pletely through the sedimentary layer in
approximately 300 years.

A total of 59 measurements yielded 31
nonlinear temperature profiles (the rest
are remarkably linear, to 0.005°C). Of
these 31, 23 are in the survey areas 18 x
108 to 25 X 10% years old. Although the
number of nonlinear temperature pro-
files appears to decrease with age, the
flow rates through the sediments remain
similar since the flow parameter 8 does
not decrease with age. In addition, the
amplitude of the heat flow pattern varies
both between and within the survey
areas. Since several hundred meters or
more of insulating mud would be re-
quired to damp the temperature variation
caused by the convection pattern in the
oceanic crust, we conclude that the am-
plitude as well as the wavelength varies
from cell to cell.

It had earlier been thought that con-
vection within the oceanic crust might
stop at ages corresponding to the transi-
tion from low to normal heat flow on the
flanks of midoceanic ridges (5). This
transition occurs in sea floor 40 x 10° to
60 x 10% years old in the Crozet and
Madagascar basins (Fig. 4). Our heat
flow measurements show large-ampli-
tude, small-scale geothermal variations
that can only be explained as the result
of vigorous convective heat transfer in
the oceanic crust. This circulation con-
tinues beyond the age of the transition
from low to high heat flow. The presence
of nonlinear temperature profiles in all
of our survey areas is best explained
as a result of convective heat transfer
through the sediments in addition to vig-
orous convection in the oceanic crust.
Convection between the crust and the
ocean continues even when a uniform
blanket of sediments 100 m thick is
draped over the oceanic basement. This
pervasive geothermal circulation through
the sediments and within the oceanic
crust will have major implications for the
chemistry of the oceanic crust, sedi-
ments, and the ocean itself (10).

The mean heat flow, well below theo-
retical predictions, observed at the sur-
vey site 18 x 10° years old perhaps in-
dicates that much of the convective heat
transfer in the younger crust is being
channeled through ‘‘chimneys’’ of rock
outcropping through the irregular sedi-
mentary cover and thus is bypassing the
areas where we can measure the heat
flow. These chimneys would be subject
to more prolonged and intense alteration
than the adjacent sea floor. This rather
ad hoc hypothesis may also provide a
good explanation for the striking local
variability in the grade of metamorphic
alteration of the oceanic crust at Inter-

national Program of Ocean Drilling sites
417 and 418 in the Atlantic Ocean (/]);
hole 417A possibly drilled into an old
chimney.

There appear to be two types of con-
vective heat transfer occurring through
the sea floor of the Indian Ocean. Type 1
probably implies the convective ex-
change of heat from the geothermal cir-

“culation system in the oceanic crust di-

rectly to the water column, perhaps by
chimneys of outcropping basement. Un-
til we develop new techniques to mea-
sure heat flow on exposed rock, areas
characterized by type 1 convection will
continue to be recognizable only because
the total observed heat flow will be low
relative to predictions from theoretical
models. Our results suggest that type 1
convection is sealed by the deposition of
a uniform sedimentary blanket suffi-
ciently thick to cover all basement out-
crops; a thickness of 40 m appears to be
sufficient in survey area 2. Oceanic heat
flow measurements in the sedimentary
layer directly detect only type 2 con-
vection, that occurring in the oceanic
crust and flowing through the sedimen-
tary layer. Type 2 convection can only
be recognized when closely spaced and
sufficiently detailed temperature profiles
are obtained so that nonlinearity can be
identified, B values determined, and hor-
izontal variability mapped. Even then,
only discharge areas of upwelling fluids
will ordinarily have measurable 8 values
(very thin sediments being required to
show curvature in downwelling or re-
charge areas). Despite the fact that re-

gional heat flow analyses in the past have
not been able to measure either type 1 or
type 2 convection (5), the predominance
of low heat flow on the flanks of all mid-
oceanic ridges suggests that geothermal
convection similar to that shown above
is presently active beneath one-third of
all of the world’s ocean floor.

ROGER N. ANDERSON

MICHAEL A. HOBART

MaRrcus G. LANGSETH

Lamont-Doherty Geological
Observatory of Columbia University,
Palisades, New York 10964
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Stratospheric Wave Spectra Resembling Turbulence

Abstract. Pollution effects on ozone raise the question of the significance of turbu-
lence in vertical transport in the stratosphere. The aircraft in situ measurements of
velocity fluctuations previously employed to estimate turbulence transport were, it is
hypothesized, due to atmospheric waves, despite their classical turbulence spec-
trum. This new hypothesis implies that previous turbulence estimates are invalid.

Experimental tests are suggested.

The current international concern
about stratospheric pollution (as well as
oceanic pollution) gives practical impor-
tance to the question of vertical trans-
port due to turbulence in stratified fluids.
Turbulence in such media, which is due
presumably to the Kelvin-Helmholtz
shear instability (/, 2), takes the form of
thin, horizontal pancake-shaped layers.
In the stratosphere these have a vertical
thickness of order 200 m [see (3), tempo-
rarily omitting the last entry] and a hori-
zontal extent of tens of kilometers.

One method of estimating vertical
transport due to turbulence makes use of

832 0036-8075/79/0525-0832$00.75/0 Copyright © 1979 AAAS

the power density spectrum of the turbu-
lent velocity fluctuations @). Figure 1
shows such spectra obtained by means
of an instrumented U-2 aircraft flying
through what was presumed to be a tur-
bulent layer in the stratosphere (5). The
shape of these curves roughly fits the
well-known —5/3 law predicted by Kol-
mogorov (6). His theory, which is based
on dimensional analysis, predicts that
¢ = aey*k%? for the steady-state *‘iner-
tial subrange’ of turbulence where it
acts like a conservative cascade; that is,
‘‘big whirls have little whirls that feed on
their velocity, and little whirls have less-
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er whirls, and so on to viscosity (in the
molecular sense),”” as Richardson’s
poem (7) eloquently put it. Here ¢ is the
power density spectrum, ¢, the dis-
sipation rate, k the wave number, and o
the dimensionless universal constant of
order unity. To estimate K (the eddy dif-
fusion coefficient for diffusion of scalar
quantities) inside a turbulent layer, Lilly
et al. 4) assumed steady-state inertial
range turbulence with R;, the flux Rich-
ardson number, equal to the critical val-
ue, 0.25. From the steady-state assump-
tion ¢, = P — B, where P and B are the
turbulence production rate and buoy-
ancy dissipation rate, respectively:

= —KuS? and B = —KyNg? where Ky
and Ky are the eddy diffusion coeffi-
cients for momentum and heat (scalar)
and S and Nj are the vertical shear of the

mean horizontal velocity and the buoy- -

ancy frequency, respectively. Using
R;= B/P = 1/4 and solving for Ky, they
obtained Ky = Be,/3Ng%. Knowing Ny
from temperature measurements and e,
from the spectra, they calculated Ky.
As can be seen from Fig. 1, the maxi-
mum wavelengths are of order 10 km.

Such large scales are excluded from the
inertial range, as can be seen from the
following argument. The maximum
wavelength of the inertial range is 0.1 (or
less) times the ‘‘outer length’’ or shear
layer 8, 9) thickness (of order 200 m in
the present case). Thus if we compare 20
m, the maximum inertial range wave-
length, to the 12-km wavelength of Fig.
1, we see a gap of three orders of magni-

tude. Thus we conclude that inertial

range turbulence cannot explain these
data.

It is of some scientific interest that this
anomalous —5/3 spectrum of stratified
turbulence has been observed on several
previous occasions both in the tropo-
sphere (9, 10) and in the laboratory (/1).
To date, however, it has remained an
unexplained mystery.

Since Kolmogorov turbulence theory
and other presently available theories of

turbulence do not seem helpful in ex-

plaining Fig. 1, I now turn to what ap-
pears to be the only remaining plausible
alternative. This is one which features a
prominent role for running atmospheric
waves (in addition to some small-scale

turbulence). I assume in the following
that these waves are exclusively of the
buoyancy or ‘‘gravity’’ type of internal
waves. As will be further explained be-
low, however, the concepts of waves
and turbulence represent two idealized
extremes of fluid motion. The first case
involves no interaction or diffusion ef-
fects, whereas the second involves
strong interaction and eddy diffusion. In
the real world, motions anywhere be-
tween these two extremes exist. Fortu-
nately, data analysis techniques allow all
gradations of these motions to be as-
sessed regarding the degree of turbu-
lence or wavelike properties.

The last entry of (3) gives average tur-
bulent layer thickness based on measure-
ments by steep ascents and descents of a
U-2 aircraft (/2). The fluctuations were
thus found to be absent outside a thick-
ness of order 1 km. My explanation is
that the U-2 actually measured fluctua-
tions that were predominantly due to
buoyancy waves which were trapped in-
side finite layers due to the combined ef-
fects of wind and buoyancy frequency
variations with altitude (I3, 14). (This

L] [0
E__3 LY Fuy-2Y2E 1 g
106} S5 [T @ EO ) 5 [0 [ feod]
s _, (20 T _T. (6)
E v ( Ixj OXj ) Uig @ i3
S 105k
Q
(8]
[
s
> a{s} [ I 1/ 8{5}
£ —t = U;4€ Uj E+ () 1P U, _‘
S 104} ot 1{}{ } p{ }2
Rl
©
a
2 o, B<uju> au. _ {ait a?z}
2 q {7’(' 3x; } {u Y } oxj  0x;
€ 103 I‘ M
| s
““‘m +{2zie}—®—083 (7)
102 m'
1075 10—4 10-3 -2
Inverse wavelength (cycle/ft)
o<e> _ _ _a. (Uj+Uj) <e> + <uje> + <ujp> vy O<e>
ot 9% 7~ (2) %
i
Fig. 1 (left). Power density spectrum of velocity fluctuations
in the stratosphere measured in situ by instrumented U-2 air- - -
craft, test 280, run 7 (¢¢). Maximum wavelength is about 12.2 g
km. Fig. 2 (right). Energy equations decomposed into - <uju> —“ [71 *U] + O <Bu;> 83
mean wave and turbulence scales (derived from the Navier-
Stokes equations).
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“‘ducting’’ phenomenon is similar to ef-
fects seen in many other forms of wave
propagation in stratified media, such as
electromagnetic waves in natural wave-
guides in the ionosphere or acoustic
waves in inversion layers in the ocean.) I
propose furthermore that these waves
“‘feed’’ an ensemble of turbulent layers
within the trapped wave region by means
of the shears that they generate at the
crests and troughs. This phenomenon
has already been observed and explained
(I5, 16) in the analogous case of the
ocean, and already there is evidence for
it in the atmosphere (17, 18).

Phillips (/6) derived the following rela-
tion for the vertical shear of the mean
wind due to a wave at crest and trough

dU,
dX;

where 9, is the horizontal velocity due
to the wave, X, the vertical coordinate, a
the wave amplitude, and () the wave fre-
quency. Physically, this shear is due to
the tilt of the wave front. When ) = Npg,
the fronts are vertical and d%,/dX; = 0.

The reverse process whereby a wave
can be generated by means of a shear has
been studied (/9-21), and, as in the case
of turbulence, the expression for the
feeding of energy to the wave from the
mean shear, dU,/dX, is given by

- —(’;’)Bf ~1)0ka O

dU,
dX;,

48 _ ) @
where 9, is the vertical velocity of the
fluid due to the wave, {¢} the average
wave energy, and { } an average ex-
plained below. Thus shear can feed
waves and waves can cause shears. This
suggests that there can be an energy cas-
cade for a wave field.

To examine the flow of energy through
spatial scales of waves and turbulence
we start with the Navier-Stokes equa-
tions (22, 23)

Ui ¢y 3l _
Po 51 T X,
oll 9. (oU;
+ —— —

ax, H X (3Xj) P& @

aU;
=0 4
ox, @

where incompressibility and the Boussi-
nesq approximation are assumed and U;
is the velocity components, II the pres-
sure, p, the average density of flow, g the
acceleration of gravity, and u the dy-
namic viscosity. Following Phillips (/6)
and Mollo-Christensen (24), we can use
an extended form of Reynolds decompo-
sition with spatial scales for mean, wave,

834

®2 = a'(e")2/3k=5/3

#) = @€k —

1/A2 /M
Inertial range

Fig. 3. The wave spectrum ¢, depends on the
wave dissipation rate, €', and the turbulence
spectrum ¢, depends on the turbulent dis-
sipation rate, ,. Wavelength \, corresponds
to the scale where dissipation to the turbulent
velocity cascade becomes important, A; ~
(eoNs~?)"2, whereas A\, >>> (¢’ Ng~%)"/2; that is,
the wave spectrum is found where negligible
dissipation is taking place.

and turbulence distances L >> ¥ >> ¢,
respectively. The symbols { } and () rep-
resent averages over £ and £, respec-
tively; {¥%;} = 0, (u;) = 0, () = U;, and
so on (24). Thus

p=p+p+p
Ui =U + U + u )
H=1—’+?f’+p

where the first, second, and third terms
refer to mean flow, waves, and turbu-
lence, respectively, and when these are
inserted into Eqgs. 3 and 4, one obtains
the result given in Fig. 2 [compare (23,
24)]. Here O, corresponds to the adiabat-
ic lapse rate value, and (U,U)/2 =E,
{wau3/2 = {¢}, and (wup/2 = (e). The
terms in Fig. 2 have been labeled to facil-
itate their physical identification. The
subindices (or first subindices where
there are two) 1, 2, 3 refer to the mean,
wave, and turbulence levels, respective-
ly. In particular, A stands for the diver-
gence terms; D, the ‘‘scale drain’’ terms
24); C, viscous dissipation; P, produc-
tion; and B, buoyancy dissipation
through mixing. Note that the D and P
terms form pairs that add into diver-
gences. The A terms are divergences.
When spatial integrals of these questions
are taken over volumes such that the
corresponding surfaces are all outside
turbulent regions, then all divergences
integrate to zero. Assuming a steady
state for time intervals of interest, one
may ignore the time derivatives. Assum-
ing that Dy,, Ps,, B,, Cy, and C, can be
ignored (which should be the case phys-
ically), then from the above consid-
erations (letting the labels stand now for
the spatially integrated terms), e, =
Cy = Py; — Bs, Py; = D, = €, and there-
fore ¢’ (1 — Ry) = €,, where R; = B,/P5,.

I now make the hypothesis that there
is indeed a cascade of energy through the
wave scales, and that this cascade is con-
servative and steady. In other words, I
propose that ‘‘big waves have little
waves that feed on deformation, and
little waves have lesser waves to turbu-
lent dissipation (in the eddy seﬁse).”
Such a cascade would differ fom the tur-
bulent one both in the time constants and
in the size of the jump in scale (being
much larger in both for the wave case).
With this postulate, one can simply fol-
low Kolmogorov’s dimensional argu-
ment, but in a new context, and insist
that the spectrum ¢ ~ [L3T"%] depends
only on kX ~ [L™'] and on the rate of
wave dissipation due to the energy given
to turbulence by the wave-generated
shears, €' ~ [L?*T~?]. Thus ¢ = a'(e')*?
k=513, Figure 3 shows the form of the pre-
dicted spectrum for this situation. Both
o' and « must be determined experimen-
tally. The above considerations are eas-
ily extended to the turbulence spectrum
for temperature fluctuations and will be
discussed in a more extensive treatment
@5).

To verify this theory, the following
tests are proposed. The first is to use
Stewart’s method (/0) to measure the ra-
tio of wave to turbulence types of behav-
ior via the cross spectrum between fluc-
tuations of vertical velocity and temper-
ature. Wavelike behavior is given by the
quadrature spectrum and turbulent
transport behavior by the cospectrum.
The theory predicts wavelike behavior at
the largest wavelengths. Axford (26)
demonstrated the feasibility of this for
atmospheric work. The second is to see
if the prediction given by Fig. 3 is found
at the higher k values. The third is to see
if the stratospheric ‘‘turbulent layers’
maintain constant altitude for long peri-
ods of time [see Crane’s radar studies
(I8)]. The theory predicts that they will
because the wind profiles (responsible
for wave ducting) change very slowly in
time (7). Clearly, if this prediction is
correct, then values of K for small-scale
turbulence @, 28) may have to be revised
downward by orders of magnitude since
previous treatments assume random oc-
currence with altitude.

Finally, it should be noted that the
Garrett-Munk spectrum (29) observed in
the interior of the ocean may also turn
out to be explained by the present mod-
el.

EpMmoND M. DEwWAN
Aeronomy Division, Air Force
Geophysics Laboratory,
Hanscom Air Force Base,
Bedford, Massachusetts 01731
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Effects of Raw Materials on Biface Manufacture

Abstract. It has been suggested that the degree of refinement of trimming seen on
Lower Paleolithic bifaces reflects the level of technical sophistication of the toolmak-
er. This has been tested by a series of experiments carried out at Olduvai Gorge,
Tanzania, and related to some of the archeological assemblages there. It is con-
cluded that advanced ideas and increased mastery over raw materials do not neces-
sarily result in stone tools that are more refined in appearance.

It is a widespread assumption among
prehistorians that the refinement of trim-
ming on Paleolithic bifaces (hand axes)
as measured by the number of flake scars
indicates the technical level of manufac-
ture. There is also a consensus of opin-
ion that such refinement can be used to
compare different stone assemblages and
thereby assess their chronological rela-
tionships (/-3). However, Mary Leakey
has noted with reference to Olduvai: “‘It
can be stated that there is no progressive
trend, in the manufacture of bifaces,
from Bed 11 to the Masek Beds, nor does
the degree of trimming become more re-
fined in the later occurrences’ (). Other
workers have noticed a similar phenome-
non on a continental basis (5).

In this report I attempt to describe
how the nature of a raw material affects
both the form of a stone tool made from
it and the refinement of retouch evident
on such a tool.

Bifaces occur at Olduvai in six main
lithic materials: quartzite, basalt, trachy-
andesite, phonolite, nephelinite, and tra-
chyte (6). I studied the flaking character-
istics of these materials during several
months of experimental biface manufac-
ture at Olduvai. In all cases tool blank
weight and dimensions were taken, man-
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ufacture time was recorded, all debitage
was collected, and the finished tool was
measured. Experiments were performed
with particular emphasis on the kinds of
biface blanks most probably used at Old-
uvai (lower and upper Bed IV). Raw ma-
terials were obtained from the sources
used by the early occupants of the Old-
uvai area (6). Bifaces were made by di-
rect freehand percussion with basalt
hammerstones. The aim was to produce
an efficient biface in as short a time as
possible from each of the different types
of blanks. The data on tool production
shown in Fig. 1 indicate differences in
production and activity level from typi-
cal blanks in each of the main raw mate-
rial categories. Data are available for 20
to 30 bifaces and cleavers in each materi-
al (7).

Quartzite outcrops at Naibor Soit, a
Precambrian inselberg about 3.5 km
from the confluence of the Olduvai Main
and Side gorges (see Fig. 2). This materi-
al is coarse-grained and generally white,
although sometimes green (6). It occurs
both in the main outcrop and in the form
of detached chunks and tabular slabs,
which litter the surrounding slopes.
Tools can be made either from one of the
slabs or from a large flake struck from

the outcrop. The procedure used for bi-
face production depends on whether the
blank is a tabular slab or a large flake. A
slab blank requires -only to be flaked
around its perimeter to give the tool
sharp edges.and the desired shape. Bi-
faces made from loose slabs often show
the original tabular surfaces in the cen-
tral part of each face. On the other hand,
a large flake detached from the outcrop
generally requires little trimming, as it al-
ready has sharp edges that can be incor-
porated as edges of the biface. When
made in this way, quartzite bifaces are
more often triangular in transverse sec-
tion and thinner than those made from
slabs.

When used for skinning and cutting
meat, quartzite bifaces are very efficient,
because the tool edges remain sharp dur-
ing use and, when blunted, can be easily
resharpened by removing a second series
of flakes from the edge. Flakes are most
easily detached by long, swinging, fol-
low-through blows throughout produc-
tion. The coarse grain of the quartzite in-
hibits the use of fine retouch.

Basalt and trachyandesite are from
the volcano Lemagrut, 18 km south of
Olduvai (Fig. 2). They are generally gray
or almost black, vary from medium- to
fine-grained, and are available in the
form of water-rounded cobbles and boul-
ders (6). The resilience of these materials
and the sizes and shapes in which they
occur require that large flakes be struck
from the boulders to serve as biface
blanks. Secondary flaking of these
blanks is best carried out by means of
large, swinging, follow-through blows
that produce deeply indented but short
flake scars. My experiments indicate that
the unretouched edge of a large primary
flake is sharper than the retouched edge.
It is probably for this reason that most
Olduvai bifaces made in basalt and
trachyandesite incorporate these prima-
ry edges. The experiments have also
shown that basalt bifaces are efficient
when used for skinning and cutting meat,
but that the primary flake edges can-
not be resharpened effectively after
becoming blunted. Basalt edges are
more easily blunted than quartzite edges
but last longer during use than phonolite
edges.

Phonolite occurs at Engelosin, a
steep-sided volcanic neck that outcrops
about 12 km from the confluence of the
gorges. It is very fine-grained material
and generally dark green or gray in color
(6). It occurs both in slabs and in large
blocks on the slopes surrounding the out-
crop.

Phonolite bifaces, like those of quartz-
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