
Because of this, it seems reasonable to
suppose that the hydrogens reported in
Frondel and Ito's analysis are, in fact,
absent from the structure, and that in
the recorded analysis the loss on igni-
tion was due rather to a loss of some
of the other constituents, especially B
and alkali. The density computed for the
ideal formula, CsB12Be4Al4028 (except
that the alkali mixture found by Frondel
and Ito was used instead of pure Cs), in
an isometric cell of edge a = 7.319 A, is
3.478 g/cm3. This is essentially the
same as that of Frondel and Ito's pre-
ferred formula which requires 3.47, as
compared with a measured density of
3.44. The small excess in calculated den-
sity could readily be attributed to a
small error in the proportions of the sev-
eral alkalies making up the alkali site.
The ideal formula CsB12Be4A14028

appears to be unbalanced in the amount
of one excess positive charge. In other
words, the alkali appears to behave
forma4ly as a neutral atom. It also ap-
pears to be held, clathrate fashion,
within the large hole at the origin. For
the Manjaka rhodizite, the composi-
tion of the alkali in the hole is
Cs.47Rb.17K.33Na.03. It is evident that

The continental rise is a broad, uni-
form, gently sloping and smooth-sur-
faced wedge of sediments, 100 to 1000
km wide and 1 to 10 km thick which,
wherever trenches are absent, lies at
the base of the continental slope. It is
normally covered with, and probably
is largely composed of, monotonously
homogeneous fine gray lutites. These
"hemipelagic" or "terrigenous" sedi-
ments were deposited at comparatively
high rates. Postglacial rates ranged
from 5 to 50 cm per 1000 years, and
even higher rates predominated during
the Pleistocene (1). In most instances
seismic refraction investigations reveal
that the wedges of sediment are thick-
est beneath the upper continental rise
and gradually thin seaward (2). It
has been suggested that these modern
geosynclines lie in ancient deep-sea
trenches and that they were filled in
large measure by turbidity currents.
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these various atoms, whose radii vary
from about 1.7 A down to 1 A for
ionic radii, or about 2.4 A to 1.6 A for
metallic radii, cannot all fit the same-
sized void. The occurrence of neutral
Na in the clathrate structure Na8si46
and Na,Si136 has just been discovered
and discussed by Kasper et al. (6). Rho,
dizite appears to offer another example
of a neutral alkali in a cage.
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However, recognizable turbidites con-
stitute a small proportion of the glacial
and postglacial sediments of the conti-
nental rise (1). Since hemipelagic lutites
are derived almost entirely from denu-
dation of land, a seaward diffusion of
lutite is generally assumed, but the trans-
porting mechanisms and directions of
transport are difficult to infer because
of the lack of sediment variability.

The continental rise off eastern
United States merges south of Cape
Hatteras with the broad, southeasterly
plunging Blake-Bahama Outer Ridge.
Seismic investigations (3) indicate that
this southerly extension of the conti-
nental rise is an undeformed sediment
wedge similar in seismic velocity and
geological structure to the normal con-
tinental rise sediment wedge found
further north.
The outer ridge is separated from

the continent by the Blake-Bahama

Basin and by the broad Blake Plateau
(Fig. 1). Terrigenous sediments de-
rived from southeastern United States
are barred from the eastern Blake Pla-
teau, the Blake Escarpment, and the
western Blake-Bahama Basin by the
vigorous northerly transport of the Gulf
Stream which flows at velocities of 100
to 300 cm/sec along the western margin
of the Blake Plateau. Thus the exis-
tence of the accumulation of a conti-
nental-rise-type sediment 1000 km sea-
ward of Florida suggests a north-to-
south abyssal transport of terrigenous
sediments.

Agassiz concluded that the Blake Pla-
teau is "swept clean of slime and ooze."
He did not specify the destination of
the detritus, but Stetson concluded that
much of the finest material is trans-
ported with the Gulf Stream far into
the northern North Atlantic (4).
The growing Gulf Stream draws over

12 million m3/sec of the Antilles Cur-
rent (5) across the Blake Plateau.
Transportation by this westerly flow
may account for the relatively thin
veneer of Recent sediments and the
frequent exposure of Tertiary and
Mesozoic marls on the Blake Plateau
and Blake Escarpment. Numerous un-
conformities were encountered in the
reduced Tertiary carbonate section pen-
etrated by JOIDES (Joint Oceanogra-
phic Institutions' Deep Earth Sampling
Program) (6) drill holes, which sug-
gests that a vigorous but fluctuating
westerly transport had persisted through-
out the Tertiary. Some of this detritus,
including all of the bedload, must be
deposited somewhere near Cape Hat-
teras where the Gulf Stream flows into
the deep Atlantic, but there is no ob-
vious topographic feature directly east
of Cape Hatteras which might repre-
sent a pile of detritus. Although the
Gulf Stream apparently has locally
eroded the Blake Plateau, its main ef-
fect has been to prevent terrigenous
deposition seaward of the stream and
to inhibit deposition of the normally
thin pelagic carbonate oozes.

Slope water off northeastern North
America is bluish or grayish green,
while the Gulf Stream and Sargasso
Sea are a clear deep ultramarine. Slope
water, which north of Hatteras lies at
the surface between the Gulf Stream
and the continental slope and laps up
on the continental shelf, not only sup-
ports. a much richer biota than the
Sargasso Sea, but also contains at least
an order of magnitude more suspended
matter and is, therefore, a potentially
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Shaping of the Continental Rise by Deep
Geostrophic Contour Currents

Abstract. Geostrophic contour-following bottom currents involved in the deep
thermohaline circulation of the world ocean appear to be the principal agents
which control the shape of the continental rise and other sediment bodies.
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BOTTOM SEDIMENT
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RIPPLES V |LAST GLACIAL (Y)
STRONG SCOUR
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O NO CURRENT EVIOENCE
TRACKS, TRAILS, LIFE ABUNDANT

M MURKY WATER

*°79 DEPTH TO TOP OF BOSDY WATER IN METERS
- (EWING e THORNDIKE, 1965)

HASH MUD CONCENTRATION IN BOTTOM- WATER SAMPLE (GROOT a EWING, 1963)

OUTCROPS
PL * PLIOCENE
M* MIOCENE
E * EOCENE
C * CRETACEOUS'

30

283-

BOTTOM
CURRENTS

DtRECT NEAR-BOTTOM
MEASUREMIENTS WITH

/ NEUTRALLY BUOYANT
/s FLOATS (SWALLOW a

II WORTHINGTON,1961; BARRETT.1965)

CURPHOTOGREPHTC BOTTOM
CURRENT METER (PRATT.1964)

DIRECTION B RELATIVE
CURRENT MAGNITUDEDETERMINED FROM -1
BOTTOM PHOTOGRAPHS [ GULF STREAM

-(o, WITH COMPASS 1

VOLUME TRANSPORT IN E> SEEP CURRENT
Iv0M3/SEC (STOMMEL,19A5)

FLOW DIRECTION OF GEOSTROPHIC
CONTOUR CURRENT

Fig. 1. Bottom currents and sediments on the Blake Plateau and Blake-Bahama Outer Ridge. Short-crested ripples, manganese
nodules, and Tertiary outcrops are found beneath the Gulf Stream which acts as a barrier to seaward transport of terrigenous
sediment. The outer ridge is formed by rapid deposition of lutite from the southerly flowing sediment-laden Western Boundary
Undercurrent which flows parallel to the contours. Thirty-three additional photograph stations obtained from R.V. Eastwvard in
Ma,irch 1966 (not shown) further support the current pattern indicated.
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.. .

significant intermediate source of ter-
rigenous lutite. Bottom water velocities
on the continental shelf almost always
exceed those required for the erosion
and transportation of silt and clay. Thus,
lutite eroded from the continents largely
bypasses the continental shelf where
sa'nd and gravel are the predominant

'-sediment.' Upon reaching the slope
water, much of this fine material re-
mains in suspension and drifts to great-
er depths.
The pronounced seaward dip of

near-bottom isotherms frequently ob-
serVed on the continental slope and con-
tinental rise constituted the first evi-
dence of relatively strong deep con-
tour-following geostrophic currents
(S). Pressure gradients indicated by

the inclined isopycnals must be opposed
by an opposite and equal force which
would seem to be provided by a cur-
rent on which the Coriolis forces are
acting normal to the direction of mo-
tion (to the right in the northern hemi-
sphere). These currents flow along iso-
pycnals which are approximately paral-
lel to the bathymetric contours. We
refer to these currents as contour cur-
rents.

Wiust (5) demonstrated that a rela-
tively strong Antarctic Bottom Current
flows north in depths of 3000 to 5000
m along the western side of the South
Atlantic, and he predicted the'existence
of a similar intensification in the south-
erly flowing deep current along the
western side of the North At-

Fig. 2. Bottom photographs of the Blake Plateau and Blake-Bahama Outer Ridge.
(A) Tranquil bottom on crest of outer ridge near base of continental slope. In this
area four stations reveal abundant life and no current evidence. E41-58-1; 2164 m;
320 24'N, 7601 8'W. (B) Current lineation east of crest of the outer ridge. At 14
stations from both the eastern side of the outer ridge between 3000 and 5000 m and
from the base of the continental slope off North Carolina, abundant lineations indicate
a southerly current flowing' precisely parallel to the contours. The compass is 10 cm
in diameter. E41-49-8; 3975 m; 31°42'N, 74°49'W. (C) Short-crested current
ripples beneath the Gulf Stream on the Blake Plateau. Surface of the Blake Plateau
is characterized by rippled sand, manganese nodules, or manganese-encrusted tabular
'outcrops of Tertiary sediment.' E19-D; 872 m; 30°52'N, 78041'W. (D) Current
lineations made by the southerly flowing Western Boundary Undercurrent east of the
crest of the outer ridge near the base of the continental slope. Direct current measure-
ments nearby indicate a southerly flowing near-bottom current of up to 18 cm/sec
(8). E41-61-17; 3183 m; 32°51'N,'75045'W.
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lantic. Relatively strong inclinations of
the deep isotherms below 3000 m have
frequently been observed along conti-
nental margins in the western North
Atlantic (5, 7). Near-bottom velocities
up to 18 cm/sec'have been observed in
the southerly flowing Western Boundary
Undercurrent east and southeast of
Cape Hatteras, east of Cape Cod, and
off Greenland and Labrador (8). These
measured velocities are competent to
transport all the sizes. of sediment
generally found on the continental rise
(9). However, most measured or cal-
culated current velocities in the deep
sea are closer to the minimum values
required for transportation of rise sedi-
ments. Under a delicate balance be-
tween transportation and deposition,
faster portions of the current will pro-
duce thicker deposits because of their
greater total volume transport.

Unoriented photographs have re-
vealed the presence of ripple and scour
marks on the Blake-Bahama Outer
Ridge (9). An expedition to the con-
tinental rise and Blake-Bahama Outer
Ridge was conducted as a student
training cruise aboard Duke University
R.V. Eastward during August 1965 to
investigate the nature and orientation
of the effects of geostrophic contour
currents on bottom sediments. Deep-
sea cameras equipped with punch core
and compass and a precision echo
sounder were the principal tools used
on this expedition. A further investiga-
tion was completed in October 1965
from C.S. Long Lines in connection
with a cable route survey.
Along the base of the continental

slope off Beaufort, North Carolina, and
along the eastern flank of the outer
ridge, current lineations consisting of
streamers of sediment deposited in the
lee of burrow mounds and other ob-
jects on the bottom were observed at
29 localities (Fig. 2, B and D). At
24 stations a compass was placed with-
in the field of view; at 14 stations
from both the eastern side of the outer
ridge between 3000 and 5000 m and
from the base of the continental slope
off North Carolina, abundant lineations
indicated a southerly current flowing
parallel to the local contours (Figs. 1
and 2). Where current lineations were
abundant the bottom was smooth and
remarkably free of benthic life, and
the water appeared muddy. Neither cur-
rent lineations, ripples, nor turbid water
was observed on the outer ridge in
four out of the five stations obtained
in depths less than 3000 m. In such
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depths the bottom was marked by
tracks and trails and by a relatively
normal abundance of benthic life (Fig.
2A). Rounded ripples occurred in seven
stations at a depth of 3500 to 5000 m.
On the Blake Plateau the Recent is

variable in thickness and consists of
reworked shelly green-sand and phos-
phorite on the landward side of the
Gulf Stream, reworked coral sand and
manganese nodules beneath the Gulf
Stream, and globigerina ooze on the
outer Blake Plateau (10). Near the
seaward edge of the Blake Plateau the
Pleistocene is absent and Pliocene or
Miocene marl is either exposed at the
surface, covered by a few centimeters
of ooze, or coated with a manganese
crust (1). The outer ridge, on the other
hand, is covered by a thick sequence
of Quaternary sediments.
The thickness of the Recent (Fig. 3)

(1) increases from the Hatteras Abyssal
Plain toward a maximum of over 1 m
on the eastern flank of the outer ridge,
then decreases markedly, and reaches
a minimum east of the crest. West of
the crest the thickness of the Recent
ranges from 30 to 80 cm, again de-
creasing to 20 cm on the Blake-Bahama
Abyssal Plain. The late glacial (Y)
zone generally exceeds the 10- to 20-
m penetration of the cores. In three
cores near the apparent axis of the
undercurrent, Recent and late glacial
sediments are thin or absent, which
suggests either slow deposition or con-
siderable erosion along narrow linear
belts (Fig. 3).

In only three other cores on the outer
ridge was the late glacial (Y) zone
penetrated. The underlying warm zone
(X) was reached at 16 and 12 m on
the outer ridge at 300 and 28°N, re-
spectively. In one core at 31 °N over
19 m of late glacial (Y) was pene-
trated without reaching the underlying
warm (X) zone. Thus the thickness of
the late glacial (Y) zone decreases
from over 19 m at 31°N to less than
12 m at 28°N as the total thickness of
the outer ridge accumulation decreases
from 5 to 3 km (3).
A downslope thinning of beds has

been observed on the continental rise
from the upper few tens of meters to
the basement surface (11). This wedg-
ing might be attributed solely to sedi-
mentation resulting from a gradual mix-
ing and diffusion of finely divided ter-
rigenous material with increasing dis-
tance from the continental sources, were
it not for the presence of a similar

. wedging on both flanks of the outer
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ridge. This latter fact suggests that
transport parallel to the isobaths by
deep-sea currents plays a significant role
in the transportational history of con-
tinental rise deposits.
The boundary between the area of

tranquil bottom and smoothed current-
lineated sediment corresponds to an
abrupt deterioration in bottom reflec-
tivity (Fig. 1). Near the upper or shal-
lower edge of the area of current linea-
tions, hyperbolas approximately tangent
to the average sea floor profile are
frequently recorded on the echo sound-
er (1). In slightly deeper water echoes
are irregular and indistinct, which sug-
gests the presence of lineations of small-
er size. Still further from the crest,
bottom reflectivity gradually improves
toward the abyssal plains.

Areas of poor reflectivity correlate
with high rates of late glacial sedi-
mentation. Cores from such areas have
a higher water content than normal
sediments do, and the resulting poor
contrast in acoustic impedance probably
contributes to poor bottom reflectivity.

There is a sharp contrast in color
and lithology between the late glacial
(Y) deposits to either side of the outer
ridge (Fig. 3). To the east numerous
thin laminae of silt and fine sand are
intercalated in gray-brown and rose-
colored lutites, whereas to the west silts
are absent and the rose-gray hue be-
comes increasingly diluted and is not
observed in the westernmost cores.

Ericson (1) first discovered rose and
rose-gray lutites in glacial age sediments
on the continental slope and continental
rise off eastern North America. Sub-
sequently, red and brick-red marine
tills were described from the Cabot
Strait and adjacent continental slope
(12). Deposition of these red detrital
sediments ceased before the end of the
last glaciation (Y). Thus, the rose, rose-
gray, and light rose-gray lutites found on
the outer ridge may have been derived
from Triassic and Paleozoic red sedi-
ments of the Gulf of St. Lawrence and
transported 3000 km to the south by
the southerly flowing Western Boundary
Undercurrent (13). The rose-gray sedi-
ment is also found in earlier glacial
(W and U) sediments but not in in-
terglacial sediments.

In a water sample collected 200 m
above the east flank of the outer ridge
(14) suspended sediment was found in
a concentration of about 1 X 10-6
g/cm3. Ewing and Thorndike (14) de-
vised an instrument to estimate the rela-
tive concentration of suspended matter.

Their first profile extending east from
the continent to the abyssal plain re-
vealed a near-bottom layer of muddy
water a few hundred meters thick.
They concluded that the "suspension of
lutite" was "apparently in sufficient
quantity to induce downslope flow,"
and that "The flow down the conti-
nental slope and rise that would result
from the sediment loading . . . would
acquire deflection toward the south
from the Coriolis force, providing a
mechanism for transmitting the sedi-
ment toward the Blake-Bahamas outer
ridge" (14). We maintain that the
muddy water is simply being transported
parallel to the contours by the Western
Boundary Undercurrent (5).
The Gulf Stream transports approxi-

mately 26 million m3/ sec of water
through the Straits of Florida (5), but
east of Cape Hatteras its flow has in-
creased to over 65 X 106 m3/ sec. Since
the Antilles Current apparently con-
tributes only about 12 X 106 m3/sec to
the Gulf Stream on the Blake Plateau,
some 30 X 106 m3/sec must join the
Gulf Stream near Cape Hatteras from
the adjacent Sargasso Sea and North
Atlantic deep water. Such flow must
come in at nearly all levels from near
the surface to a depth of over 4000
m and from both south and north of
the outer ridge.

Transport of the Western Boundary
Undercurrent has been calculated at 4
to 12 x 106 m3/sec east and 3 to 7 X
106 m3/sec southeast of Cape Hatteras
(8). This transport appears to remain
essentially constant as the deep current
passes from north to south beneath the
Gulf Stream. If the Western Boundary
Undercurrent contains 1 X 10-6 g/cm3
of sediment, and if over the past 10,000
years an average of 5 x 106 m3/sec of
Western Boundary Undercurrent water
passed to the south of Cape Hatteras,
then the order of 1.6 x 1018 cm3 of
clay has flowed in the direction of the
outer ridge since the last glacial. Total
thickness of the nonpelagic sediment
component is approximately 30 cm
over an area of 5 x 105 km2. Thus the
total sediment volume is 150 km3 or
1.5 X 1017 cm3. This rough calculation
suggests that approximately an order
of magnitude additional material has
passed beyond the outer ridge in post-
glacial times.

If the same assumed volume transport
and sediment concentration is applied
to the 15 m of nonpelagic last glacial
(Y) sediments, a similar amount of
bypassing is again indicated. However,
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the concentration of suspended matter
in glacial times might have been an
order of magnitude (or more) greater
than at present. These rough calcula-
tions show that transport of lutite in
the Western Boundary Undercurrent is
adequate to build the Recent and last
glacial (Y) thicknesses observed on the
outer ridge.

Since the axis of the highest velocity
and greatest volume transport is de-
flected to the right side of the current,
sediment transport is greatest high
on the continental rise and decreases
with increasing depth and distance from
the current axis (Fig. 4). Since current
velocities are sufficiently high for lutite
transport but not high enough for ero-
sion of lutite, this flow pattern pro-
duces an accumulation of sediment that
is relatively uniform in thickness at any
bathymetric level but decreases in thick-
ness with increasing water depth and
decreasing current velocities as a con-
sequence of decreasing volume trans-
port. As long as current velocities lie
below those required for erosion, the
quantity of sediment that is deposited
will be roughly proportional to volume
transport of the current (15).
The easterly deflected northerly flow

along the western flank of the outer
ridge explains the convergence of sedi-
ment horizons from the outer ridge
toward the Blake-Bahama Abyssal
Plain and accounts for the sharp con-
trast in acoustic properties between the

smooth Blake-Bahama Abyssal Plain
and the gently rising western flank of
the outer ridge (16).

Normally it would not be possible
to evaluate the role of currents flowing
parallel to the continental margin in
the transport and deposition of the very
fine continental rise sediments. The rela-
tive uniformity of clay mineral contri-
butions plus the lack of larger identi-
fiable mineral species which might have
regional peculiarities make it nearly im-
possible to determine the source and
transportational history of a specific
sample. However, the Gulf Stream, in
providing an effective barrier to the
seaward transport of terrigenous sedi-
ments off Florida, Georgia, and the
Carolinas, allows us to look at a por-
tion of the continental margin in which
direct seaward dispersal of sediments
has been prevented for a very long
period.
The steep (slope, 1: 3) Blake

Escarpment, unburied by post-Creta-
ceous sediments, may represent the
abrupt form of the normal structural
edge of the continent. It is widely held
that the continental rise was constructed
at the foot of an original faulted con-
tinental slope by a series of coalescing
deep-sea fans or cones built by down-
slope transport at the mouths of sub-
marine canyons (17) and by the sea-
ward diffusion of very fine terrigenous
lutite through the water column. This
simple picture, although essentially cor-

rect, is not complete, for it fails to
explain the nearly identical form of
successive profiles across the continental
rise and the characteristic lack of ir-
regularities seen on profiles run along
the continental rise in most parts of
the world, and it completely fails to
explain the Blake-Bahama Outer Ridge.
The principal characteristics of the

continental rise which have not pre-
viously been explained are: the persist-
ent uniformity in morphology, sedi-
ment type, stratification, and structure;
the abrupt morphologic boundaries with
both the abyssal plain and the conti-
nental slope; and the seaward conver-
gence of all bedding planes in the
Quaternary, Tertiary, and late
Mesozoic sediments (Fig. 4).
Deep geostrophic currents are de-

flected by the Coriolis force against
the side of the oceanic basin; the highest
velocity axis, being deflected the most,
lies high on one side and the lowest
level at which such a current can ef-
fectively flow lies at the margin of the
nearly level abyssal plains (18). This
flow pattern may provide an explana-
tion for the abrupt boundaries of the
continental rise.

In marked contrast to the steady,
low-velocity (2 to 20 cm/sec) contour-
following geostrophic currents which
never flow downslope, turbidity cur-
rents are intermittent, high-velocity (up
to 2500 cm/sec) downslope movements
which can possess much greater com-

DOWNSLOPE TURBIDITY CURRENTS
THROUGH SUBMARINE CANYONS

-ANTARCTIC BOTTOM CURRENT

Fig. 4. Shaping of the continental rise by geostrophic contour currents. Arrows indicate prevailing bottom currents. Continental
and oceanic crust is shown by patterns; mantle is solid black. Sedimentary rock is shown by conventional symbols; turbidites by
horizontal ruling and rise deposits by open wedges. In addition to the measurements reported here, the transport directions are
supported by further oriented photographs of current lineations obtained in November 1965 on the continental rise off Nova Scotia
(13) and on the western Bermuda Rise (18). With the exception of the shifting position of the Gulf Stream this schematic
diagram, drawn on the basis of an average section off eastern North America, is intended to illustrate the principal processes
shaping a "normal continental rise" in any part of the world.
22 APRIL 1966 507
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petence. Turbidity currents account for
the sands and gravels which underlie
the perfectly flat, strongly reflecting
abyssal plains, for gravel and sand in
submarine canyons, and for finer sedi-
ments in natural levees and abyssal
cones, but they fail to account for the
uniform shape and stratification of the
enormous accumulation of continental
rise lutite. Massive transport of conti-
nental rise sediment parallel to the con-
tours for at least 1500 km is demon-
strated by the construction of the
Blake-Bahama Outer Ridge. This illus-
trates the powerful smoothing potential
of deep geostrophic contour currents
in the shaping of the continental rise.
The thickest sediments in the ocean

are found beneath or very near the
axes of deep geostrophic contour cur-
rents, and these deposits become thin-
ner with increasing distance from the
current axes. That this pattern holds
for all beds from the latest postglacial
to the underlying basement is demon-
strated by cores, echograms, deeper-
penetrating reflection profiles, and deep
refraction studies. Thus the character-
istic downslope thinning wedges of sedi-
ment which, stacked one upon another,
comprise the continental rise appear to
gain their shape through controlled
deposition by deep geostrophic contour
currents.

BRUCE C. HEEZEN
CHARLES D. HOLLISTER
WILLIAM F. RUDDIMAN

Lamont Geological Observatory
of Columbia University,
Palisades, New York 10964

References and Notes

1. D. B. Ericson, M. Ewing, G. Wollin, B. C.
Heezen, Bull. Geol. Soc. Amer. 72, 193
(1961); B. C. Heezen, M. Tharp, M. Ewing,
The Floors of the Oceans l: The North
Atlantic (Geological Society of America,
New York, 1959).

2. C. L. Drake, M. Ewing, G. H. Sutton, in
Physics and Chemistry of the Earth, A. H.
Ahrens, F. Press, S. K. Runcorn, Eds. (Per-
gamon, New York, 1959), vol. 3, p. 110.

3. S. Katz and M. Ewing, Bull. Geol. Soc.
Amer. 67, 475 (1956); J. B. Hersey, E.
Bunce, R. F. Wyrick, F. T. Dietz, ibid. 70,
437 (1959); M. Ewing and J. Ewing, in
Studies on Oceanography, K. Yoshida, Ed.
(Univ. of Washington Press, Seattle, 1964),
p. 525.

4. A. Agassiz, Bull. Mus. Comp. Zool. Harvard
Coll. 14, 314 (1888); H. C. Stetson, Mass.
Inst. Tech. and Woods Hole Oceanog. Inst.
Papers in Phys. Oceanog. and Meteorol. 11
(No. 2) 1 (1938); R. M. Pratt and B. C.
Heezen, Deep-Sea Res. 11, 721 (1964); R. M.
Pratt, ibid. 10, 245 (1963).

5. H. Stommel, The Gulf Stream: A Physical
and Dynamical DescriptPon (Univ. of Cali-
fornia Press, ed. 2, Berkeley, 1965); G.
Wiist, Wiss. Ergebn. Deut. Atlant. Exped.
'Meteor' 1925-1927 7, Tl. 1 (1933);
ibid. 7, T1.2 (1957); Veroff Inst.
Meereskunde Univ. Berlin, N. F. Reihe A:
Geogr.-Naturwiss. 12, 1 (1924). This clas-
sic paper is a "convincing demonstration
of the validity of the methods used in

508

determining geostrophic currents," G. Wiust,
Geol. Rundsch. 47, 187 (1958).

6. E. Bunce, K. Emery, R. Gerard, S. Knott,
L. Lidz, T. Saito, J. Schlee, Science 150,
709 (1965).

7. F. C. Fuglister, Atlantic Ocean Atlas of
Temperature and Salinity Profiles and Data
from the I.G.Y. 1957-1958 (Woods Hole
Oceanog. Inst. 1960); , in Prog.
Oceanogr. 1, 265 (1960); B. C. Heezen and
W. Fedukowicz, Potential Near Bottom Tem-
perature Maps of the North Atlantic, in
preparation.

8. J. C. Swallow and L. V. Worthington, Deep-
Sea Res. 8, 1 (1961); J. R. Barrett, ibid. 12,
173 (1964); J. C. Swallow, personal com-
munication, 1963; G. H. Volkmann, Deep-
Sea Res. 9, 493 (1962).

9. B. C. Heezen and C. D. Hollister, Marine
Geol. 1, 141 (1964). Ripple and scour marks
have also been observed beneath the south-
ern ocean (C. D. Hollister and B. C. Heezen,
in preparation).

10. D. S. Gorsline, J. Geol. 71, 422 (1963); R.
M. Pratt and P. F. McFarlin, Science 151,
1080 (1966). An extensive area of current-
swept manganese pavement has been found
on the northern Blake Plateau beneath the
Gulf Stream.

11. C. S. Clay, W. L. Liang, S. Wisotsky, J.
Geophys. Res. 69, 3419 (1964). This thinning
has been noted on reflection profiles off Nova
Scotia, New York, Virginia, and on the
eastern flank of the outer ridge at 27'N;
C. S. Clay and P. A. Rona, J. Geophys. Res.
69, 231 (1964).

12. B. C. Heezen and C. L. Drake, Bull. Amer.
Assoc. Petrol. Geol. 48, 221 (1964); J. Con-
nolly, D. Needham, and B. C. Heezen have
further investigated these tills.

13. Scour and current lineations observed at
three photograph stations taken in Nov.
1965 from C.S.S. Hudson demonstrates the
presence on the continental rise off Nova
Scotia of the south-westerly flowing Western
Boundary Undercurrent. A report of this
study, undertaken in collaboration with Wm.
Ford (director) and B. Loncarevic, Bedford
Institute of Oceanography, is in preparation.

14. J. J. Groot and M. Ewing, Science 142, 579
(1963). At nearly the same location strong
current lineations were observed by R. J.
Menzies who also photographed and later
dredged eel grass that was still slightly
green; M. Ewing and E. M. Thorndike,
Science 147, 1291 (1965).

15. P. H. Kuenen, Proc. Symp Colston Res. Soc.
17, 47 (1965). Tank experiments with rela-
tively dense suspensions of clay indicate
that at velocities of 30 to 50 cm/sec no
deposition occurs, that below 10 cm/sec
all clay ultimately settles out, that between
10 and 50 cm/sec the capacity is dependent
on velocity, and that for overloaded cur-
rents percentage fallout per unit of time is
dependent on velocity and independent of
concentration. On smooth bottom, clay was
brought into suspension above velocities of
about 20 cm/sec but on slightly irregular
bottom erosion occurred at 12 cm/sec. Par-
ticles that come in contact with a clay
bottom stick to it. Velocities two or three
times those which allow deposition are re-
quired to erode these particles.

16. B. C. Heezen and G. L. Johnson, Deut.
Hydrogr. Z. 16, 269 (1963). Large-scale
sculpting of the sea floor by ocean bottom
currents has been observed in the restricted
Canary Passage, eastern North Atlantic; V.
Romanovsky, personal communication, 1966.
Muddy water was observed flowing northwest,
parallel to the contours, at 10 to 15 cm/sec
on the continental rise west of France.

17. H. W. Menard, Bull. Amer. Assoc. Petrol.
Geol. 39, 236 (1955).

18. B. C. Heezen, E. D. Schneider, 0. E. Pilkey,
Nature, in press. This study, completed while
the present paper was in press, reports
on current scour by the northeasterly di-
rected Antarctic Bottom Current on the
western flank of the Bermuda Rise. Much
of the thick blanket of sediments over the
northern and western Bermuda Rise, as well
as the dune-like topography, may have been
created by this current.

19. This is Lamont Geological Observatory Con-
tribution No. 900. Duke University's R.V.
Eastward and the Bell System's C.S. Long
Lines were made available for this study.
We acknowledge the assistance of R. J.

Menzies, Duke University oceanographic pro-
gram and C. C. Duncan, American Tele-
phone and Telegraph Company. R. Craig,
J. Connally, J. Cason, R. Thomas, and P.
Buckel greatly aided the work. J. Damuth,
B. Glass, E. Haff, A. Lowrie, R. and Judith
Niggl, D. Ninkovich, Marie Tharp, and D.
Wands assisted on R.V. Eastward; C. C.
McGruder, A. Lowrie, and C. Ellis assisted
on C.S. Long Lines. J. B. Hersey and R.
M. Pratt made available for study their
extensive collection of bottom photographs.
Discussions with C. L. Drake, J. E. Nafe,
J. L. Worzel, M. Ewing, G. Wust, J. Groot,
D. B. Ericson, T. Ichiye, and E. D. Schneider
have been quite helpful. Supported by the
Office of Naval Research and the National
Science Foundation (G17669).

17 January 1966

Piezoelectricity in Secondary
Explosives

Abstract. A theory for the formation
of "hot spots" necessary for the initia-
tion of an explosion is discussed in
light of experimental evidence that
most solid explosives are highly piezo-
electric.

It is generally accepted that the initia-
tion of explosion in all explosives, both
primary and secondary, is connected
with the formation of "hot spots" (1)
within those materials. However, up to
now there has been no really accept-
able explanation regarding the forma-
tion of hot spots, and hence the
question of explosive sensitivity is still
unresolved. Because of this situation
we have initiated a program aimed at
elucidating some of the electrical prop-
erties, of secondary explosives in the
belief that these properties may be im-
portant in explosion initiation.

The fundamental, relatively un-
known, properties of the secondary ex-
plosive cyclotetramethylene tetranitra-
mine (HMX) are now reported. Large
single crystals of ,-HMX were used in
our experiments. HMX powder free of
trinitrotriazacyclohexane (RDX) was
obtained by extracting 98-percent-pure
HMX (2) with 1,2-dichloroethane for
24 hours. The product was then dried
in a vacuum and dissolved in boil-
ing acetone; the acetone solution was
cooled at the rate of 3 °C per day, a
rate that usually produced about ten
large single crystals of J8-HMX. After
filtration the crystals were dried in air.
The single crystals of HMX exhibited

piezoelectricity since a d-c voltage is
generated when a load is applied to the
crystal. This phenomenon was studied
as a function of the applied load. A
typical example for 8-HMX is shown

SCIENCE; VOL. 152

 o
n 

Ju
ly

 2
5,

 2
00

9 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org

