
alies (Fig. 3, a and b). The structure of 
the high-velocity core is nonunique. Pos- 
sible models range from a diameter of 50 
km and a seismic velocity 10 percent 
higher than that of the normal mantle to 
85 km and 4 percent, respectively. The 
rapid decrease in the observed travel 
time for P200 between the azimuths 32? 
and 34? (Fig. 3a) is well modeled by the 
ray that travels around the anomaly. 
Hence the diameter of the low-velocity 
collar at a depth of 200 km is fairly well 
constrained at 250 + 30 km. The veloci- 
ty contrast between the collar and the 
normal mantle must be as large as 2 per- 
cent in order to delay sufficiently the ray 
passing through the collar. However, an 
upper bound on the velocity contrast can- 
not be determined. At 400 km, the rapid 
decrease in travel time between 32? and 
34? is absent. The smoother anomaly is 
modeled by the ray that travels through 
the collar. The respective diameter is at 
least 300 km, and the velocity contrast 
appears to be less than 2 percent. For 
both models the center of the structure is 
shifted approximately 40 km northwest 
from the center of the caldera. 

The simple structure described above 
is inadequate to completely model the 
anomaly. Rays passing through the cen- 
ter of the anomaly are advanced and rays 
passing through the collar or around the 
anomaly are delayed with respect to the 
model. We expect that a more complete 
model that we are developing, employing 
radial velocity gradients within the 
plume, will remove this defect. Finally, 
the structure does not appear to be en- 
tirely symmetrical. The southeast shoul- 
der of both the P200 and the P400 anoma- 
lies (Fig. 3, a and b) appears to be some- 
what broader than the northwest 
shoulder. This asymmetry implies a dif- 
fering collar radius between the north- 
west and southeast sides of the struc- 
ture. 

Anderson (10) has recently discussed a 
chemical plume model that essentially 
predicts the observed travel times. In his 
model, conduits through the mantle con- 
tain residuals from the differentiation of 
the primitive earth. The chemical plume 
is enriched with CaO, A120,, TiO2, and 
the refractory elements including U and 
Th. The CaO-Al203-TiO2 assemblage 
and the refractory elements are expected 
to have higher seismic velocities than 
normal ferromagnesian silicates. Ther- 
mal perturbations from the decay of the 
radioactive refractory elements would 
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structure and the vertical extent of this 
feature is consistent with a chemical 
mantle plume beneath the Yellowstone 
caldera. The asthenosphere above the 
chemical plume is more extensively mol- 
ten than elsewhere, thereby giving lower 
velocities. The thermal plume hypothe- 
sis gives the same result in this region 
but predicts quite different results at 
depths greater than about 200 km. With- 
in the lithosphere both the chemical 
plume and the thermal plume hypotheses 
give the same result. Melting is expected 
to be extensive, seismic velocities are 
reduced, and attenuation is increased. 
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plume near ground level. 

Five American Electric Power System 
(AEP) power plants in Kentucky, Ohio, 
and West Virginia are equipped with nat- 
ural-draft cooling towers (Fig. 1). In this 
area there are several rivers capable of 
supplying condensing water for power 
plants of the size that were being in- 
stalled in the early 1950's. In the last 20 
years, however, the increase in the size 
of the power plants combined with con- 
cern over the potential effects on the riv- 
ers has led to a shift from direct, once- 
through systems to cooling towers, as 
shown in Table 1. 

In view of the prospect of cooling tow- 
ers capable of discharging 1.25 x 109 kg- 
cal per hour, studies of plume rise and 
persistence under various meteorologi- 
cal conditions were undertaken by the 

Table 1. Growth of AEP generating capacity. 

Additional Percentage 
capacity of new 

Period installed capacity 
during using cool- 

period (Mw) ing towers 

1950-1954 1980 0 
1955-1959 1920 23 
1960-1964 1970 25 
1965-1969 2510 53 
1970-1974 5570 100 
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American Electric Power Service Corpo- 
ration and Smith-Singer Meteorologists, 
Inc., at the Muskingum River and Big 
Sandy power plants during the fall of 
1968. From 1968 through 1970 these stud- 
ies consisted of visual observations and 
photographs of the plumes taken from 
the ground; temperature, humidity, and 
wind measurements were also recorded. 
By the third year of this exploratory 
study, we became convinced that air- 
borne observations were necessary to 
study plume behavior accurately and to 
establish firm relationships with meteoro- 
logical conditions. During the last three 
winters (1973 through 1976) measure- 
ments of ambient temperature and hu- 
midity were recorded from light aircraft. 
Each test also included visual and photo- 
graphic records of the geometry of the 
visible plumes, and wind data were ob- 
tained from aircraft drift measurements. 

Up to March 1975, no significant envi- 
ronmental effects had been found at any 
of the natural-draft towers studied. Data 
from the 1973-1975 flight tests (1) in- 
dicated that no precipitation or fog was 
induced at ground level by these towers. 
On the contrary, all of the visible 
plumes, a few of which traveled 25 km or 
more from the plants, remained at least 
450 m above ground. 
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Snowfall Observations from Natural-Draft Cooling 
Tower Plumes 

Abstract. During the winter of 1975-1976, snowfallfrom the plumes of large natu- 
ral-draft cooling towers of power plants has been observed. Snow accumulations up 
to 2.5 centimeters have been found on the ground at extended distances from the 
cooling towers, and visibility has been restricted to less than 1600 meters in the tower 
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Fig. 1. Location of AEP natural-draft cooling 
towers. 

During the two winters of 1973-1975 
there were no flights with temperatures 
in the test region as low as - 12?C. Since 
the moisture capacity of the atmosphere 
decreases to less than 2 g/m3 below this 
temperature, we modified the test pro- 
gram so that flights were scheduled only 
when temperatures of -12?C or less 
were forecast. With such a small mois- 
ture deficit and such a large release of wa- 
ter vapor, very persistent plumes and 
even precipitation seemed likely. 

During the winter of 1975-1976 the 
first, significant environmental effect was 
observed. Large natural-draft towers 
produced plumes persisting as far as 70 
km in which the supercooled water drop- 
lets changed to ice crystals and produced 
light snowfall. Measurable accumula- 
tions of snow were observed on the 
ground. The falling snow restricted visi- 
bility to less than 1600 m close to the 
ground. From December 1975 through 
March 1976, this conversion of liquid 
droplets to ice crystals was observed ten 
times at several power plants in the test 
area. One of these incidents is described 
below. 

During a period of clear weather on 18 
January 1976, from 0755 to 1111 E.S.T., 
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a flight test was conducted in the vicini 
of the Amos plant, located 25 km norl 
west of Charleston, West Virginia. TI 
coal-fired plant has three hyperbolic co 
ing towers serving three generators tot 
ing 2900 Mw. The weather was cold a 
clear with temperatures of -12?C ne 
the surface, decreasing to -20?C at 16 
m above ground, as shown in Fig. 2. T 
plumes from the three cooling towe 
merged and rose to form a typical liqu 
droplet cloud between 900 and 1600 i 
The plumes mixed with the smokesta 
effluent at 400 m. The rise of the cooli 
tower plume stopped at the base of 
elevated temperature inversion, also 
1600 m. The change from supercool 
droplets to ice crystals began at 5 km a 
was complete 11 km downwind of t 
towers. This ice crystal cloud persist 
aloft to a distance downwind of 43 ki 
Snow began descending from the base 
the plume when the conversion frc 
droplets to ice crystals started, and 
first reached the ground at 13 km. Sno 
fall on the ground also continued to 
least 43 km. The maximum accumulatil 
of snow (very light fluffy snow) was 2 
cm (Fig. 3). 

The ground measurements shown ot 
side of the plume shadow (Fig. 3) 
dicate that the plume trajectory h 
changed from the initial conditions b 
fore our test started. The visibility in t 
clear air was greater than 15 km, but 
was restricted to approximately 1600 
in the snow near the ground level, as 
would be in a natural snowfall. 

It was not possible to measure t 
cooling tower performance characte 
istics and the exit parameters in this pr 
gram. However, the cooling tower man 
facturers have stated that each of the tv 
smaller towers at this plant has a ma: 
mum capacity of circulating water 
940,000 liters per minute and the large 
tower 2,270,000 liters per minute. A 
proximately 1 to 2 percent of this circ 
lating water is evaporated at full load 
any given ambient conditions. The ave 
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Fig. 3. Measured snow depths (in centime- 
m. ters) under the visible ice crystal plume from 
of the cooling tower. 
)m 
it 

w- age loads on each of the smaller towers 
at were 300 and 750 Mw, respectively, out 
on of a possible 800 Mw each; the third tow- 
Z.5 er operated at 1300 Mw, full load, 

throughout the test. 
ut- In some of the tests at Amos and at 
in- other plants, natural clouds were present 
ad and snow or snow showers came from 
)e- them. This natural snow occurred before, 
he during, or after the observations of snow 
it from the cooling tower plumes. Snow 
m was observed from the tower plumes, 
it however, when it was not falling from 

natural clouds. Moreover, the conver- 
he sion of the tower plumes from liquid 
er- drops to ice crystals sometimes induced 
ro- a similar change in the natural clouds, 
lu- creating an obvious "hole" in an other- 
vo wise unbroken cloud deck. 
xi- We cannot specify precisely the condi- 
of tions required for induced snow. Obser- 
-st vations to date have indicated that in- 
tp- duced snow has been associated with 
:u- low temperatures and with plumes diffus- 
at ing in relatively stable conditions. The 
er- key parameters are air temperatures of 

- 12?C or less and relatively stable diffu- 
sion conditions at plume height. The rate 
of water vapor emission from the towers 

e must be critical also, since this is the 
source of the additional water vapor. 

If the flights in this study have shown 
this effect on ten occasions in one win- 
ter, one wonders why artificially induced 
snowfall has not been reported before. 
One important reason may be that most 
natural-draft cooling towers are located 
in moderate to warm climates. In our test 
area, for example, there were no very 
cold flight days in the winters of 1973- 

43 1974 and 1974-1975. Second, snowfall 
from the plumes seems to reach the 
ground at considerable distances from 
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the towers (a minimum distance of 8 km 
in our tests). In hilly terrain it is difficult 
to identify the cooling towers as the 
source, and a ground observer would 
probably assume that the snow was natu- 
ral. Third, during the 3-year study of all 
of the AEP power plants with natural- 
draft towers and seven plants without 
cooling towers, no smoke plume alone 
was observed to produce snow or rain 
when it combined or merged with a natu- 
ral cloud deck. Finally, the artificial 
snowfall often occurs when the atmo- 
sphere is cloudy and snow would be ex- 
pected. In our tests, natural snow often 
coincided with tower-induced snow or 
occurred soon afterward. 

However, the observations made dur- 
ing the winter of 1975-1976 are not 
unique. A similar snowfall was observed 
at Oak Ridge, Tennessee, in 1960 (2). 
The water vapor released from clusters 
of mechanical draft towers at the gas- 
eous diffusion plant at Oak Ridge ap- 
proximated that from a large power 
plant, and the weather conditions were 
similar to those which induced snow in 
our observations. Agee (3) has also de- 
scribed the artificial inducement of snow- 
fall, but the incident he described ap- 
pears to have been caused by a seeding 
effect of particles in supercooled fog. In 
Hanna and Gifford's recent comprehen- 
sive review of the possible meteorologi- 
cal effects of energy parks (4), there is no 
mention of snowfall. 

It is too early to assess the environ- 
mental importance of the induced snow- 
fall. With power plants in the size range 
and area studied, the effects seem likely 
to be minor. Occasional very small addi- 
tions to natural snow and slight restric- 
tions of visibility are all that one would 
anticipate. The effects of possible arti- 
ficial snow must be carefully considered, 
however, when several large plants are 
to be clustered together, especially in 
cold climates. 

MARK L. KRAMER 
DAVID E. SEYMOUR 
MAYNARD E. SMITH 

Smith-Singer Meteorologists, Inc., 
Amityville, New York 11701 
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Entropy Estimates for Some Silicates at 298?K from 

Molar Volumes 

Abstract. Third law entropies for silicates of Be, Mg, Ca, Zn, Na, and K con- 

taining the same anion group, for example, SiO4 or SiO3 or AlSi3O8, are found to be 

linearly related to their molar volumes. The relationship between the molar volume 
and the entropy of silicates of Fe and Mn, atoms with unfilled d electron subshells, is 
different from that of other silicates. The linear correlations yield a useful method of 
estimating the entropies ofortho-, meta-, andframework silicates (feldspars andfeld- 
spathoids). The estimated entropies ofpyrope and almandine at 298?K are 47.47 and 
68.13 gibbs per mole, respectively. 

Entropy Estimates for Some Silicates at 298?K from 

Molar Volumes 

Abstract. Third law entropies for silicates of Be, Mg, Ca, Zn, Na, and K con- 

taining the same anion group, for example, SiO4 or SiO3 or AlSi3O8, are found to be 

linearly related to their molar volumes. The relationship between the molar volume 
and the entropy of silicates of Fe and Mn, atoms with unfilled d electron subshells, is 
different from that of other silicates. The linear correlations yield a useful method of 
estimating the entropies ofortho-, meta-, andframework silicates (feldspars andfeld- 
spathoids). The estimated entropies ofpyrope and almandine at 298?K are 47.47 and 
68.13 gibbs per mole, respectively. 

In calculations of phase equilibria, in 
cases where the entropies of silicates are 
not known the sum of the entropies of 
the constituent oxides can be substituted 
(1, 2). For many silicates, however, 
there is a significant difference between 
the two values. My purpose in this report 
is to explore the relationship between the 
entropy and the molar volume of sili- 
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Table 1. Molar volumes and experimental and estimated entropies of anhydrous silicates. 

Experi- V Calcu- Sexp- Sexp- 
mental S 3 lated S Scalc Soxides eFormula n 
mo(gibbs/ (gibbs/ (gibbs/ (gibbs/ 
mole) mole) mole) mole) 

Estimatedfor orthosilicatesfrom Eq. 1, a = 0.047 (excluding y-Ca2Si04) 
Phenacite Be2SiO4 1 15.37 37.19 15.23 0.14 -1.25 
Larnite f8-Ca2SiO4 1 30.50 51.60 30.17 0.33 1.62 
Ca-olivine y-Ca,SiO4 1 28.80 59.11 37.95 -9.15 -0.08 
Grossularite Ca3A12Si3O12 1/3 57.70 125.3 59.94 -2.25 -12.63 
Merwinite Ca3MgSi2Os 1/2 60.50 104.40 61.58 -1.530 -4.54 
Forsterite Mg2SiO4 1 22.75 43.79 22.08 0.67 -.01 
Willemite Zn2SiO4 1 31.40 52.42 31.02 0.38 0.66 

Estimatedfor metasilicatesfrom Eq. 3, o = 0.027 
Wollastonite CaSiO3 1 19.60 39.93 20.57 -0.97 0.22 
Pseudo-wollastonite CaSiO3 1 20.90 40.08 20.65 0.25 1.08 
Ca-Al pyroxene CaAlAlSiO6 1/2 34.60 63.50 32.24 2.36 3.04 
Diopside CaMgSi2O6 1/2 34.20 66.09 33.66 0.54 -1.50 
Enstatite MgSiO3 1 16.22 31.47 15.97 0.25 -0.10 
Jadeite NaA1Si206 1/2 31.90 60.47 30.56 1.346 -2.94 

Estimatedforfeldspars andfeldspathoidsfrom Eq. 5, r = 0.014 
Microcline KAlSi3O8 4/15 52.47 108.72 52.44 0.03 5.49 
Sanidine' KAlSi3O8 4/15 56.94 109.05 57.05* 0.11 5.52* 
Kaliophilite KAlSiO4 2/7 31.85 59.89 31.93 -0.08 4.63 
Leucite KAlSi206 3/11 44.05 88.39 43.94 0.11 6.95 
Low albite NaAlSi3O8 4/15 50.20 100.07 48.90 1.30 5.48 
High albite NaAlSi3Os 4/15 54.67 100.43 53.52* 1.15 5.48* 
Nepheline NaAlSiO4 2/7 29.72 54.16 29.59 0.13 4.76 

*Includes a configurational entropy of disorder of 4.47 gibbs/mole. 
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Sanidine' KAlSi3O8 4/15 56.94 109.05 57.05* 0.11 5.52* 
Kaliophilite KAlSiO4 2/7 31.85 59.89 31.93 -0.08 4.63 
Leucite KAlSi206 3/11 44.05 88.39 43.94 0.11 6.95 
Low albite NaAlSi3O8 4/15 50.20 100.07 48.90 1.30 5.48 
High albite NaAlSi3Os 4/15 54.67 100.43 53.52* 1.15 5.48* 
Nepheline NaAlSiO4 2/7 29.72 54.16 29.59 0.13 4.76 

*Includes a configurational entropy of disorder of 4.47 gibbs/mole. 

Table 2. Molar volumes and experimental and estimated entropies of hydrous silicates. Values 
are calculated from Eq. 6, where ar = 0.017. 
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