
m (130 feet). Thermoclines generally cor- 
respond to the stratification, with a sur- 
face water temperature 5 to 20 K greater 
than the water temperature 10 to 20 m 
below the surface. For a typical thermo- 
cline temperature difference of 15 K, the 
equivalent gravitational head is 6.4 km 
(12 x 104 feet). Therefore, it is apparent 
that the solar thermal energy stored in 
freshwater thermoclines substantially 
exceeds the energy stored in the gravita- 
tional potential. 

However, not all of the thermal energy 
can be converted to useful mechanical or 
electrical energy. The maximum fraction 
of the thermal energy that can be con- 
verted to mechanical energy is given by 
the Carnot efficiency, and any real heat 
engine will operate at some fraction, 
f < 1 of the Carnot efficiency. For a AT 
between the warmer surface water tem- 
perature and the cooler deeper water, 
the equivalent head, h', for converted 
thermal energy is given by 

Mgh' = MCAT( )f (3) 
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output water temperature appropriate to 
the downstream usage (1). It would ap- 
pear that this configuration would be 
advantageous for application to heat en- 
gines, because the hot and cold water in- 
takes could be directed to the corre- 
sponding hot and cold sides of the heat 
engine and the water outputs could be 
mixed behind the heat engine. 

To illustrate the magnitude and sea- 
sonal variations to be anticipated, we ob- 
tained thermocline data for three west- 
ern U.S. reservoirs (Fig. 2). The data for 
Lake Mead were taken during 1977 (2), 
and the data for Lake Shasta and Clair 
Engle Lake are 3-year averages for 1973 
through 1975 (3). As should be expected, 
the greatest temperature differences oc- 
cur during the summer months, which al- 
so correspond to the times of peak power 
demand. For these three reservoirs, the 
temperature difference exceeds 15 K for 
approximately 3 months and exceeds 10 
K for 5 to 6 months. 

Our purpose in this report was to iden- 
tify the thermocline energy source and to 
demonstrate the benefit to be derived 
from the utilization of this source at hy- 
droelectric facilities. To properly exploit 
this thermocline source, effective low- 
temperature thermal energy conversion 
systems are required. Although a com- 
prehensive discussion of low-temper- 
ature-difference heat engines is beyond 
the scope of this report, two possible 
systems for the thermocline application 
are the vapor-liquid phase Rankine cycle 
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heat engine, currently being considered 
for Ocean Thermal Energy Conversion 
(OTEC) power plants (4), and the solid- 
state Nitinol heat engine, which, al- 
though in a primitive state of develop- 
ment, shows great technical and eco- 
nomic promise for effective low-temper- 
ature thermal energy conversion (5). 
There should be no negative environ- 
mental factors associated with power 
production by this application of heat en- 
gines to the thermocline energy re- 
source. 
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h' - 427 -'J 0.5 = 160 m 

The h' value is plotted against AT in 
Fig. 1 with the fraction of the Carnot effi- 
ciency at which the heat engine operates 
as a parameter. This convertible head, 
that is, the portion of the head that can 
be realized by the use of real thermal en- 
ergy conversion systems, exceeds the 
hydropotential for the water in most 
hydroelectric facilities. Therefore, by 
adapting heat engines to hydroelectric 
facilities which possess appreciable 
thermoclines, it is possible to increase 
substantially the output power of such 
plants. 

The thermocline application of hydro- 
electric facilities for heat engines is par- 
ticularly appealing because power condi- 
tioning and transmission equipment are 
already installed at such sites. Another 
important consideration is that most 
modern hydroelectric facilities have wa- 
ter intakes at several reservoir elevations 
for the express purpose of attaining an 
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Abstract. Benthic foraminiferal faunas in a piston core from 3331 meters at 44?N 
on the Mid-Atlantic Ridge show striking variations in the relative abundance of spe- 
cies. Uvigerina peregrina, which is broadly distributed today in the South Atlantic 
and in the Pacific in water that has been long isolatedfrom the surface, is absent in 
the North and Equatorial Atlantic at depths occupied by highly oxygenated North 
Atlantic deep water. This species dominated the fauna at this site for much of the 

past 150,000 years. It is suggested that North Atlantic deepwater production was 
much reduced or eliminated at times of Uvigerina peregrina abundance, as a result 

of cooling and stratification of the Norwegian Sea surface, coincident with the times 

of the southward migration of the polar front in the North Atlantic. 
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Studies of deep-sea sediments have 
shown that the temperature, oxygen iso- 

topic content, and sediment sources (1) 
in the deep ocean have changed on a 
time scale of millions of years. These 
changes are due both to the drifting of 
the lithospheric plates through time and 
to changes in the thermal structure of the 
oceans. In particular, gradual cooling of 
the poles during the last 35 million years 
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has led to a decrease in the temperature 
of the bottom water of the deep sea (2). 
On a shorter time scale, sediment cores 

provide the best record of fluctuating 
surface zooplankton and phytoplankton 
distribution, revealing the climatic fluc- 
tuations of the Pleistocene. Weyl and 
others (3) have proposed that these fluc- 
tuations of Pleistocene climate repeti- 
tively modified the deep circulation of 
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the ocean by altering either the charac- 
teristics of deepwater sources or their lo- 
cations. 

Presumably the benthic fauna of the 
deep sea responded to significant 
changes in the deep-sea circulation. 
Foraminifera are the only component of 
the benthos that can be recovered in suf- 
ficient numbers from deep-sea sediment 
cores to allow a test of this hypothesis. 
Streeter (4), Schnitker (5), and Lohmann 
(6) have shown that the relative abun- 
dance of benthic foraminiferal taxa var- 
ies within the Pleistocene and that 
striking changes occurred within a few 
thousand years. Streeter (7) has shown 
that these changes are oceanwide, af- 
fecting the whole of the North and Equa- 
torial Atlantic. 

We have studied piston core V 29-179 
in detail to establish the timing and mag- 
nitude of these benthic faunal changes 
over the last 150,000 years. This core 
was raised from a water depth of 3331 m 
on the eastern flank of the Mid-Atlantic 
Ridge about 600 km north-northeast of 
the Azores (8). The core is composed of 
planktonic foraminiferal marl throughout 
its length, and our data show that it has 
an apparently uniform sedimentation 
rate of 4.1 cm per 1000 years without de- 
tectable hiatuses. A sample 1 cm thick 
was taken every 5 cm from 5 through 610 
cm; the intersample distance represents 
roughly 1200 years. The samples were 
shaken in deionized water for 4 hours, 
wet-sieved through a 63-aim sieve, and 
dried on the sieve (9). Benthic foraminif- 
era were handpicked from a weighed 
portion of the fraction coarser than 150 
g.m. Only benthic foraminifera with tests 
of hyaline carbonate were counted (10). 

Oxygen isotopic determinations based 
on the use of well-established proce- 
dures were made at the University of 
Cambridge (11-13) with a mass spec- 
trometer (VG Micromass 602C). As it is 
known that many benthic foraminiferal 
species do not deposit their calcite tests 
in isotopic equilibrium with seawater 
(14), only monospecific samples were an- 
alyzed. Where possible, we analyzed 
Uvigerina peregrina as Shackleton (11) 

has shown that this species deposits its 
test in isotopic equilibrium. Three other 
species were also used; the analyses are 
plotted with a correction factor of + 0.64 
per mil for Cibicides wuellerstorfi and 
+ 0.40 for Melonis barleeanum and M. 
pompilioides to take account of their re- 
spective departures from equilibrium 
(15, 16). 

The isotopic record (Fig. 1) is readily 
correlated with the standard sequence of 
stages and substages to stage 6 (17), and 
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the absolute values obtained are closely 
comparable with those from the high ac- 
cumulation rate core, Meteor 12392 (16, 
17), also in the Atlantic. The major signal 
in this record is believed to result from 
isotopic changes in the world's ocean 
water resulting from the locking up of 
large volumes of isotopically light water 
in the Northern Hemisphere ice sheets 
during the major part of Pleistocene 
time. The changes observed in the deep 
waters of the Atlantic are not less than, 
and possibly slightly greater than, those 
observed in cores of comparable sedi- 
mentation rate in the Pacific. This im- 
plies that glacial-age deep waters in the 
North Atlantic must have been cooler 
than they are today, rather than warmer 
as was previously suggested (3-6). 

Counts of 59 hyaline taxa were the in- 
put to a rotated principal components 
analysis (18); four species groups ac- 
count for 88 percent of the variance in 
the data. The most important component 
is the species U. peregrina, which is 
rarely found below 2000 m in surface 
sediments from the mid-ocean ridge in 
the North Atlantic. The second and third 
components, Epistominella exigua and 
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Cibicides wuellerstorfi, respectively, 
have independent distributions in this 
core; both are common species between 
2000 and 4000 m in the North and Equa- 
torial Atlantic today. The fourth com- 
ponent represents Melonis barleeanum 
and Astrononion sp. (a deepwater form 
apparently undescribed); both species 
presently occur scattered throughout the 
Atlantic but usually in low abundance. 
No satisfactory analog for this com- 
ponent has yet been identified in any 
ocean. The downcore percentage distri- 
butions of U. peregrina and of M. bar- 
leeanum and Astrononion sp. are shown 
in Fig. 1. Cibicides wuellerstorfi and E. 
exigua (not shown) dominate the fauna 
whenever the two species groups shown 
in Fig. 1 are both rare. 

Within the last 150,000 years, only 
during the interval between 127,000 and 
115,000 years before the present (B.P.) 
(substage 5e) was there as little ice on the 
earth as during the past 12,000 years 
(stage 1). It is thus scarcely surprising 
that the benthic foraminiferal faunas of 
these two warm intervals are similar. 
The ice volume during substages 5c and 
5a was greater than today, although only 
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Fig. 1. Oxygen isotopic and faunal curves for core V 29-179. Isotopic values (left column) are 
derived from benthic species and are per mil deviations from the Pee Dee belemnite standard. 
Curves for Uvigerina peregrina and for Melonis barleeanum and Astrononion sp. are given as 
percentages of all hyaline species (the dotted line is the percentage for M. barleeanum; the solid 
line is the sum of this and the percentage for Astrononion). The standard oxygen isotope stages 
as determined for this core are shown at the right. 
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about one-quarter of that which accumu- 
lated during full-glacial conditions such 
as stages 2 and 6. During substage 5a and 

part of substage 5b, the benthic faunas 
were again similar to those of the pres- 
ent. The dominance of M. barleeanum 
and Astrononion sp. in stage 2 is obvi- 
ously associated with a worldwide gla- 
cial climate; we have no explanation for 
the low abundance of these taxa in stage 
6, which seems to have been as severe a 

glacial. Uvigerina peregrina is a con- 

spicuous and important element in stages 
6 and 3. In addition, it characterizes sub- 

stage 5d and part of substage 5c. During 
most of this time, the world was in nei- 
ther a full glacial nor a full interglacial 
mode. This faunal pattern is repeated in 
other cores from 3000 to 4000 m in the 
North and Equatorial Atlantic (7). Rapid 
changes in the composition of the ben- 
thic fauna, such as occurred at the top 
and bottom of substage 5e and at the 

boundary between stages 5 and 4, must 
reflect some fundamental change in the 
climate of the deep sea. 

The present-day distribution of U. per- 
egrina in the Atlantic provides a key to 
the meaning of these downcore faunal 
shifts. Figure 2 shows schematically the 

present distribution of this species (19). 
Between 2000 and 4000 m, the distribu- 
tion of U. peregrina is generally con- 
gruent with the distribution of dissolved 

oxygen (20); U. peregrina becomes an 

important component of the fauna when 
the oxygen content falls to below about 5 
ml/liter. This species is absent from the 

well-oxygenated core of North Atlantic 

deep water (NADW) but is present in cir- 

cumpolar deep water (CDW), which is 
derived from the Southern Ocean and is 

relatively low in dissolved oxygen. In the 
North and Equatorial Atlantic, U. per- 
egrinai occurs in an intermediate oxygen 
minimum (IOM) (21); over much of the 
North Atlantic, Mediterranean outflow 
water is an important component in this 
minimum. The NADW is young water, 
having been formed relatively recently 
from water flowing out of the Norwegian 
Sea over the sills of the Denmark Strait 
and the Iceland-Faeroe Ridge. This out- 
flow water is formed within the Norwe- 

gian Sea itself by the cooling and sinking 
of surface water. Because it has been 
isolated from the surface for such a short 
time, this water has a high content of ox- 

ygen. Both CDW and IOM have been 
isolated from the surface for much long- 
er; biologic respiration has resulted in 

oxygen depletion. In the present-day At- 
lantic then, U. peregrina is most abun- 
dant in older waters whereas C. wuel- 

lerstotfi, E. exigtua, and other species are 
characteristic of the younger NADW. 
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Fig. 2. The distribution of Uvigerina per- 
egrina (stippled) in the Atlantic in a section 
west of the mid-ocean ridge (top) compared 
with the distribution of dissolved oxygen (bot- 
tom). Recent sediment samples from the sea- 
floor at depths equivalent to the stippled area 
typically contain 5 to 30 percent U. peregrina, 
whereas this species is nearly always absent 
in Recent sediments north of 40?S and deeper 
than 2 km. Below 4 km the species Osan- 
gularia umbonifera (open circles, top) tends 
to dominate the fauna and does not seem 
to reflect the oxygen distribution. In the oxy- 
gen profile the contour for 5 ml/liter is shown 
(21); circumpolar deep water (CDW) and wa- 
ter in the intermediate oxygen minimum 
(IOM) generally contains less than, and North 
Atlantic deep water (NADW) and the south- 
ernmost waters more than, this amount of dis- 
solved oxygen. 

We suggest that the rapid increases in 
the abundance of U. peregrina result 
from a significant diminution or cessa- 
tion of NADW formation. Well-oxygen- 
ated water was replaced by older, less 
oxygenated water. This old water would 
have been similar to present-day CDW, 
and it too may have originated in the 
Southern Ocean. The deepwater circula- 
tion of the Atlantic at times of abundant 
U. peregrina in core V 29-179 was simi- 
lar to the deepwater circulation of the 
Pacific today. 

A simple mechanism exists to limit or 
cut off production of NADW. As the 
Norwegian Sea overflows are presently 
the most important volumetric com- 
ponent of NADW (22), cooling in the 
high-latitude North Atlantic would result 
in the southward migration of the polar 
front out of the Norwegian Sea. The 
Norwegian Sea would develop a stable 
near-surface stratification and a nearly 
year-round ice cover and would cease to 
be a source of overflow water (23). The 
North Atlantic itself would not be a 
source for deep water until sufficiently 
dense water could develop in the center 
of the cyclonic gyre formed north of the 
polar front (24). This may have occurred 
in stage 2, and the M. barleeanum--As- 
trononion sp. fauna may be associated 
with this configuration. 

The rapidity of the shift in benthic 
fauna is remarkable. At 115,000 years 
B.P. (the boundary between substages 

5e and 5d) the U. peregrina abundance 
increases from 6 to 52 percent in 1200 
years. This is very close to the mixing 
time of the ocean (25) and ignores any 
faunal mixing brought about by bioturba- 
tion. The change in fauna at the bound- 
ary between stages 5 and 4 is equally rap- 
id but marred by what we presently be- 
lieve to be burrowing, although no 
burrow is evident in a photograph of the 
freshly opened core. 

Benthic foraminiferal faunal change in 
the North Atlantic is thus striking and is 
clearly related to the climatic cycles of 
the Pleistocene as documented by the 
isotopic ice volume signal. The major 
features of the faunal curves may be ex- 
plained by a model which postulates that 
the present deepwater circulation with 
the production of large volumes of 
NADW is typical of only a limited por- 
tion of the past 150,000 years. For most 
of this time, little or no deep or bottom 
water formed in the North Atlantic, and 
the Atlantic, like the present Pacific, was 
filled by water characterized by lower 
oxygen content and perhaps originating 
in the Southern Ocean. Between 15,000 
and 35,000 years B.P., deep water may 
have been formed in a cyclonic gyre to 
the north of the full-glacial polar front, 
but its characteristics must have differed 
significantly from any water present in 
the Atlantic today. 
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Clutha basin in New Zealand. 

The change in weight or length of peb- 
bles of a particular lithology as they 
move has often been described by the 
empirical Sternberg law (1) 

W = W0 exp(-awZ) (la) 

D = Do exp(-aDiZ) (lb) 

_ loge(diameter) = 
A(distance) 

where W and W0 are the final and initial 
weights; D and Do are the final and initial 
diameters; Z is the distance traveled (kil- 
ometers); aw and aD are coefficients per 
kilometer for weight and length, respec- 
tively; and aw = 3aD. 

The downstream decrease of the coef- 
ficient for unsound pebbles can be shown 
in rivers with rocks having very different 
coefficients. The best example in New 
Zealand is the Clutha River (45?S, 
169.5?E), where most of the bedrock is 
quartz-veined chlorite schist, and where 
my measurements in road cuttings in- 
dicate that on average the quartz veins 
make up 5 percent of the bedrock. There 
is a general downstream increase in the 
proportion of the quartz (a relatively 
strong rock) to the schist (a relatively 
weak rock). The ratio by weight of the 
quartz to the schist and the average size 
of the five largest pebbles of each li- 
thology were measured at most of 53 sites. 
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For each site the downstream distance, 
x, is taken as the channel distance to its 
furthermost headwater, although few 
pebbles will have traveled the full dis- 
tance. 

As pebbles become sound with trans- 
port, their size change can be described 
by a law in which the coefficient de- 
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creases downstream according to the re- 
ciprocal of the distance. In Figs. 1 and 2, 
I compare the Sternberg law with the 
one proposed here, using data from the 
Clutha catchment. The data are linear- 
ized in Fig. 2 by plotting Y = log1O (size) 
against X = logo1 (distance) and then fit- 
ting the straight line 

Y= mX+ c 
Then 

1 dY _ m 
aD -- . -(2) 0.4343 dx x 

gives the coefficient at each point. The 
point coefficient given by Eq. 2 is pro- 
portional to the reciprocal of the distance 
from the headwaters and decreases more 
and more slowly downstream, finally be- 
coming the Sternberg coefficient. Unlike 
the Sternberg law, the one proposed here 
cannot be extrapolated to the source to 
give an initial pebble size. However for 
an interval (x1 to x2) not including the 
source, the interval coefficient is given 
by 

x2 

f m-- -\ - dx 
J x 

- _ 1 -m 
loge(x2/x,) aD - - (3) 

X2 - X1 X2 
- X1 

which gives the same value that is found 
by applying the Sternberg law to the 
change in size between the end points x, 
and x2. A coefficient of proportional 
weight change, ap, expresses the change 
in proportion of two lithologies down- 
stream. If lithologies A and B decrease 
downstream according to the law above, 
their weight ratio R over the short dis- 
tance Z changes according to 

A = Ao exp(-3aDAZ) 

B = Bo exp(-3aDBZ) 

A/B = Ao/BO exp[-3(aDA - aDB)Z] 

R = Ro exp(-apZ) (4) 

where ap = 3(aDA - (DB). 
The point and interval coefficients for 

the quartz and schist sizes for the inter- 
val 2 to 294 km are calculated from the 
slope of the lines on Fig. 2 by use of Eqs. 
2 and 3; for quartz 
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Fig. 1. Semilog diagrams showing systematic 
difference between fitted straight lines and 
data points for the downstream decrease in 
size of the five largest quartz and the five larg- 
est schist pebbles for about 40 streams within 
the Clutha basin. 
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aDs = 
74 
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The curved lines corresponding the size 
changes predicted by applying the Stern- 
berg law have also been plotted on Fig. 2 
for comparison with the data. The obser- 
vations indicate that most pebbles in the 
upstream reaches are unsound and that 
Sternberg's law is inapplicable. 

From Eq. 4 the point coefficient of 
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Wear of Unsound Pebbles in River Headwaters 

Abstract. Pebbles that are initially weathered, inhomogeneous, angular, orfrac- 
tured ("unsound") become sound with transport. The Sternberg law describes well 
the wear of sound pebbles found in large rivers, but describes poorly that of unsound 

pebbles in river headwaters. For unsound pebbles the Sternberg coefficient (which is 
assumed to be a constant) decreases appreciably downstream. An alternative to the 

Sternberg law is derived in which the coefficient is proportional to the reciprocal of 
the downs -eam distance traveled. The laws are compared by using data from the 
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