave and Swift, 1976), thus more sedi-
ment accumulates on the upstream wave £ank
where the £ow speed is lower and the wave
form migrates upstream. Enhanced wave migra-
tion is expected as £ow speed increases because
currents on the downcurrent £ank approach the
critical shear stress for deposition before those on
the upcurrent £ank (Flood, 1988).

Blumsack and Weatherly (1989) added a £ow
component parallel to the wave crest and noted
that adding the along-wave £ow can result in
wave growth (higher accumulation rates on the
wave crests), and that wave growth is necessary
for waves to persist over time. They also sug-
gested that along-wave £ow can result in sediment
wave migration at slow speeds when internal
waves are not present. Zhang (1997) applied this
model to determine sediment wave stability in dif-
ferent areas, including the waves studied by Flood
et al. (1993) in the Argentine Basin. Hopfauf et al.
(2001) extended the approach of Blumsack and
Weatherly (1989) by taking into account the
three-dimensional Coriolis vector. They suggest
that downstream wave migration can occur at
certain £ow speeds if there is a poleward bottom
£ow component. However, they also indicate that
downstream wave migration often occurs along
with negative wave growth, suggesting that the
waves will ¢ll if these conditions persist for long
periods.

While wave growth is necessary for long-term
wave stability, it is the migrating character of the
waves that is most noted on seismic pro¢les from
sediment wave areas. The degree of wave migra-
tion can be most conveniently expressed as the
ratio of sedimentation rates on the downstream
to upstream sides (the sedimentation rate ratio,

Fig. 2. The lee-wave model of sediment wave evolution
showing the interaction of a £owing strati¢ed water column
£owing over the sediment wave pro¢le. The £ow slows as
water climbs the upstream face of the wave and accelerates
on the downstream face, resulting in enhanced deposition
rates on the upstream side (after Flood, 1978, 1988).
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or SRR). Changes in cross-wave sedimentation
patterns with time, as indicated by changes in
SRR, are related through the lee-wave model to
changes in the long-term average £ow speed
(Flood, 1988). The SRR will be less than 1 for a
wave that has a component of upstream migra-
tion and greater than 1 for a wave that has a
component of downstream migration. If individ-
ual sediment layers can be followed across a wave
in the cores or seismic pro¢les, it is possible to
construct a SRR record that can be used to ex-
amine the current regime history.

Wave migration can also be characterized in
terms of the rate at which the wave shape moves
across the sea £oor (Wynn et al., 2000). The rate
of lateral movement is directly related to the sed-
imentation rate, so information on both sedi-
mentation rate and wave migration rate needs
to be provided to characterize wave movement
(e.g. Wynn et al., 2000). For a sinusoidal wave,
a non-dimensionalized wave migration rate
(WMR=wave migration rate/sedimentation rate
or WMR=horizontal wave o¡set/vertical wave
o¡set) can be related to SRR if the wave ampli-
tude (B) and wavelength (L) are known because
WMRWL/(2ZB)(13SRR)/(1+SRR).

In this study we employ core data, 3.5-kHz re-
cords, and watergun seismic pro¢les across a sedi-
ment wave on the BOR (Fig. 3) to examine the
local £ow history of WBUC over the last few
million years. The sediment wave growth pattern
can be interpreted to decipher past £ow changes
at various time scales. However, since only local
£ow variations are recorded by the sediment
wave, additional data are necessary to distinguish
between changes in current intensity (due to re-
ductions in deep water production) and changes
in position of the current axis relative to the in-
vestigated site.

2. Study area and background information

The £ow of the WBUC along the eastern con-
tinental margin of North America has been re-
sponsible for the creation of a chain of sediment
drifts (McCave and Tucholke, 1986). The BOR is
a north^south sediment drift belonging to this

chain, which extends as a continuation of the
larger northwest^southeast trending Blake Outer
Ridge (Fig. 3). Sediment drifts were initiated in
the Oligocene when strong abyssal circulation be-
gan in the western North Atlantic (Miller and
Tucholke, 1983). There is general agreement that
the formation of NADW, the water mass that
comprises most of the WBUC, was more or less
continuous since Middle Miocene, some 10^12
Ma (e.g. Blanc et al., 1980).

At present WBUC £ows to the south along the
eastern £ank of the BOR, makes a turn at the
southern tip of the drift and continues to the
north along the BOR’s western £ank (Fig. 3). It
has been suggested that the overall deep circula-
tion above the BOR may be more complicated
than the presence of a single cyclonic gyre (Johns
et al., 1997; Stahr and Sanford, 1999), but addi-
tional data are necessary to substantiate this hy-
pothesis (Bianchi et al., 2001). Flow patterns may
also have been di¡erent at times in the past. An
extensive ¢eld of ¢ne-grained sediment waves oc-
curs on the west £ank of the BOR at a depth of
about 4750 m (Flood and Hollister, 1974; Flood,
1978; Laughton, 1981). It consists of waves ori-
ented about NNE^SSW, about 35‡ to the regional
contours which trend NNW^SSE (Fig. 4). Sedi-
ment wave heights range from 20 to 60 m and
wavelengths from 2 to 2.5 km. The wave selected
for drilling during ODP Leg 172 is 36 m high,
has a wavelength of 2500 m, and is located
at 28‡14.75PN and 74‡24.6PW at a depth of 4723
m. Short-term current-meter measurements and
bottom photographs show that bottom currents
in the study area are remarkably stable and £ow
along the regional contours to the north-north-
west with speeds up to about 10 cm/s (Flood
and Hollister, 1974; Hollister et al., 1974). The
core of the WBUC, where average speeds of 20^
40 cm/s have been recorded (Jenkins and Rhines,
1980), is positioned higher than the BOR at about
4100 m depth. At the depth of the sediment wave
study site on the western £ank of the BOR the
present-day WBUC is a mixture of NADW and
AABW, containing about 15% AABW (Amos et
al., 1971).

ODP Leg 172 drilled eight holes into the se-
lected wave: Holes 1062A, 1062B, 1062C and
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1062D are on the east (upcurrent and upslope)
£ank of the sediment wave; Holes 1062E and
1062F are on the west (downcurrent and down-
slope) £ank; and Holes 1062G and 1062H are on
the wave crest (Figs. 1 and 5). Shipboard biostra-
tigraphic analyses suggest that sediments some-
what older than middle Pliocene (s 2.83 Ma)
were recovered on the west £ank while on the

east £ank the deepest hole penetrated into early
Pliocene (s 4.27 Ma). Because of wave migration,
holes on the east £ank of the modern wave sam-
ple sediments from the west £ank of buried waves
that are at subbottom depths of more than about
150^175 m, and vice versa. Overall, the sedimen-
tary sequences recovered from the two wave
£anks are similar (Keigwin et al., 1998). They

Fig. 3. Map of the Blake-Bahama Outer Ridge showing the stream lines of bottom £ow and the location of the study site at
ODP Site 1062 (Fig. 4). Isobaths are in m. Bottom £ow directions at the sediment wave site are towards the north-northwest.
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consist of an alternation of nannofossil-rich and
clay-rich sediments forming Unit I that extends
from the present to Stage 16 (an age of about
625 ka, at subbottom depths of about 75 m), fol-
lowed by the clay-rich Unit II (subbottom depths

of 75^165 m) and the mixed-sediment Unit III
(subbottom depths of 165 to over 240 m). The
boundary between the last two units is V2.7 Ma.

Units II and III contain thin distal aragonitic
turbidites originating from the Bahama Banks

Fig. 4. Index map of Site 1062 showing (a) the wave orientation patterns (crests are dashed lines), (b) the site bathymetry and lo-
cation of the seismic pro¢le shown in Fig. 5, and (c) the location of the drill holes with respect to the wave. The wave crests are
oriented north-northeast while bottom £ow directions are towards the north-northwest (Fig. 3). Bathymetry in m after Flood and
Hollister (1974) and Flood (1978), wave crests are shaded. For location, see Fig. 3.
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(Keigwin et al., 1998) which make up less than 1%
of the sediment record. Seven aragonitic turbi-
dites, with an average thickness of about 10 cm,
are in the 90-m-thick Unit II (from about 600 ka
to 2 Ma) and 12 thinner turbidites are in Unit III
(older than about 2 Ma); however, the few turbi-
dites that appear to correlate across the sediment
wave are generally thicker on the southeast wave
£ank suggesting that the turbidite record has also
been a¡ected by wave morphology (Keigwin et
al., 1998). Keigwin et al. (1998) suggest that these
turbidites have a source on the Bahama Banks
about 300 km to the southwest (Fig. 3), although
there is no indication of a turbidite pathway,
channel or levee in seismic pro¢les on the BOR.
Flood (1978) described a similar aragonitic layer
at about 100 kyr in piston cores over 100 km
apart from the west £ank of the BOR. The ap-
parent large areal distribution of the turbidites
and the lack of any channel morphology suggest
that they were formed by large but rare turbidity
currents from the Bahama Banks or Blake Es-
carpment that traveled throughout the basin.

There is at present no indication that the turbidity
current events played a role in the formation or
evolution of these sediment waves.

3. Results and discussion

We recovered a 900 000-year record of the SRR
at Site 1062 through detailed correlation of layers
between the upstream and downstream wave
£anks. This corresponds to the upper V85 m of
sedimentary section which is the interval where a
continuous, overlapping sediment sequence was
recovered on both wave £anks. Primary evidence
for the cross-wave changes in accumulation rates
that result in wave migration comes from bio-
stratigraphic and magnetostratigraphic analysis
(Keigwin et al., 1998). For example, using the
last occurrence of the deepest common biostrati-
graphic datum (top Discoaster pentaradiatum at
2.52 Ma), sedimentation rates were found to be
25% higher on the eastern £ank than on the west-
ern £ank. At a ¢ner scale, the spliced physical

Fig. 5. Watergun seismic pro¢le collected at the sediment wave site showing locations of holes and the lithologic units at Site
1062. The location of the pro¢le is shown in Fig. 4. Longer arrows on either side of the pro¢le at about 6.7 s (V300 m) indicate
a possible wave reorganization event and bold arrows on either side of the pro¢le at about 6.8 s mark the base of the sediment
waves.
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properties and color records from the east wave
£ank, wave crest, and west wave £ank show re-
markable similarity to one another and individual
features can in general be correlated across the
wave (Fig. 6; Keigwin et al., 1998).

The time scale for this record is based on an
orbitally tuned age model (Gru«tzner et al., 2002)
developed using the predicted carbonate records
of Giosan et al. (2001) and the shipboard compo-
site stratigraphic sections at each site (di¡erent
composite sections were made for the two wave
£anks; Keigwin et al., 1998). The phasing be-
tween the orbital curves and carbonate records
for all Leg 172 sites was adjusted using available
oxygen isotope data from older cores in the re-
gion as well as on Leg 172 cores (Gru«tzner et al.,
2002). We anticipate a revised age model as more

isotopic data become available from Leg 172
cores. Possible errors are introduced into the age
model by uncertainty in correlation between
holes, errors in vertical positioning, and distortion
during coring and after core retrieval (Hagelberg
et al., 1991). Age datums are about 10^15 kyr
apart during the last 500 kyr and about 20^30
kyr apart from 500 to 900 kyr.

3.1. Core record

A robust record of sedimentation rates for each
wave £ank was constructed from the ODP cores
based on correlating individual cores to the model
of Gru«tzner et al. (2002). Records of predicted
carbonate, measured magnetic susceptibility and
the two parameters resulting from the sediment

Fig. 6. High-resolution down-core records of magnetic susceptibility (left) and color lightness (right) demonstrating the high de-
gree of correlation between the west and east core £anks. Features marked B and G are correlated based on color lightness while
features marked AA, CC, DD, EE, FF, and HH are correlated based on magnetic susceptibility (mcd=meters composite depth;
after Keigwin et al., 1998).
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re£ectance factor analysis (Giosan et al., 2001)
were used for this correlation. Composite depths
for each time horizon were adjusted for each core
in a hole on one wave £ank by correlating the
four variables in each core with the spliced record.
We used the program ANALYSERIES (Paillard
et al., 1996) to determine the degree of stretching
or squeezing needed for optimal correlation be-
tween the identi¢ed time horizons in each core
and the spliced record. As a result of this proce-
dure, coeval layers from all holes at a site were
arranged on the same depth scale. Sedimentation
rates were then calculated for each hole as well as
for the spliced record for each wave £ank (Fig. 7,
upper). Sedimentation rate ratios were computed
for each pair of holes situated on opposite wave
£anks, resulting in up to eight values for the SRR
between each set of dated horizons. Comparison
of the maximum, minimum and mean SRR values
with age shows a limited range of variation sug-
gesting that this general pattern is not overly af-
fected by inaccuracies introduced by (1) natural
inter-hole variability in sedimentation, (2) uncer-
tainty in vertical positioning or (3) core distortion.
Fig. 7 (lower) shows the mean of the SRRs calcu-
lated for each level.

Sedimentation rates on both £anks of the sedi-
ment wave have steadily increased over the last
400 kyr with signi¢cant maxima for the last three
glacial periods (Fig. 7). This is a generalized phe-
nomenon for all Leg 172 sites in water depths
below V3000 m, and it was attributed by Giosan
et al. (2002a) to a possible reinvigoration of the
NADW production since Stage 11 (Raymo et al.,
1990). The enhanced NADW may have led to a
stronger WBUC at depths below 3000 m, bringing
more sediment to the Blake-Bahama Outer Ridge.
There also may have been more sediment avail-
able basinwide since Stage 6 due to an intensi¢ed
glacial erosion and delivery from the Laurentian
Ice Sheet (Giosan et al., 2002a).

The SRR determined from the cores is gener-
ally under 1 for the last 900 kyr, averaging about
0.75 with minimum values of about 0.5 and max-
imum values of about 2.3. Younger than about
400^500 ka (i.e. younger than Stage 11) SRR val-
ues are consistently low, and the few intervals
of increased SRR appear to be restricted to late

glacials and early interglacials. For example,
SRRs 1 is found from mid-Stage 6 to mid-Stage
5 and less pronounced increases are observed
at other glacial^interglacial transitions (e.g. 8^7
(weak), 10^9, 12^11 (weak)). The SRR pattern
in sediments older than about 400^500 ka is
somewhat di¡erent from that in younger sedi-
ments with more intervals of SRR values near
or over 1, including two extended intervals with
SRR greater than 1.5 (in Stages 21 and 13).

We can interpret this record in terms of bottom
£ow speed by linking intervals of lower SRR to
periods of faster (or perhaps steadier) current £ow
and intervals of higher SRR (near 1) to periods of
slower (or perhaps less steady) current £ow. The
intervals of SRRs 1 could result from errors in
correlation or from distortion in coring, especially
deeper in the core where SRRs 1 often correlates
with a low sedimentation rate. Alternatively, the
intervals of SRRs 1 could represent periods of
downstream wave migration as predicted by Hop-
fauf et al. (2001) for a poleward bottom £ow, or
they could represent periods when the overall cir-
culation pattern was di¡erent from that observed
today. The generally low sedimentation rate when
SRRs 1 suggests a preliminary interpretation
that these intervals mark times of low £ow.
Thus the SRR record at Site 1062 suggests that
a current has been active at this site for much of
this record with some periods of weak £ow. This
SRR pattern indicates stronger bottom currents
during late interglacials and early glacials, and
reduced £ow (or perhaps less steady £ow) during
late glacials and early interglacials, especially later
than about 400^500 ka. This is consistent with a
reduced production of NADW during meltwater
episodes characterizing deglaciations (see e.g.
Keigwin et al., 1998, for a review on NADW cir-
culation modes). The occasional low SRR values
in Unit II and the early part of Unit I (i.e. earlier
than about 400^500 ka) also suggest periods of
faster bottom current £ow.

Hole 1062E recovered a sequence of inclined
bedding in Core 5H, (about 240^290 ka) that
was interpreted as furrow ¢ll. If the furrow was
being ¢lled in an interval of no current, one might
expect that the sedimentation rate on the west
£ank at this time (from about 190 to 340 ka)
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would be higher than on the eastern wave £ank
where no furrow is indicated. However, the sed-
imentation rate on the western £ank is actually
lower than on the eastern £ank (SRRW0.6).
This suggests that the furrow most likely existed
in a time of higher current £ow, consistent with a
low SRR. The apparent increase in SRR at the
Stage 8^7 boundary could have been reduced by
sedimentation patterns related to the furrow.

3.2. Seismic record

Watergun seismic and 3.5-kHz pro¢les were
studied to determine to what extent the migration
pattern identi¢ed on pro¢les agrees with that de-

termined from the drill holes. The watergun seis-
mic record (Fig. 5) was collected during R/V
JOIDES Resolution Leg 172 using a 80 cu. in.
generator^injector gun and was digitized at 1 ms.
The 3.5-kHz pro¢le (Fig. 1) was collected on R/V
Knorr Cruise 140-2 and was digitized at 12 kHz.
Initial processing of the watergun seismic pro¢le
is described in Keigwin et al. (1998), and the pro-
¢les are displayed as gray-scale images. These pro-
¢les show that several of the individual re£ections
can be traced across the wave (Fig. 8, Table 1).
However, other re£ections are di⁄cult to trace
across the wave, especially deeper in the section.
Correlating between the seismic pro¢les and the
cored sediment age requires two steps. First, trav-
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Fig. 7. Sedimentation rates (upper) and SRR (lower) at the sediment wave study site as determined through analysis of cores col-
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el time on the seismic pro¢le needs to be con-
verted to subbottom depth using an appropriate
sound velocity pro¢le, and second, subbottom
depth at the core site needs to be converted to
composite depth on the spliced record. The depth,
lithology and age in each hole can be determined

from the composite depth. The sediment velocity
pro¢le was determined for this site based on
downhole velocity logs at other Leg 172 sites
(Sites 1061 and 1063) and from bulk density and
P-wave data collected on discrete samples and
with the MST (multisensor track) at Site 1062

Fig. 8. Watergun seismic pro¢le (upper) and traced re£ections (lower) of the ¢ne-grained sediment wave. The marks labelled a^i
indicate the same sediment age on both wave £anks. The marks generally fall within a few milliseconds of the traced re£ection
on the western wave £ank, suggesting that the seismic re£ections accurately portray ¢ne-grained sediment wave evolution. Re£ec-
tions j, k, l and m mark signi¢cant events in wave evolution. For location see Fig. 4.
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following the approach of Flood et al. (1997).
This analysis suggests that sediment velocity in-
creases linearly from about 1440 m/s at the sedi-
ment surface to about 1660 m/s at 300 m below
sea £oor, and thus depth in the sediment can
be estimated from travel time by d (m)= (1440
tt)/(230.733 tt), where tt is the two-way travel
time in seconds. Depth in the sediment deter-
mined from the seismic pro¢le can be related to
the composite depth scale by ¢tting a curve to
measured depth vs. composite depth for each
core top in a composite. Di¡erent curves are
needed for di¡erent depth intervals because the
degree of core expansion changes down-core,
especially at the change from APC to XCB
coring.

Nine seismic re£ections, labeled a^i from the
youngest to the oldest (from about 225 ka to
2.6 Ma), were traced across the sediment wave
(Fig. 8, Table 1). Re£ections down to g are trace-
able in both 3.5-kHz and watergun seismic re-
cords while h and i are recognized only in the
watergun seismic record. It was not possible to
trace re£ections below i between drill sites on
the two wave £anks. The ages of the seismic re-
£ections were determined on both wave £anks
through correlation between the seismic pro¢le
and the cores, and the ages were then compared.
The ages of seismic re£ections on the western
wave £ank are usually 50 kyr (range 35^85 kyr)
older than the ages of the same re£ections on the
eastern wave £ank. These age di¡erences corre-

spond to depth di¡erences of about 5 m (range
3.5^8.5 m) for an average sedimentation rate of
0.1 m/kyr or a travel time di¡erence of 6.5 ms
(range 4.5^11.3 ms). This mismatch could occur
through an error in correlating from the seismic
pro¢les to the composite core. It could also occur
because seismic re£ections do not always corre-
spond to age horizons in the core, and because
some of the re£ections are di⁄cult to follow
over the wave unambiguously. Mayer (1979a,b)
and others have suggested that closely spaced lith-
ologic boundaries can create spurious re£ections
on seismic and 3.5-kHz pro¢les.

There are several clear re£ections on the 3.5-
kHz record, especially from about 30 to 75 m,
in the zone of pronounced re£ections on the
watergun seismic record. Re£ections are less dis-
tinct in the upper 30 m except for a re£ection at
about 5 m, and most of the re£ections, including
the sediment^water interface, have hyperbolic
echoes superimposed on them that indicate the
presence of furrows across the sediment wave pro-
¢le (Flood and Hollister, 1974; Tucholke, 1979;
Flood, 1980). The migration pattern observed on
the 3.5-kHz record extends to about 0.12 s (90 m)
subbottom, and re£ections in the 3.5-kHz records
are indeed more closely spaced on the western
£ank than on the eastern £ank, evidence that
the wave has migrated to the east-southeast (up-
current and upslope, Figs. 1 and 4). The wave has
migrated laterally about 125 m in the upper 66 m
(horizontal migration rate about 0.37 m/kyr; sed-

Table 1
Sediment wave layer summary

Seismic re£ection Age Holes 1062A^D Holes 1062E^F

(kyr) Two-way travel time Subbottom depth Two-way travel time Subbottom depth SRR at wave
£ank

(ms) (m) (ms) (m)

Surface 0 0 0 0 0
a 225 50 37 45 33 0.90
b 279 60 44 53 39 0.83
c 358 74 55 63 46 0.68
d 440 84 62 72 53 0.89
e 513 96 71 80 59 0.69
f 672 110 82 89 66 0.62
g 999 145 110 116 87 0.75
h 2214 206 160 153 117 0.31
i 2661 231 181 174 134 0.26
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imentation rate about 19.4 cm/kyr; SRR about
0.82; WMR about 1.9).

The watergun seismic record shows the wave
structure to about 0.45 s two-way travel time
(400 m below sea £oor; bold arrows in Fig. 5
and re£ection m in Fig. 8) and shows at least
one distinct change in wave migration pattern.
From about 0.45 to 0.35 s (400 to 300 m) sub-
bottom (between re£ections m and l in Fig. 8) the
waves are somewhat irregular in form and there is
little migration (SRR near 1; WMR near 0).
Above that interval the waves become more reg-
ular and migration becomes more pronounced to
about 0.15 s (76 m) subbottom (re£ection g on
Fig. 8). An average SRR for the interval from
2.05 Ma to 1.15 Ma is 0.36, WMR is 10.4, the
wave migration rate is 1.04 m/kyr and the sedi-
mentation rate is 10 cm/kyr. The seismic re£ec-
tions become stronger above about 0.15 s (76 m)
and the migration is less and consistent with that
observed on the 3.5-kHz record. Overall the
waves have migrated horizontally about 2000 m
over the 0.45-s (400-m) wave record, with most of
that migration occurring between 0.35 and 0.15 s
(300 and 76 m) subbottom. The interval of pro-
nounced migration (0.35^0.15 s; 300^76 m sub-
bottom) is interrupted at about 0.30 s (215 m)
by an undulating re£ection (re£ection k in Fig.
8) that appears to erode the underlying waves,
although the waves reorganize and re-grow above
this horizon. Extrapolating sedimentation rates at
Site 1062 suggests an age of about 8^10 Myr for
the initiation of the wave ¢eld, an age of 5 Myr
for the increase in migration rate, and an age of
4.5 Myr for the wave reorganization event. The
zone of near-surface waves with lower migration
(shallower than about 90 m) correlates to the last
1 Myr.

The SRR values determined from the 3.5-kHz
records and the watergun seismic pro¢les are
quite similar to the average values determined
for this time interval by drilling (SRRW0.75),
although the seismic record is not able to resolve
the smaller changes in SRR noted in the cores.
This agreement is encouraging and suggests that
the trends observed in both 3.5-kHz and seismic
records are likely to be real and can be used in
interpreting the wave migration pattern. The mi-

gration pattern suggests that £ow was stronger
before 1 Ma than after, which is consistent with
a higher NADW production before the Mid-Plio-
cene Transition at V0.9 Ma (Raymo et al., 1990,
1997; Bickert et al., 1997).

4. Conclusions

This study suggests that a record of sediment
wave migration preserved in cores and in seismic
pro¢les provides important insights into the his-
tory and character of bottom current £ow at this
site. The core record can be interpreted to give
SRR values every 10^15 kyr. More detailed cor-
relation is possible between cores, but the number
of age datums presently available limits the reso-
lution of the SRR record. A consistent but lower-
resolution record is derived from analysis of seis-
mic pro¢les, although apparently continuous re-
£ections cannot be unambiguously correlated be-
tween holes on seismic pro¢les.

Intervals of reduced or no wave migration (ob-
served in cores) are noted for several time inter-
vals on the BOR, and they appear to characterize
deglaciations. Over longer time scales (observed in
seismic pro¢les), the wave was migrating faster
from about 4 to 1 Ma suggesting a stronger bot-
tom £ow at that time and a reduction in bottom
£ow at about 1 Ma. This would be consistent with
a decrease in NADW production detected in N

13C
deep water evolution recorded by benthic fora-
minifers and a less vigorous ocean circulation
(Raymo et al., 1990; Bickert et al., 1997).

While we appear to be detecting changes in
bottom £ow speed by studying sediment wave mi-
gration, we cannot determine from the wave mo-
tions alone which water masses are responsible for
the reduction or increase in £ow speed. For exam-
ple, additional information is needed to determine
to what extent £ow changes at this site were
caused by changes in ocean circulation or by ver-
tical migration of the WBUC. This illustrates the
fact that a ¢ne-grained sediment wave is a ¢xed
recorder of the £ow, and therefore cannot distin-
guish between £ow variations due to changes in
deep water production or due to a repositioning
of a deep current relative to the wave.
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