
ing time of large plutons. Figure lb 
explores the influence of pluton size on 
the cooling history of a water-bearing 
granitic melt. Conduction cooling times 
vary with the square of R, whereas in 
convective cooling the solidification time 
varies approximately according to R'3 
(Eq. 3). 

Figure 2a shows the remarkable role 
water plays in determining the cooling 
time of granodioritic plutons. A pluton 
with 0.5 percent water (R = 5 km) cools 
to the solidus temperature in 330,000 
years, whereas one with 4 percent water 
cools in only 50,000 years, other factors 
remaining constant. This is a graphic il- 
lustration of the importance of rheology 
in determining the thermal and chemical 
evolution of a magmatic system. For in- 
stance, mixing in a chemically (for ex- 
ample, water content) zoned magma 
chamber may be severely restricted due 
to a variation of an order of magnitude in 
the melt viscosity with depth. The influ- 
ence of initial crystallinity and melt com- 
position (excluding water) is summarized 
in Fig. 2b, where the thermal trajectories 
for granitic, granodioritic, and tonalitic 
plutons (R = 5 km) are given. The more 
mafic magmas have longer cooling his- 
tories because they are initially (that is, 
at T = Ti) partially crystallized and more 
viscous and consequently cool more 
slowly than related aphyric melts. 

The parametric approach described 
here enables one to efficiently and simply 
evaluate the influence of various geomet- 
ric, thermodynamic, thermophysical, 
and compositional factors on the cooling 
history of large volumes of magma em- 
placed within the crust. The calculations 
reported here are broadly compatible 
with the more detailed (in a spatial sense) 
and more laborious computations carried 
out by other works (5). 

FRANK SPERA 
Department of Geological and 
Geophysical Sciences, Princeton 
University, Princeton, New Jersey 08544 

References and Notes 

1. R. L. Smith and H. R. Shaw, U.S. Geol. Surv. 
Circ. 726 (1975). 

2. J. A. Whitney, Econ. Geol. 70, 346 (1975); G. H. 
Brimhall, ibid. 72, 37 (1977). 

3. H. R. Shaw, in Geochemical Transport and Ki- 
netics, A. Hofmann et al., Eds. (Carnegie Insti- 
tution of Washington, Washington, D.C., 1974), 
pp. 139-170; I. S. Carmichael, J. Nocholls, F. 
Spera, B. Wood, S. Nelson, Philos. Trans. R. 
Soc. London Ser. A 286, 373 (1977). 

4. An early example of a parameterized convection 
study is that of D. L. Turcotte and E. R. Ox- 
burgh, J. Fluid Mech. 28, 29 (1967). Other para- 
metric studies of heat transfer and thermal con- 

ing time of large plutons. Figure lb 
explores the influence of pluton size on 
the cooling history of a water-bearing 
granitic melt. Conduction cooling times 
vary with the square of R, whereas in 
convective cooling the solidification time 
varies approximately according to R'3 
(Eq. 3). 

Figure 2a shows the remarkable role 
water plays in determining the cooling 
time of granodioritic plutons. A pluton 
with 0.5 percent water (R = 5 km) cools 
to the solidus temperature in 330,000 
years, whereas one with 4 percent water 
cools in only 50,000 years, other factors 
remaining constant. This is a graphic il- 
lustration of the importance of rheology 
in determining the thermal and chemical 
evolution of a magmatic system. For in- 
stance, mixing in a chemically (for ex- 
ample, water content) zoned magma 
chamber may be severely restricted due 
to a variation of an order of magnitude in 
the melt viscosity with depth. The influ- 
ence of initial crystallinity and melt com- 
position (excluding water) is summarized 
in Fig. 2b, where the thermal trajectories 
for granitic, granodioritic, and tonalitic 
plutons (R = 5 km) are given. The more 
mafic magmas have longer cooling his- 
tories because they are initially (that is, 
at T = Ti) partially crystallized and more 
viscous and consequently cool more 
slowly than related aphyric melts. 

The parametric approach described 
here enables one to efficiently and simply 
evaluate the influence of various geomet- 
ric, thermodynamic, thermophysical, 
and compositional factors on the cooling 
history of large volumes of magma em- 
placed within the crust. The calculations 
reported here are broadly compatible 
with the more detailed (in a spatial sense) 
and more laborious computations carried 
out by other works (5). 

FRANK SPERA 
Department of Geological and 
Geophysical Sciences, Princeton 
University, Princeton, New Jersey 08544 

References and Notes 

1. R. L. Smith and H. R. Shaw, U.S. Geol. Surv. 
Circ. 726 (1975). 

2. J. A. Whitney, Econ. Geol. 70, 346 (1975); G. H. 
Brimhall, ibid. 72, 37 (1977). 

3. H. R. Shaw, in Geochemical Transport and Ki- 
netics, A. Hofmann et al., Eds. (Carnegie Insti- 
tution of Washington, Washington, D.C., 1974), 
pp. 139-170; I. S. Carmichael, J. Nocholls, F. 
Spera, B. Wood, S. Nelson, Philos. Trans. R. 
Soc. London Ser. A 286, 373 (1977). 

4. An early example of a parameterized convection 
study is that of D. L. Turcotte and E. R. Ox- 
burgh, J. Fluid Mech. 28, 29 (1967). Other para- 
metric studies of heat transfer and thermal con- 
vection include: R. W. Bartlett, Am. J. Sci. 267 
(No. 3), 1067 (1969); B. D. Marsh, Earth Planet. 
Sci. Lett. 39, 435 (1978); H. C. Hardee and D. 
W. Larson, J. Volcanol. Geothermal Res. 2, 113 
(1977). 

5. D. S. Hodge, Nature (London) 251, 297 (1974); 
H. R. Shaw, M. S. Hamilton, D. L. Peck, Am. 
J. Sci. 277 (No. 4), 384 (1977); D. L. Peck, M. S. 
Hamilton, H. R. Shaw, ibid., p. 415. 

SCIENCE, VOL. 207, 18 JANUARY 1980 

vection include: R. W. Bartlett, Am. J. Sci. 267 
(No. 3), 1067 (1969); B. D. Marsh, Earth Planet. 
Sci. Lett. 39, 435 (1978); H. C. Hardee and D. 
W. Larson, J. Volcanol. Geothermal Res. 2, 113 
(1977). 

5. D. S. Hodge, Nature (London) 251, 297 (1974); 
H. R. Shaw, M. S. Hamilton, D. L. Peck, Am. 
J. Sci. 277 (No. 4), 384 (1977); D. L. Peck, M. S. 
Hamilton, H. R. Shaw, ibid., p. 415. 

SCIENCE, VOL. 207, 18 JANUARY 1980 

6. H. R. Shaw, Am. J. Sci. 263, 120 (1965); J. Pet- 
rol. 10, 510 (1969); H. Pinkerton and R. S. 
Sparks, Nature (London) 276, 383 (1978); S. A. 
F. Murrell and I. A. H. Ismail, Contrib. Miner- 
al. Petrol. 55, 317 (1976); C. Goetze, J. 
Geophys. Res. 76, 1223 (1971). 

7. The apparent viscosity is defined by the ratio 
ar/e, where cr and e represent, respectively, the 
shear stress and strain rate of a single or multi- 
phase fluid at a fixed temperature, pressure, and 
composition. The ratio o-/e is equal to the vis- 
cosity for a Newtonian fluid. 

8. S. E. Swanson, Am. Mineral. 62, 966 (1977); R. 
J. Kirkpatrick, J. Geophys. Res. 81, 2565 (1976). 

9. V. G. Levich, Physiochemical Hydrodynamics 
(Prentice-Hall, Englewood Cliffs, N.J., 1962); 
B. D. Marsh, Trans. Am. Geophys. Union 50, 
535 (1977). 

10. Magma density, p = 2.3 g cm-3; magma heat ca- 
pacity, Cp = 0.28 cal g-1 sec-1; thermal con- 
ductivity, k = 5 x 10-3 cal cm-' sec-' K-1; con- 
tact temperature, Tc; heat of crystallization, AH 
= 80 cal g-'; volume fraction of melt in the plu- 
ton, 0; temperature of the melt, T; time after the 
initiation of crystallization, t; isobaric ex- 
pansivity, a = 5 x 10-5 K-1; acceleration, g 
= 981 cm sec-2; kinematic viscosity at the liq- 
uidus temperature, VTe; the viscosity parameter, 
s = 0.08, is defined by 

V = V r(Te - T); K = = 10-2 cm2 sec-1 
ptCp 

Te, Ts, Tc, and Ti represent the melt liquidus, 
melt solidus, contact, and initial melt temper- 
atures, respectively; Pt is pressure. 

11. The definition of Ra appropriate to boundary 
layer thermal convection about a vertical plu- 
ton-country rock contact is 

Ra= ag(T- T)R exp[s(T- T)] 
KVTe 

6. H. R. Shaw, Am. J. Sci. 263, 120 (1965); J. Pet- 
rol. 10, 510 (1969); H. Pinkerton and R. S. 
Sparks, Nature (London) 276, 383 (1978); S. A. 
F. Murrell and I. A. H. Ismail, Contrib. Miner- 
al. Petrol. 55, 317 (1976); C. Goetze, J. 
Geophys. Res. 76, 1223 (1971). 

7. The apparent viscosity is defined by the ratio 
ar/e, where cr and e represent, respectively, the 
shear stress and strain rate of a single or multi- 
phase fluid at a fixed temperature, pressure, and 
composition. The ratio o-/e is equal to the vis- 
cosity for a Newtonian fluid. 

8. S. E. Swanson, Am. Mineral. 62, 966 (1977); R. 
J. Kirkpatrick, J. Geophys. Res. 81, 2565 (1976). 

9. V. G. Levich, Physiochemical Hydrodynamics 
(Prentice-Hall, Englewood Cliffs, N.J., 1962); 
B. D. Marsh, Trans. Am. Geophys. Union 50, 
535 (1977). 

10. Magma density, p = 2.3 g cm-3; magma heat ca- 
pacity, Cp = 0.28 cal g-1 sec-1; thermal con- 
ductivity, k = 5 x 10-3 cal cm-' sec-' K-1; con- 
tact temperature, Tc; heat of crystallization, AH 
= 80 cal g-'; volume fraction of melt in the plu- 
ton, 0; temperature of the melt, T; time after the 
initiation of crystallization, t; isobaric ex- 
pansivity, a = 5 x 10-5 K-1; acceleration, g 
= 981 cm sec-2; kinematic viscosity at the liq- 
uidus temperature, VTe; the viscosity parameter, 
s = 0.08, is defined by 

V = V r(Te - T); K = = 10-2 cm2 sec-1 
ptCp 

Te, Ts, Tc, and Ti represent the melt liquidus, 
melt solidus, contact, and initial melt temper- 
atures, respectively; Pt is pressure. 

11. The definition of Ra appropriate to boundary 
layer thermal convection about a vertical plu- 
ton-country rock contact is 

Ra= ag(T- T)R exp[s(T- T)] 
KVTe 

second. 

Jupiter's magnetosphere contains pro- 
digious sources of plasma, the most con- 
spicuous being the innermost Galilean 
satellite Io (1). The magnetospheric 
plasma tends to corotate with the Jovian 
ionosphere, to which it is magnetically 
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Fig. 1. Plasma rotational 
flow velocity as a function 
of radial distance in Jupi- 
ter's magnetosphere. The 
data (noisy curve plus cir- 
cles) are reproduced from 
(5). The theoretical curves 
are derived from (3), with 
appropriate allowance 
made for the small but non- 
zero angle between the co- 
rotation direction and the 
viewing axis of the Voy- 
ager 1 instrument. 
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Corotation Lag in Jupiter's Magnetosphere: 

Comparison of Observation and Theory 
Abstract. Voyager I plasma flow data are compared with a recent theory that 

predicted measurable departures from rigid corotation in Jupiter's magnetosphere 
as a consequence of rapid plasma production and weak atmosphere-magnetosphere 
coupling. The comparison indicates that the theory can account for the observed 
corotation lag, provided that the plasma mass production rate during the Voyager I 
encounter was rather larger than expected, namely ~ 1030 atomic mass units per 
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tospheric plasma (2). The application of 
this torque in turn requires that the iono- 
sphere (and the magnetospheric flux 
tubes magnetically connected to the ion- 
osphere) rotate somewhat slower than 
the neutral atmosphere. 

A straightforward analysis of this cou- 
pling process (3) predicts a specific radial 
dependence of the required corotation 
lag, which becomes significant at dis- 
tances of the order of Lo RJ, with 
RJ = Jupiter radius and 

L0 = (RBERJ2 BJ2/M)1/4 

where X is the effective height-integrated 
Pedersen conductivity of Jupiter's iono- 
sphere, Bj is the dipole field strength at 
the surface, and M is the rate at which 
plasma mass is produced and trans- 
ported outward in the magnetosphere. 
Pre-Voyager 1 estimates of E (- 0.1 
mho) and M (- 1028 amu/sec) yielded the 
expected length scale Lo - 60 (3). 

The Voyager 1 plasma detector (4) has 
provided the first measurements of 
plasma flow in the Jovian magneto- 
sphere. The results (5) are shown in Fig. 
1. The departure from ideal corotation is 
seen to be significant as close in as 
L - 10. Figure 1 also shows theoretical 
curves derived directly from my earlier 
result (3) for three different values of Lo, 
corresponding to three possible values of 
the ratio /I/M. The large-scale radial de- 
pendence of the data is represented ade- 
quately for a value Lo - 20. 

Two interesting conclusions can be 
drawn from this comparison. First, it is 
qualitatively apparent that the atmo- 
sphere-magnetosphere coupling is in- 
deed too weak to enforce corotation, a 
possibility that had been anticipated (2, 
3) but not generally appreciated before 
Voyager 1 observations. Second, the 
comparison indicates that the pre-Voy- 
ager 1 estimate of L (- 60) was too large 
by a factor of 3, implying that the ratio 

/IM was, during the Voyager encounter, 
some two orders of magnitude smaller 
than anticipated. The pre-Voyager esti- 
mate of E (- 0.1 mho) would appear, if 
anything, to be a lower limit because it is 
based on an ionosphere model that ne- 
glects the effects of auroral electron pre- 
cipitation, which tends to increase the at- 
mospheric conductivity (6). We are thus 
left with the conclusion that the mass- 
loading rate M was, during the Voyager 
1 encounter, much larger than antici- 
pated, namely, ~ 1030 amu/sec (corre- 
sponding, for example, to 3 x 1028 S+ 
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ions per second. This exceeds by nearly 
an order of magnitude the S+ injection 
rate suggested by Voyager 1 ultraviolet 
observations of the Io-associated plasma 
torus (7), which was itself much larger 

ions per second. This exceeds by nearly 
an order of magnitude the S+ injection 
rate suggested by Voyager 1 ultraviolet 
observations of the Io-associated plasma 
torus (7), which was itself much larger 

than had been anticipated. Recent analy- 
sis of Voyager 1 plasma data near Io's 
orbit tends to confirm the large mass- 
loading rate inferred above (8). 

The large fluctuations of the data 
about the "average" (Lo = 20) profile 
may be attributable to transient effects, 
inhomogeneities in Jupiter's ionospheric 
conductivity, localized convection cells, 
time variations in the mass-loading rate, 
and so forth. I will, however, follow the 
advice of the plasma experimenters that 
"structure in the curve should not be 
overinterpreted" (5). 
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In the search for alternative energy 
sources, considerable attention has been 
directed toward the production of alco- 
hol to serve as a gasoline extender (gaso- 
hol) for internal combustion engines (1- 
4). Many gasoline retailers in the Mid- 

Table 1. Energetic cost of surgarcane produc- 
tion in Louisiana. 

Energy Per- 
Amount expended cent Input (per acre) (x 103 of 

kcal/ha) total 

Labor* 16.4 hours 22 0.3 
Machineryt $83 1576 18.6 
Fuelt 47 gal 4063 47.9 
Nitrogen? 96 lb 1992 23.5 
Phosphorus? 32 b 120 1.4 
Potassium? 48 lb 125 1.4 
Seedll 83,000 kcal 205 2.4 
Insecticide? 2.0 lb 54 0.6 
Herbicide? 10.6 lb 288 3.4 

Total 8481 100 

*From Campbell (II, 12); based on 8723 hours of la- 
bor per 675-acre farm plus one full-time manager at 
45 hours per week; calorie equivalent, 544 kcal per 
man-hour (6). tFrom Campbell (11, 12), Pimen- 
tel et al. (6), and Ricaud (20); see (14) for ex- 
planation. tFrom Campbell (11, 12); includes 
transportation, tractors, harvesters, loaders, pickup 
trucks, and repair trucks; hours used times gallons 
per hour or miles per gallon; 35,000 kcal per gallon 
(22). ?From Campbell (11, 12) and Carville (13); 
120 lb of nitrogen, 40 lb of phosphorus, and 60 lb of 
potassium per acre planted. From Pimentel et al. 
(6) 8400, 1520, and 1050 kgal per pound for nitro- 
gen, phosphorous, and potassium, respectively. 
From Da Silva et al. (5); calorie equivalent of 

cane plant, 820,000 kcal/ha per 4 years. ?From 
Campbell (11, 12) and Carville (13); 2.25 lb of 
insecticide per planted acre and 10.6 lb of herbicide 
applied per acre per year. From Pimentel et al. 
(6); 11,000 kcal per pound of insecticide or herbicide. 
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transportation, tractors, harvesters, loaders, pickup 
trucks, and repair trucks; hours used times gallons 
per hour or miles per gallon; 35,000 kcal per gallon 
(22). ?From Campbell (11, 12) and Carville (13); 
120 lb of nitrogen, 40 lb of phosphorus, and 60 lb of 
potassium per acre planted. From Pimentel et al. 
(6) 8400, 1520, and 1050 kgal per pound for nitro- 
gen, phosphorous, and potassium, respectively. 
From Da Silva et al. (5); calorie equivalent of 

cane plant, 820,000 kcal/ha per 4 years. ?From 
Campbell (11, 12) and Carville (13); 2.25 lb of 
insecticide per planted acre and 10.6 lb of herbicide 
applied per acre per year. From Pimentel et al. 
(6); 11,000 kcal per pound of insecticide or herbicide. 
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west are already selling gasohol for use 
in automobiles (4). Although most indus- 
trial alcohol is produced from petroleum, 
most ethyl alcohol presently produced 
for blending with gasoline is based on ag- 
ricultural crops as the raw material. 

The gasohol production process needs 
to be thoroughly examined, however, 
before a large-scale production com- 
mitment is made in the United States. 
With the energy and land constraints that 
already exist for food production, it is 
important to analyze the net energy yield 
of alcohol production from agricultural 
crops, and to examine the consequences 
of the removal of significant portions of 
agricultural land from the food produc- 
tion base (5-9). In this report we analyze 
the net energy yield of fuel alcohol de- 
rived from sugarcane. The net energy 
analysis methodology presented here is 
adaptable to the analysis of other food 
(grain) crops and can therefore be used 
to make direct energy comparisons. 

In modern agricultural systems, cul- 
tural energy subsidies have become in- 
tegral and indispensable to the produc- 
tion process. In this study, direct energy 
(energy used for product manufacture as 
process heat) and material energy (capi- 
tal equipment, services, labor input) sub- 
sidies to sugarcane were evaluated. En- 
vironmental inputs [rain, sun, wind, and 
soil; see Gilliland (10)] were not includ- 
ed, nor were federal, state, or local 
drainage project subsidies and costs of 
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Net Energy Analysis of Alcohol Production from Sugarcane 
Abstract. Energy requirements were calculatedfor the agricultural and the indus- 

trial phase of ethyl alcohol production from sugarcane grown in Louisiana. Agricul- 
tural energy requirements comprised 54 percent of all energy inputs, with machinery, 
fuel, and nitrogen fertilizer representing most of the energy subsidies. Overall net 
energy benefits (output:input) for alcohol production rangedfrom 1.8:1 to 0.9:1 de- 
pending on whether crop residues orfossilfuels were usedfor industrial processes. 
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