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INTRODUCTION

Over most of the North Atlantic the topography vhich influences
bottom loss is relatively large scale - large enough laterally to be
=2polved for the most part by the main beam of the usual 12 . * echo

soundexr (beam width roughly 30°), As a result, echo sounder records

have proved useful in predicting bottom loss over the North Atlantic,
to a first approximation, on the basis of topography. In the vicinity
of the Blake-Bahama Basin and Outer Ridge, however, it has been found
that relatively smali-scale topography plays an important role in bot-
tom loss. There are extensive areas of rolling topography with periodic
features that are just resolvable in the main beam. Beyond this resolve
able range racords show closely-sprced, overlapping, hyperbolic echoes
extending fo: many miles over topography which is relatively smooth on

a larger scale, In many of these .cords the individual hyperbolic

traces are not sharply delineated but have a characteristically fuzzy

or blurred appearance. Qccasionnlly th

ie
als

fuzsingss versisis inio areas
where no hyperbolas are discernible and the trace, although fazzy, looks
quite flat. Measurements in the area indicate that bottom loss is signi-
ficantly greater over these types of bottom. In areas where the large
scale topography appears quite smooth but the echo sounder trace is
fuzzy, bottom loss can be high.

Therefore a detailed study of the mic¢ro-topography of the Blakee

Bahame Region was undertaken. The principal aim was Lo define the extent

of the zones of fuzzy bottom as shown on 12 ke echo sounder records and
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to include this characteristic as a parameter in the prediction of bote

tom loss on the basis of echo sounder records. Preliminary results were

reported by Bryan (1964) and Bryan and Ewing (196h;. .
As suggested above, it is convenient t¢ classify the PDR data into

four categories: regional topography, periodic topography, hyperbolic

echoes, and lncoherent or "fuzzy" traces.

REGIONAL T OPOGRAPHY

The regional topography of the Blake-Bahama area has been discusse
ed by Pratt and Heezen (1964). Bathymetric contours shown in Fig. 1 are
based on all avallable LGO tracks through November 1966 in sddition to a
large number of tracks run by USS COMPASS ISLAND in 1958. Following the
usual terminology we distinguish from west to east, the Blake Plateau,
the steep Blake Escarpment, the Blake-Behama Besin, the Blake Outer Ridge,
and the Hatteras Abyssal Plain. The sounding lines involved are shown
superimposed on the bathymetry in Fig. 2 (foldout).

Details within the ridge zone include the crest of the main ridge
which branches off from the Escarpment at sbout 32030'N, running roughly
southeast, and a secondary ridge which branches of'f at the "nose" of the
Escarpment at about 30°N, parallels the main crest to about 28°N and then
curves westward, forming the eastern boundary of the Blaoke-Bahama Basin.
North of the ridge zone at about 3u°N-73°w the mouth of the Hatteras Can-

yon opens into the Hatteras Abyssal Plain,

PERIODIC TOPOGRAPHY

Approximately periodic, smocthly undulating topography near the
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limit of resolution of Lhe sounder beam has bLeen labeled "periodic" in
Fig. 2. In a few striking cases (Fig. 3 for example) the trace is quite
periodic and appears almost sinusoidal; however, the category includes
all approximately periodlc topography in the size range and with rela-
tively smooth curvabure., Apparent wavelengths run roughly from one to
six nautical miles, amplitudes trom ten to torty fathoms.

In several ipstonces different apparent wavelengths obtained from
tracks run on different courses at the same location made it possible to
establish the fact that these are linear features and to estimate their

true wavelength and direction., In general, twe tracks speeify two pos-

sible directions, each with an associated wavelength; a third track is

required to remove the ambiguity. The results show that the axes of

these corrugations tend to parsllel the contour lincs (Fig. 2) and have
true wavelengths of about 1 to 3.8 miles. This type of topography pre-
dominates on the lower continental rise along the northern border of the
Hatteras Abyssal Plain, where the linear trends are gquitc marked, and a-

long the flanks of the

tip no linear trends are apparent. The almost sinusoidal corrugations
of Fig. 3 cccur on the western slope of the smaller ridge (see location

map, Fig. 7).

HYPERBOLIC ECHOES

The most prevalent type of abnormal trace in the area is made up

of closely-spaced, overlapping hyperbolic echoes (Fig. b & Ud). For the
most part, there is a fairly high degree of uniformity in the spacing and

shape of the echoes and they tend to be roughly tangent to an apparent

52
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sea floor which ig velatively smooth. This suggests small regularly-
spaced linour features which are being crossed at an angle by the sound-
ing track, The lateral dimensions of the features, in s direction per-
pendicular to their lincar tronds are 0o small to be resolved by the
¢cho sounder beam. Trend directions in this type of topography can be
estimated from a knowledge of the shape of the hyperbolic trace and the
speed of the ship. Specifically, for a point topographic feature the
shape of the trace depends on the speed of the ship over the feature.
The problem of computing +' - ship's speed in terms of echo shape from
point topographic highlights is dlscussed by Luskin, Nafe, and Ewing
(2957), If the feature is a linec rather than a point, and the ship
erosses the line at a speed v and an angle ¢ (Fig., ©a), then the echo
trace will be sensitive only to the veloclty component Vq = vsin® per-
pendicular to the feature. Thus comparison of true ship's spead with
apparent speed computed from the echo trace ylelds the inclination @ of
the line from the ship's track. The result does not distinguish bLetween
clockwise and counterclockwise senses of the inclination eand a second
track is required to remove the ambiguity.

Computation of the apparcnt speed V, Was based on an approximation
which makes use of the fact that ship's speed (a3 ineters/second in this
¢ase) is small compared with sound speed (1500 m/s), The trace then ap-

proaches an exact hyperbola glven by (see Fig. 5b):
2 2 2
(B ve)" - (v, )7 = (B V)

wiere T is the two-way travel time of the pulse, measured when the ship
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5 18 4 time b away from the point of closest approach P to the feature
at Q. V and v, ars sound speed and apparent ship's speed raspectively.

Although we could solve this equation for Va

in terms of' V, ¢, T, and T,
as was done by Luskin, et al, it is often Aifficultl to measure t as ac-
curately us the other quantitiea. Alternaiively, therefors, we differ-
entiate the above cquation and eliminate .  The result,

T aT

¥, = ﬁV - —
STV L a

¢ives the apparent veloecity in terms of V, T, '1‘m and the slope dT/dt of

the trace at T, This method gave consistent results and was found especi-
ally useful where only half the hyperbola wes visible. Trend lines were
computed in this way in several. instances whére tracks showing hyperbdbolas
intersected., Once sgain the trends are consistently parallel to the bathy=-
metric contours, Hyperbolic echoes are found chiefly on both flanks of

the main ridge and on the western flank of the szcondary ridge, where

they extend well into the Blake-Bahsme Basin (see also, Clay & Rona {19€)4)),

FUZZY TRACES

An example of the characterlstic fuzziness often encounterad in the
echograms of the ares is shown in Fig. be. This should be compared with
the pnormal trace shown in Fig. hka. The normal echoes arc strong and well-
aligned, producing & sharp leading and trailing edge on a trace whose
width faithfully reflects the length of the cutgoing ping., In the fuzzy
traces the echiove mre faint and ping-to-ping alignment is poor. Adlthough

intermediat.: cvioz 2an be found, ranging tetween the two extremes shown,
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the traces in the arca are more often olther good or bad, ~nd transition
between good and bad is often remarkably abrupt as in Fig., & (see Fig. 7
for locatlon).

In the older records, witli longer ping lengths, these fuyzy traces
were often associated with topography that appecared to be quite smooth
and flat. Mors recently the ping length has been kept as short as posi-
ible and In nearly all cases of fuzsiness in the later records hyperbolas
are discernible to some extent. Fig. 6 shows traces taken with two difw
ferent ping lengths 1n the same area, The Increased resolution as the
ping length 45 varied from about 18 ms in (a) to about 3 ms in (b) is
quite evident. The fuzzy uneven texture persists to some extent , how-
evar, This dependence on ping length is largely responsible for the ine
conslstencies sometimes found in Fig. 2 at points where tracks of dif«
ferent cruiges cross. Generally speaking, however, rogions of concentras
ted fuzziness tend to coincide roughly with those where hyperbolas aye
preseny, On the basis of the tracke shown in Fig. 2 the area involving
hyperbolic and fuzzy topography has been delineated in Fig., 8. North of
the prominent nosc feature of the Blake Escarpment (o 30°N) this topo-
graphy is rather sharply bounded on the west by the 1600 tathom contour,
This boundury can be correlated with an unconformable change i{n sedi-
mentary regimes obseyved on seismic profiler records. lyperbolic and
fugzy topography is largely abscnt from the crest of the main ridge.

‘the dependence o ping length, the tendency for areas of fugzziness
to coincide with arcas of hyperboles, and the lack of ping-to-ping align=

ment in the fuzzy trace suggest that the fuzzy trace results principally
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from small-scale Lopography of Lhe water-sedlment interface rather than
from unusudl acoustlical properties of the sediment.

The usutl plune=wave reflection coefficient for the water-sediment
interface, which 1s appropriate for a plane wave reflected from a plane
interface, depends only on these material properties and the angle of
incldence. For & non-planar lnterfece the shupe of the invertace must
0150 be taken inio account. For example, relatively gentle curvature will
introduca n certain amount of forussing or detocussing (curvature of the
reflected waveTront) but the reflection is still essentially specular,
on the other Rapd a very rough interface will scatter the sound aenergy
incoherently in all diructiobs and no specular reflection will be poss-
ible., These two limiting coses are tentatively ildenidfied respectively
with sharp and fuzzy PDR traces. The sediment material need not differ
in the two cases, although sediment type no doubt is a condition of forma-
tion of the microtopography lLtself,

In the case of secatltering from a rough surface the extent of scats
Ihg depends on whe veriical end horizontal dimensions of the lrregulari-
ties compared with the wavelengtls of the incldent radiation. If the vert!-
cal dimensions are vary small compared to the wavelength the scattering
will bz negligible regardless of the horizental dimensions. If the verti-
cal dimensions, are of the order of a wavalength the scattering will be
great for horizontal dimensions of the order of a wavelength but small
for horizontal dimensions much larger than a wavelength. An opportunity
to observe this dependence on wavelength is afforded to some extent by

measurements made simultaneously with the 12 ke ocho sounder and the seismic

reflection profiler (about 100 ¢ps). Results from simultancous mcasurements
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are shown in Fig. 9. The records have been reproduced to approximately
the same scale. They show a rather typical sudden transition from smooth
flat bottom to fuzzy hyperbolas with peak-to-peak spacing of the order of
500 m. The seismic record (¢) was mede by & compressed air source at a
repetition rate of about 15 seconds; the FPDR records by a 12 k¢ tiansducer
at a 1 second repetition rate. Records (b) and (c) were made simultaneously,
Just before the ship stopped for a station. During the station the ship
drifted back approximately over its previous treck. Record (&) ic the
PIR trace made as the ship left the station on the original ccurse and

before the profiler was back in operation. Records {b) and (c) can thus

be compared feature for feature., However, since the PDR was inadvertently
f gated at the time, record (a) is included to permit overall comparison

Eg with an ungated trace.

In spite of the much slower repetition rate, the profiler produces

v -

sharper traces of individual features than does the PDR. Note especially
the second hill from the left, which is quite evident in the profiler re-
cord but barely visible in the PDR. This suggests smailer scale topo-

graphy superimposed on the features seen in the records., That such micro-

topography is present is shown by bottom photographs taken during the sta-

tion. Small, sharply-crested ripples (Fig. 10) were apparen’ in 16 of the
20 frames comprising the station. In several frames parallel ripples are
separated by about 2 meters as in the photographs shown. The features
; appear to be several centimeters high.

The effect of such topography in each case can be estimated very
roughly by assuming equslly-spaced parallel ridges 2 m apart with relief

of perhaps 10~15 cm. hon for vertically incident radiation at 12 ke

PO s o i R D




POMLTE S Bt

R il LR RN

LA AT AT K

-9-
(wavelength A%1/8 m) the reflected radietion will be split up into vari-
ous orders of diffraction with directions from the vertical given by the

Bragg formula:

n\ n
slnon = comme N e
L 16

vwhere L 8 2 m is the ridge separation. The specular reflection is given

by n=0and is of course vertical. The first order diffraction peak

(n = 1) 1is about 31° from vertical, and is therefore offset some 300 m
from the transducer in a water depth of 5000 m. Thus only the specular
term contributes. If the relief is approximated by a sinusoid with ampli-
tude a, ‘and the sediment is considered a fluid, the 1Vrirtensiity oi‘fthis term

can be approximated, for A< L, by (see for example, Officer, 1958)

2
= T <

where Y o is the intensity returned from & plane surface (a=0) of the same

impedance contrast, and J, is the Bessel function of order zero. For

& 8 A = 1/8 m the envelope of I (4w —i— ) is about .23 whence I & 0.05 I_.
Thus the intensity returned to the transducer is only 5% of that expected for
a plane surface.

For 100 cps A= 15 m and all non-specular directions are imaginary
cince A>L. In this case the non-specular or scattered portion is cone
fined to the vicinity of the boundary and is lost to the specular term.

In the long wavelength limit, A>>L, the sinusoidal model with ampiitude =
12 emand L = 2 m gives, to the same approximation, negligible loss due t;o

the microtopography. -
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In summary, three types of abnormal or unusual PDR trace have been
considered: periodic, hyperbolic, and fuzzy traces. In the area studied

all three types are caused principally by bottom corrugations of different
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wavelengths. Hyperbolas generated by isolated point sources and rough, 4
steep slopes such as the Blake Escarpment are not of interest here. The -

approximate range of wavelengths for each type is as follows: 1i

periodic: 1000 - 7000 m

T ) S T

hyperbolic: 100 - 1000 m ’i
i b
. fuzzy: 10 =« 100 m q

The sources of the majority of the periodic and hyperbolic echoes

- shown in Fig. 2 are of two types: (1) longitudinal ripples formed by bot- e

tom currents, as exhibited in the eastern Blake-Bahama Basin, (2) minor

; slumping and compressional folding such as is frequently seen on the east-

3
.

i

{

4

ern flank of the main ridge, for example. é
3

The detailed study of topography in the 10-100 m waveleagth range in ¥

; deep water requires considerably more resolution than is possible with con-

ventional surfacg-mounted echo-sounders and a much greater field of view

than 1s afforded by bottom photography. One possibility is the use of a

deep-towed echo-sounder, or at least a deep-towed pinger working into a

ship-mounted receiver. Preliminary work with a deep-towed pinger in the

area gave evidence of micro-relief but a detailed study was hampered by
a large drift in the pinger time base. It is expected that future pinger .

lowerings will enhance our knowledge of the microtopography and its rela-

PR AL i

tion to bottom loss.

PRIy

Lol e




R

«1]1-

BOTTOM LOSS

As mentioned in the introduction, meusurements in the Dlake-Bahama
area indicate that bottom loss is significantly greater over hyperbolic
aud fuzzy bottoms. A ship in this area, using a 4 ke system, found a 10~
15 db inerease in bottom loss while its 12 k¢ echo sounder (ping length
~ 19 ms) simultaneously noted a gradual change from fairly coherent bot-
tom trace to a very fuzzy or incoherent one (Weaver, 1957). This run of
approximately 30 miles was mede Just east of the Outer Ridge (29°30'N;
72%40'W) at about three knots over what appeared to be practically smooth
topography. The Lamont ship CONRAD was subsequently directed to duplicate
the track with its 12 ke short pimg sounder (ping length &5 ms). The
CONRAD data, taken at 10 knots, disclosed microtopography indicated by
hyperbolas and small periodic corrugations with wave-length and amplitude
increasing in the direction of increasing fuzziness noted by the first
ship. Calculation of the orientation of the c¢orrugations at several points
indicated that they are parallel to the regional contours. Subsequently
the vertical exeggeration of the record made at 3 knots was increased by
means of a flow camera, thereby eccentuating details of topography which
were not obvious in the original record. Fig. 1l shows (a) a portion of

this modified record and (b) its equivalent CONRAD section.

OUTER RIDGE
In the process of investigating the echo sounder records in the area
and plotting the extent of the fuzzy zones, it became apparent that these

zones are related to the large ccale structure of the Blake-Bahams Outer
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Ridge, and therefore probably result from the processes forming the ridge.

The Blake Outer Ridge is an clongate feature over 300 miles in length

which trends southeast from a point about 32°30'N, 76°30'W where it merges
with the northern portion of the Blake Plateau. At this point the ridge
is rather broad; it tapers down toward the southeast, The eastern flank
is consistently steeper than the western.

The following discussion of the structure of the Outer Ridge is based
upon detailed study of the character and behavior of the reflectors observe
ed on continuous seismic reflection profiles along approximately 13,000
miles of ship's track. Three diagnostic sections are shown us Fig., 12
and oriented in Fig. 13. Both compressed air (sections AB & CD) and ex-
Plosive (Qection EF) sound sources were used. Typical penetration in this
area with these methode is 2 seconds of reflection time; the maximum pene-
tration (3.5 sec) was achieved using explosives.

Tt is known that the Outer Ridge is a depositional feature (Ewing &
Bwing, 1964) built upon Horizon A, an essentially flat-lying reflector
of Cretaceous age which is present throughout ihe area of Fig. 2 east of
the Blake Escarpment (see also, J. Ewing, et al, 1966)., Above "A" we dis-
tinguish two major sequences divided by a reflector labelled x in Fig. 12.
The lower lies directly on "A" and represents the major period of differ-
ential). deposition which gives the ridge its relief; the upper has & more
complex structure.

Post "A" sedimentation tcok the form of & mound of unevenly distri-
buted acoustically transparent sediment. The poorly-defined reflector
which tops this sequence, reflector x, can be traced throughout the Blake-

Bahama Basin and secondary ridge provinces as well as over most of the
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Outer Ridge. In section AB of Fig. 12 (which is a representative cross-
section of this portion of the ridge) this layer thins sbruptly toward
the Hatteras Abyssal Plain from an estimated thickness of 1.5 sec at the
ridge axis to only .5 sec in less than 50 miles; it thins more gradually
toward the Blake Escarpment. "The secondary ridge is displayed by this
reflector, though its axis lles slightly to the east of the present topoe
graphic feature. In effect, the gross topography at the time reflector
x was the sea floor was virtually the same as the present-day topography.
Post x sedimentation begins with .5 se¢ or more of acoustically trens-
parent material which gradualiy gives way to series of thin parallel re-
flectors at about .5 se¢ below the bottom. Post x sedimentation is com-
plicated north of 30°N in the ridge srea by & reflactor (y in Fig. 12)
intermediate between reflector x and the sea floor., In the area of Fig.
2 this reflector is visible only under the crest of the main ridge (roughly
delineated by the 2000 fm contour) and over an extensive area of the contin~
ental rise northeast of Cape Hatteras, Where y is present interpretation
is made more difficult by its excellent reflecting characteristics which
commonly prevent decper reflectors from being seen. Reflector y appears
occasionally to cut across bedding planes while maintaining its usual
position about .6 sec below and parallel to the sea floor (Fig. 12 AB &
EF). It is never clearly visible deeper than 5.5 sec below the water
surface, & depth which corresponds, perhaps fortuitously, to the depth
of principal change in calcium carbonate content (Peterson 1966).
Post x sedimentation is also complicated by the existence of the

steeply-dipping reflector shown midway between the two ridges in Fig. 12
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section AB and Just to the right of the point where AB crosses on section
EF. This retlector forms & plune with a dip of about 2° to the south,
The plane, striking essentially east-west, has been observed only between
74°30" and 75°15'W, outcropping approximately along the 30°15'N latitude
line. It is not present on the western flank of the southward extension
of the main ridge (section CD); therefore it seems that unless this re-

flector is regarded as a fault plane, one of small throw and within the

post x sequence, the post x evolution of the ridge may be considerably
different to the north and south of latitude 30°15'N.

The ridge sediments above Horizon A both thin and dip gradually
to the southeast along the ridge axis as shown in Fig, 14 (a structure

section along the ridge axis derived from all available profiler crosse-

ings of the ridge crest). The sediments also thin and dip sharply to

the east (from the axis) along the entire length of the ridgé. On the
west flank north of the "nose" the sediments have to a large degree filled
in the area between the Escarpment and the ridge crest. This pattern of
sediment thicknesses suggests the Blake Flateau as the principal sediment

source for the construction of the Outer Ridge. This appears to be sup-

ported, at least for recent times, by the carbonate studies of Pratt &

Heezen (1964) which indicate the Blake Plateau sediments as containing

over 80% of carbonate material, the Blake Outer Ridge avbout 60%, the

Blake-Bahama Basin 40-60%. North of Cape Hatteras the amount of calcium

carbonate is small, rarely more than 3% (Stetson, 1939).
The two principal current systems avallable as media for trans-

portation of sediment to the Outer Ridge are (1) the Florida Current,
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augmented by the Antilles Current, moving north and then turning north-
east across the shallow Blake Plateau, and (2) the deep western boundary
undercurrent which flows southward along the lower continental slope and
upper continental rise in the vicinity of Cape Hatteras (Swallow & Worth-
ington, 1961, and Barrett, 1965). Additional evidence yor a source oh

the Blake Plateau 3s the presence of marked botiom scour on all eeho
sounder traverses across the axis of the Florida Current. This scour

zone (Fig. 8) begins to widen at about 30°30'N where the combination of
the gradual increase in bottom slope in the direction of the Blake Escarp-
ment plus the coastal control exerted by the protrusion of the coast at
Cape Hatteras induces a marked easterly component in the bottom current
and scour patterns. The east-west "shoulder" at 31°N; 78-79% also as-
sists in promoting this tendency. Actual bettom current measurements
(Pratt, 1963) indicate strong bottom currents of 25-L0O em/sec moving east
and northeast at about 31°N;78%. According to thL. bathymetry of reflector
4 (Ewing, J., et al, 1966), it seems probable that the principal flow in
the past crossed the Escarpment slightly farthey north, even nearer the
root of the ridge than at present.

The existence of the two oppositely directed currents, together
with the overall shape and structure of the Outer Ridge, suggests a mechanism
for the formation of the ridge which is based on the assumption that the
two currents interact to create the conditions necessary for the observed
pattern of deposition. It is postulated that sediment-laden bottcm water
of the Florida Current, flowing roughly northeast, meets the undercurrent,
flowing roughly southwest, at the edge of the Blake Plateau, both streams

then being diverted to a generally southeast direction. The surface water

-
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of the Florida Current, pussing over the undercurrent, continues northe
cast as the Gulf Stream. In the vieinity of the junction the interacting
currents are slowed down and deposition tekes place along the path of the
resultant combined flow.

This picture is developed along quantitative lines in a separate

note included as an appendix; the results obtained are in reasonable
agreement with the main features of the depositional pattern. Since the
major differential deposition occurred between Horizon A and reflector x
(or possidbly y), the model may not be as applicable to more recent sedi-
ments, intluding present day deposition. This would hardly be surprising

since the model does not take into account the effect on the flow pattern

A TR IS 255U £ 42 R P 2SRRI S I ————

of the changing topography as the ridge 13 beilng formed. In the Limit
the ridge would build up into the level of interaction and dominate the
flow pattern. The original flow pattern mey, of course, have been dis-
turbed by processes unconneéted with the bLuilding procsss itself, such

as the previoucly mentioned possible southward shift of the region where

R EhE. L

the Florida Current bottom water leavas the Escarpment., A change of

this sort would have a direct etffect on the flow pattern and could ex=

T i e
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plain the presence of the secondary ridge, In any case there are a

number of secondary features which cannot be explained by the first order

LT

theory invoked here. Among these are the bench-like structures of Fig.

v TR

12 (KF), the related westward protrusion from the Outer Ridge at 130°30'N
(well-displayed Ly the 1900 fm, contour), and the very sinusoidal periodic

topography associated with some portions of the west flank of the sacondary

TR TR T ATl

ridge (Figs. 3b and 12(AB)). A more exact hydrodynamic theory, coupled

with more detailed knowledge of the boundary conditions, might cxplain
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some of Lhose features; post-depositional siumping or other tectonle
machanisms migh'. explain others, such as the aforementioned Lenchea,

The question urises whether ths two currents can in fact meet at
the swne level and interact as requirved, Estimates regerding the upper
level of the widercurrent are confi.  ng but Barrett (1985) glves evidence
that it is as shallow as 500 m at the inshore boundary near Cape lintteras,
Since the floor of the Blake Plateau is typically 800 m deep, considerable
overlap would exisi cven if both cutrents weve consirained by temperature
stratificavion to remain at the respeetive levels dictated by the upstream
boundatry conditions. On the other hund, Swallow and Worthington suggest a
figure of close Lo 2000 m for thks top of the undercurrent farther south at
about 33°N which would preclude any interaction if the streams remained in
perfect thermal stratification. Howeveyr, since the stream velocitizs are
relatively high some disturbance of the stratification due to turbulence
may be expected. Thus the sediment-laden bottom water of the Florida Cur-
renl may in effcct sink ubpon crossing the kscarpment, through the mechanism
of downward turbulent transfeor of bolh sediment and momentum., For suffi-
ciently large sediment grains, gravitational setiling could account ror the
sinking of the svdiment even without weddy diffusion; the more important
question is whether or not the eddy viscosity is large enough to effect
Lthe required momentum Lransrer against the Lemperature gradient.

Whatever thz details of the interaction, and in :pite of the many
secondary Gspecta of the vidge struclure which vemain wnexplained Ly this
first ordey theory, Lhe overall pattcrs of deposition is adeguately oxe

Plained in terms of' the hiydrodynamics of sediment-carrying currents,
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Appendix: lHydrodynamic Model of the Formation of the Blake-Bahama
Outer Ridge

G. M, Dryan

The proposed picture of the formation of the Elake-Bahama Ouber
Ridge by currents can be developed quentitatively on the basis of hydroe
aynemic theory. It 1s postulated that scdiment-laden bottom water of
the Florida Current, {lowlng roughly northeast, encounters the western
boundary undercurrent, flowing roughly southwest, at the edge of the
flake Plateau, both streams then bedng diverted to & generally southe
east direction. The surface water of the Florlda Cuirent, passing over
the undercurrent, c¢ontinues northeast as the Gulf Stream,

In the vicindty of the Junction a hydrodynamically stable flow
pattern c¢an develop in which the flow velocity decrcases to a minimum in
the turn, then inoreases as the flow strajghtens out on the new course,
If one or both of the streams is carrying sediment, deposition will take
place in the region of lowered velocity, and the depositional pattern
will be governed by the flow pattern. The relationship between flow
pattern and depositional pattern will, In general, be quite cimplex and
will depend to a large extent on the range of velosdties and particle
slzes involved. Relatively heavy particles, with settling velocities
comparable to the flow velocities, will tend to deposit along isotachs
corresponding to appropriate threshold velocities for deposition. On
the other hand very light particles, which tend to stey in suspension
for long pericds of time, will tend to be distributed alons streemlines,
to the extent that they are deposited at all.

In order to preoeeced toward a quantitative theory it is necessary
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first tc esteblish & reasonable flow pattern fitting the known bounduxy
conditions and second Lo develop & sultable mechanism for deposition as
a tunction of flow velocity and particle size, Bolh aspecis of the pro-
blem require rather severe simplifying assumptions.

The hydrodynamic equatlons are wsually linearized by n perturbation
methed in which the unporturbed solution represents the case of statie
egquilibriwe, First order perturbation for free steady motion with plane
level surfaces and non-isentroplc stratification then ylelds two-dimen=

sional streamline FLow of an incompressible fluid (see for example, Eck-

art, 1980), The, f'irst order velocity V then satisfies
by
V-Ve*e0 and Vv.9UX=20

where X is the gravitational altitude,
In this approximation the flow is also irrotational and the methods

of potential theory are applicable. In particular for two-dimensional

motion we introduce the complex potential

W) +iy

wvhere =z = x + iy and the velocity potential ¢ and the stream function
X are conjugnte selutions of Luplace's equation,

. -~ . H
writlng ffor the velocity Vs vx¢.vy ® q.'e we have,

v,----"-t'---M and V

dx dy y

I--&.ﬂ E
dy ox

from which iy {ollows that
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where v* = qe'ie is the complex conjugate of the flow velocity.

in Fig. 15a the x-axis is a rigid boundery representing the Blake

Escarpment from Cape Hatteras on the left to about latitude 30°30'N on

the right, Two streams of widths Wy and Wy < Wps following the boundary,
meet at the origin and are diverted to a new direction. This problem is
eanivalent to that shown in Fig. 15b in which two streams of widths 2wy
and 2w2 meet head on without the influence of rigid boundaries. The line
of symetry in Fig. 15b can be replaced with a rigid wall to give the pro-
blem of Fig. 15a. The problem of impinging streams in two dimensions has
been treated in considerable detail in classical hydrodynamics (see for
example Milne-Thémpson, 1955, chapter XI). A stationary flow pattern re-
quires that the two streams have the same speed at infinity, and this is
assumed without further justification. The complex velocity v = qeig
is then related to the position 2z = x + iy by

»*

z=-.’,-{2w, In(l-ﬁ:)-ZWaln(H-{T)

~ (wtw) #Bin (1= & o8 ) = (we wy) B (1= )

where U = upstream speed at infinity, B = asymptotic direction of final
flow. An isotach is the locus of z traced out by varying © at fixed q.
The complex potential W, whose imaginary part is the stream function, *<¢

also most easily expressed in terms of v* :

*

»
we S {2winti-F )+ 2w mite &

={w+w,) in(i~- ﬁ- e'8) - (w+ wp) In (1= _lvj_ .-iﬁ)}
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The final flow direction is related to the initial upstream widths at

infinity by

W"'W
cos B = -
w' + wt
and the final downstream width of the combined flow is w@= Wit v,

If the widths and velocities of the two streams were known the final
“low direction 8 could be computed and isotachs and streamlines mapped
in the x,y piane. In the present case the parameters of the incoming
streams are not that well known; the angle ﬂ was inferred from the known
topography and used to compute isotachs and streamlines in dimensionless
form. The resulting patterns were then adjusted in scale to fit the top-
ography, after which the stream widths could be predicted. (Since we are
assuming deposition on a nearly level Horizon A, the topographic contours
correspond approximately to isopachs.)

The streamlines and isotachs computed for B =66° are shown in dim=-
ensionless form in Fig, 16, There is a stagnation point at the origin,

where the streamlines coincident with the boundary change direction dis-

Jede

continuously as the flow velocity vanishes, A dividing streamline
marks the boundary tetween the two bodies of fluid in the combined flow,
is perpendicular to the rigid boundary at the stagnation point, curves
douwnstream away from the wid- current, and apprcaci:.cs asymptotically the
final flow direcction 8 . Velocity is continuous across this  ividing
stresmline; the isolachs approach concentric cireles about the stagnation
point at the low velocity limit and approach the streamlines as the velo-
city approaches the upstream velocity U,  The outer edges of the flow

constitute f'ree streamlines with constant velocity U. The isotachs in
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Fig. 16 are plotted at velocity intervals of 0.1U.

In Fig. 17 the flow pattern is compared with the bathymetry of the

ridge, the scale having been adjusted to obtain the best fit between the

dividing streamline and the ridge axis. The resulting stream widths are

-

P T W e o e

74 km on the north, 31 km on the south and 105 km for the combined down-

stream flow. Available experimental determinations of the undercurrent

are variable and sometimes show considereble structure. According to
Barrett (1965) the width off Cape Hatteras is probably between 20 and

80 km. Farther south ( ~ 33°N) Swallow and Worthington (1961) show sev-
eral sections with peak velocities in the range of 10-18 Cm/sec and widths
of 90-100 km to the 1 cm/sec points at the bottom. Still farther south

( ~ 32°30'N), and well into the pattern of converging streams, their
Section I shows peak velocity down to about 7 cm/sec and stream width

more than doubled.

Similarly detailed measurements do not seem to be available for

Lot O (] e AT (oW m..-‘wlwhmmmmmilﬁimmﬂ‘mm

the Florida Current in the neighborhood of the current junction. For

what it is worth, however, the scour pattern on the Blake Plateau just

TR

north of the FPlorids Streits is about 3C km wide, in reasonable agree~
ment with the predicted upstream width of 31 km.

Further support for the hydrodynamic modei is found in the close
fit between the curving ridge crest and the dividing streamline of the
flow pattern, along which meximum deposition should take place. The
crest appears to divide the ridge into two distinct depositional regimes:
on the east flank the topographic contours are nearly parellel to the

crest, tending to follow the streamlines of the flow pattern (Fig. 17)
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while on the west the contours make large angles with the crest and tend
to follow 1sotachs (Fig., 18). As discussed qualitatively above, this
suggests that relatively fine sediment is moving south in the under-

current, and relatively coarse sediment is coming north in the Floridas

Current.
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Fig. 1. Bathymetric and province map of the Blake-Bahama region,
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Fig. 16, Streamlines and isotachs computed for 8 = 66°, I1sotachs
are plotted in intervals of 0, 1U from zero at the stagnation point to
U at the free streamlines,
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