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Thermal Evolution of Plutons: A Parameterized Approach 

Abstract. A conservation-of-energy equation has been derived for the spatially 
averaged magma temperature in a spherical pluton undergoing simultaneous crys- 
tallization and both internal (magma) and external (hydrothermal fluid) thermal con- 
vection. The model accounts for the dependence of magma viscosity on crystallinity, 
temperature, and bulk composition; it includes latent heat effects and the effects of 
different initial water concentrations in the melt and quantitatively considers the role 
that large volumes of circulatory hydrothermal fluids play in dissipating heat. The 
nonlinear ordinary differential equation describing these processes has been solved 
for a variety of magma compositions, initial termperatures, initial crystallinities, vol- 
ume ratios of hydrothermalfluid to magma, and pluton sizes. These calculations are 
graphically summarized in plots of the average magma temperature versus time after 
emplacement. Solidification times, defined as the time necessary for magma to cool 
from the initial emplacement temperature to the solidus temperature vary as R1 3, 
where R is the pluton radius. The solidification time of a pluton with a radius of 1 
kilometer is 5 x 104 years;for an otherwise identical pluton with a radius of 10 kilom- 
eters, the solidification time is -106 years. The water content has a marked effect on 
the solidification time. A granodiorite pluton with a radius of 5 kilometers and either 
0.5 or 4 percent (by weight) water cools in 3.3 x 105 or 5 x 104 years, respectively. 
Convection solidification times are usually but not always less than conduction cool- 
ing times. 

For the characterization of the geo- 
thermal energy potential of crustal mag- 
ma bodies (1) and models describingthe 
origin and development of economically 
important ore deposits in plutonic rocks 
(2), information on the thermal evolution 
of convecting magma chambers is neces- 
sary. Aspects of theoretical importance 
such as the development and inter- 
pretation of metamorphic aureoles, the 
influence of cooling rate on the grain size 
distribution of minerals in granitoid 
rocks, and the role of magmatic dif- 
ferentiation and the origin of composi- 
tional zoning within magma chambers al- 
so depend on knowledge of the thermal 
history of cooling plutons (3). In prin- 
ciple, finite-difference or finite-element 
methods may be used to compute the 
spatial and temporal dependence of con- 
vection rates and melt temperature for 
appropriate sets of initial and boundary 
conditions and for a variety of melt com- 
positions. In practice, however, the 
presence of rather thin chemical and 
thermal boundary layers (centimeter to 
meter scale) within magma bodies makes 
such a procedure costly and time-con- 
suming. In addition, the large number of 
factors that govern the thermal evolution 
of a pluton such as the depth of pluton 
emplacement, the local wall-rock envi- 
ronment (that is, injection into wet or dry 
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country rock), the size and shape of 
chambers, and the temperature and com- 
positional dependence of the physical 
and thermodynamic properties of silicate 
melt suspensions cannot be easily varied 
in finite-difference calculations. Parame- 
terized methods for the solution of geo- 
physical and petrological problems have 
become increasingly popular since the 
pioneering work of the last decade (4). 
Their popularity springs from the rela- 
tive ease in which complex phenomena 
involving many parameters may be 
treated. This is usually accomplished by 
the solution of relatively simple ordinary 
differential equations which preserve the 
essential physics of the processes under 
investigation. The main disadvantage of 
a parametric approach is that the field 
variables are spatially averaged over the 
entire system. Consequently, parametric 
methods are of little use in predicting the 
spatial dependence of temperature with- 
in a convecting magma chamber. To this 
end, other methods must be used (5). I 
report here a simple parameterized ap- 
proach to quantitatively model the ther- 
mal evolution of plutons of various com- 
positions and sizes emplaced into widely 
contrasting geologic environments. 

The parameterized model accounts for 
heat transfer by conduction and con- 
vection within the chamber and into the 

surrounding country rock. Hydrother- 
mal fluid circulation within a permeable 
or fractured country rock accounts for 
most heat loss when magma is emplaced 
into water-bearing country rock. In dry 
country rock, thermal conduction is the 
primary mode of heat loss. The nucle- 
ation and growth of crystallizing phases 
liberate enthalpy of crystallization, 
which adds to the heat available for dis- 
sipation. The rate at which heat leaves 
the pluton depends on the depth of plu- 
ton emplacement and the scale of the 
magmatically induced hydrothermal sys- 
tem. The development of a hydrothermal 
flow regime depends on the availability 
of fluids and the presence of permeable 
or highly fractured country rock. Large 
hydrothermal systems tend to occur in 
the upper parts of the crust where mete- 
oric water is more plentiful. An impor- 
tant aspect of the model described here 
is the inclusion of a strongly temper- 
ature-dependent apparent viscosity for 
the magma. The motivation for this fea- 
ture arises from the experimental rheol- 
ogy of two-phase polymer systems (6). 
As crystallization proceeds, the apparent 
viscosity (7) of a magmatic suspension 
increases dramatically; thermal bound- 
ary layers increase in thickness, and the 
rate of heat transport out of the pluton 
decreases. In the calculations presented 
herein, I assume a simple linear depen- 
dence of the volume melt fraction (0) 
with temperature above the solidus tem- 
perature (T - Ts). This is not likely to be 
a good assumption; indeed, one might 
expect from kinetic considerations (8) 
that pluton solidification rates are de- 
pendent upon large number of parame- 
ters including the absolute temperature, 
the degree of supercooling, activation 
energies for flow and mass diffusion, and 
surface free-energy differences between 
each of the crystalline phases and the 
melt. More realistic temperature- and 
time-dependent crystallization rates that 
explicitly consider the processes of nu- 
cleation and growth should be used, but 
the necessary kinetic data are not avail- 
able at present. 

A conservation-of-energy equation 
which accounts for the heat loss from a 
convecting spherical pluton of radius R 
and volume V undergoing crystallization 
is 

dT 
pCpV + 4rrRk Nu(T - TC) = 

dt 
dO 

-pLAHV (1) dt 
A derivation of this expression may be 
found in (9); symbols are defined in (10). 
The Nusselt number, Nu, is a dimension- 
less heat flux parameter indicative of the 
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vigor of convective mixing within the fraction of crystals will initially be pres- 
magma body. Experimental, theoretical, ent, if we assume equilibrium crystalliza- 
and numerical studies of thermal con- tion. As time passes, crystallization pro- 
vection in fluids suggest that Nu is re- ceeds with decreasing rapidity since the 
lated to the thermal Rayleigh number apparent viscosities increase dramatical- 
(Ra) (11) according to ly with crystallinity and so the rate of 

N = a(Ra) (2) heat loss from the body decreases (that Nu = a(Ra)b (2) is, Ra and Nu decrease). According to 
where a and b are constants related to Eq. 3, the thermal history of a pluton is 
the specific geometry, flow regime, and most sensitively dependent upon (i) the 
boundary conditions of a given experi- depth of pluton emplacement, (ii) the 
ment (12). If a linear relationship be- heat-transfer characteristics of the local 
tween 0 and T - Ts is assumed, then environment (for example, emplacement 
Eqs. 1 and 2 may be combined to give into hydrous or anhydrous country 

dT 3Ka(T - T \) + b agR3 rock), (iii) the size of the pluton, and (iv) 
-d+ 3a -K x the bulk composition of the melt. Para- 
dt R[1 + HI/Cp(Te - Ts)] KVTe metrically, factors (i) and (ii) may be 

exp[bs(T - T)] = 0 (3) modeled by varying Tc. Plutons cooling 
deep in the crust (relatively high Tc) do 

Equation 3 describes the spatially aver- so more slowly than those emplaced un- 
aged magma temperature as a function of der a thin overburden (low Tc). Atten- 
time. At t = 0 (time of emplacement) it is dant with the emplacement of magma in- 
assumed that T = Ti, which may or may to a permeable, fluid-saturated environ- 
not be equal to Te. When Ti < Te, some ment will be an efficient hydrothermal 

circulatory system capable of dissipating 
large amounts of magmatic heat. Alter- 
natively, in the case of magmatic intru- 
sion into relatively dry country rock (for 
example, intrusion into a gabbroic or 
granulitic lower crust), Tc assumes a val- 
ue considerably greater than that ex- 
pected for the unperturbed temperature 
at the depth of emplacement. 

In the simple one-dimensional case of 
solidification of magma initially at Ti in 
contact with dry country rock at TCR, Tc 
(13) is given by 

(4) 1= ( TC) To = 5-(Ti + TCR) 2 

Equation 4 is a fair approximation of the 
effective Tc up to a Fourier number 
(Fo = Kt/R2) of about 10-1. In dimen- 
sional terms, Eq. 4 provides an accurate 
(within about 20 percent) estimate of Tc 
until a time after emplacement given by 

t - 104 R2 (5) 
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Fig. 1. (a) Influence of Tc, the temperature of the magma chamber-country rock contact, on the 
cooling history of a quartz monzonite pluton +2 percent water (by weight) (diameter = 10 km) 
crystallizing at a depth of about 7 km; Tc depends on the geothermal gradient, the emplacement 
depth, and the hydrothermal fluid/magma volume ratio. The spatially averaged temperature of 
the magma is plotted on the ordinate. The initial magma temperature is taken to be 1030?C. Data 
on the thermal and thermodynamic properties of melts were taken from (15). (b) Spatially aver- 
age magma temperature versus time after emplacement as a function of pluton radius (R) for 
granitic plutons [same composition as in (a)] emplaced at 1030?C and a depth of about 7 km. The 
value of Tc has been assumed constant and equal to 600?C; Pt = 2 kbar. A pluton with R = 1 km 
cools to the solidus temperature in 60,000 years; a pluton ten times larger requires nearly 1.1 x 
106 years or nearly 20 times the time period in which to cool to the same temperature. 
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Fig. 2. (a) Influence of the magma water content on the cooling history of granodioritic (GD) 
plutons (2 R = 10 km; Tc = 600?C; Pt = 2 kbar). Water plays a central role in determining the 
viscosity of the melt at Te and also the melting interval, Te - Ts. Increasing the water content by 
a factor of 2 [from 2 to 4 percent (by weight)] decreases solidification times by a factor of about 7 
because of the lower magma viscosity. (b) Influence of initial crystallinity and melt composition 
on the cooling history of plutons (R = 5 km). In all cases Ti = 1030?C, Tc = 600?C, pt = 2 kbar, 
depth of emplacement is 7 km, and all melts contain approximately 2 percent water. Plutons that 
initially are partly crystallized cool more slowly than aphyric ones. 
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with R given in kilometers and t in years. 
For example, Tc values computed from 
Eq. 4 for a pluton with R = 10 km em- 
placed into dry country rock are approxi- 
mately valid up to about 106 years. 
Thereafter, Tc values slowly fall. For 
magma emplacement into an environ- 
ment where hydrothermal circulation 
significantly contributes to the dis- 
sipation of magmatic heat, an absolute 
minimum Tc is TCR, the unperturbed 
country rock temperature at the depth of 
pluton emplacement. Naturally, in real 
situations Tc will always be somewhat 
greater than TCR. The Tc values may ex- 
ceed country rock solidus temperatures 
if Ti and TCR are high enough, and con- 
sequently partial melting may be signifi- 
cant along contacts between magma 
chambers and country rock. It is ex- 
pected that partial fusion effects are im- 
portant in the ascent of magmatic diapirs 
(14). If these ascent rates are controlled 
primarily by the balance between buoy- 
ancy and viscous forces (that is, if 
Stokes law is applicable), then the ab- 
sence or presence of partial fusion along 
contacts is critical in determining the 
magnitude of the ascent rate. 

The essential results of this study are 
presented in Figs. 1 and 2. Figure la 
shows the effect of initial Tc on the cool- 
ing history of a quartz monzonite pluton 
[+2 percent (by weight) water] (2 R = 10 
km) emplaced at a depth of about 7 km. 
Solidification times (the time interval be- 
tween liquidus and solidus) vary from 
2 x 105 to 3.6 x 106 years as Tc goes 
from 500? to 700?C. I conclude that em- 
placement depths and the scale of hydro- 
thermal circulatory systems are first-or- 
der parameters in determining the cool- 
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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 

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 

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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