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A parameterized model of mantle convection that includes the effects of volatile exchange between the mantle and 
the surface reservoir and the softening of the mantle by the dissolved volatiles is used to study the thermal history of 
the Earth. It is assumed that the activation energy for temperature-dependent solid-state creep is a linear function of 
weight percent of volatiles. The mantle degassing rate is taken to be directly proportional to the rate of seafloor 
spreading which depends on the mantle heat flow. The rate of regassing also varies with the seafloor spreading rate, but 
it depends on other factors as well, including the mass of the atmosphere-hydrosphere system and the efficiency of 
volatile recycling through island arc volcanoes. Because the degassing/regassing rates are a function of convective vigor 
which is regulated by mantle volatile content (through the volatile dependence of viscosity), the devolatilization/re- 
volatilization of the mantle is self-consistently calculated. Model results indicate that mantle degassing and regassing 
rates quickly equifibrate during an early stage of rapid Earth cooling and adjust to regulate a more gradual cooling of 
the Earth over most of geologic time. These adjustments occur in the first several hundred million years of Earth's 
history. Most of the net volatile release from the mantle (or in some cases, net volatile absorption into the mantle) 
occurs early, in accord with isotopic evidence for rapid formation of the atmosphere. The net mass of volatiles released 
from the mantle is easily comparable to that of Earth's oceans. When mantle viscosity depends on both volatile content 
and temperature, changes in volatile content are compensated by changes in temperature so that the mantle evolves 
with the viscosity and convective vigor required to transfer its internally generated heat. Thus, the mantle is hotter 
(colder) as a consequence of degassing (regassing) compared to a mantle with volatile-independent rheology. The ratio 
of internal heat generation to total heat flow (the Urey ratio) is regulated by the temperature dependence of viscosity; 
models with high initial Urey ratios build up high temperatures very rapidly, thereby enhancing heat flow and reducing 
the Urey ratio. Early volatile loss from the mantle leads to a more rapid buildup of high temperature; thus, the 
"corrective" heat flow occurs even faster. Due to these feedback effects, the present value of the Urey ratio cannot 
exceed unity. 

1. Introduction 

P a r a m e t e r i z e d  m o d e l s  of  who le  m a n t l e  convec -  

t i on  have  b e e n  used  to s tudy  the  t he rma l  h i s to ry  

o f  the  E a r t h  and  to in fe r  s o m e  phys ica l  p rope r t i e s  

o f  the  m a n t l e  .such as r a d i o g e n i c  h e a t  source  con-  

t en t  [1-8] .  These  m o d e l s  genera l ly  show tha t  m a n -  

t le  t e m p e r a t u r e  a n d  hea t  f low dec rease  wi th  t ime,  

wh i l e  m a n t l e  v i scos i ty  increases  wi th  t ime,  all  in 

a c c o r d a n c e  wi th  a coo l i ng  Ear th .  F u r t h e r m o r e ,  

h e a t  f low exceeds  r ad iogen i c  h e a t  g e n e r a t i o n  at 

the  p re sen t  day  so tha t  the  U r e y  ra t io ,  the  r a t io  of  

i n t e rna l  hea t  g e n e r a t i o n  to sur face  h e a t  f low, is 

less t han  u n i t y  at  p resent .  

A n  essent ia l  f ea tu re  o f  these  p a r a m e t e r i z e d  
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c o n v e c t i o n  t h e r m a l  h i s t o ry  m o d e l s  is the i r  inc lu-  

s ion  o f  the  s t r o n g  t e m p e r a t u r e  d e p e n d e n c e  of  

m a n t l e  v iscos i ty .  T h e  t h e r m o s t a t  e f fec t  o f  t e m p e r -  

a t u r e - d e p e n d e n t  m a n t l e  v i scos i ty  regu la tes  the  ra te  

o f  m a n t l e  c o o l i n g  [9,10]; ea r ly  in  the  E a r t h ' s  ther-  

m a l  evo lu t ion ,  w h e n  the  m a n t l e  is ve ry  hot ,  the  

v i scos i ty  is low,  c o n v e c t i o n  is h igh ly  v igo rous ,  and  

the  m a n t l e  coo l s  rap id ly .  T h e  r ap id  r e d u c t i o n  in  

m a n t l e  t e m p e r a t u r e  inc reases  m a n t l e  v i scos i ty  a n d  

r educes  the  v igor  o f  c o n v e c t i o n  a n d  the  r a t e  o f  
m a n t l e  coo l ing .  T h r o u g h o u t  m o s t  o f  the  E a r t h ' s  

t h e r m a l  h i s tory ,  c o o l i n g  is g radua l ,  a b o u t  100 

K / G y r .  

M a n t l e  v i scos i ty  is n o t  o n l y  a s t rong  f u n c t i o n  

o f  t e m p e r a t u r e ,  b u t  i t  d e p e n d s  sens i t ive ly  o n  m a n -  
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tie volatile content as well. Dissolved volatiles in 
the mantle lower the creep activation enthalpy and 
thus reduce the viscosity at a given temperature. 
Thus, a loss of volatiles from the mantle (degass- 
ing or outgassing) would stiffen the mantle and 
require an increase in mantle temperature to 
maintain a requisite vigor of convection. However, 
with one exception [11], none of the previous 
parameterized convection thermal history studies 
have included the dependence of mantle viscosity 
on volatile content. The inclusion of a volatile-de- 
pendent as well as a temperature-dependent man- 
tle viscosity into thermal history modelling is im- 
portant not only for a correct simulation of man- 
tle evolution, but also for its implications regard- 
ing the evolution of the atmosphere [12]. 

The dependence of mantle viscosity on both 
temperature and volatile content produces a strong 
coupling between mantle thermal evolution and 
the degassing/regassing history of the mantle [12]. 
(Regassing refers to the volatile recharging of the 
mantle by tectonic processes such as subduction, 
overthrusting, and delamination.) In the thermal 
history study of Jackson and Pollack [11], the 
degassing history of the mantle was a priori speci- 
fied by assuming explicit functional forms for the 
dependence of activation enthalpy (or tempera- 
ture) on time. In the present paper we self-con- 
sistently solve for the evolution of both mantle 
temperature and the mantle degassing/regassing 
rate. 

2. Model 

The basic equations of parameterized convec- 
tion are developed in detail in previous references 
[2,10]; we will only briefly review the key concepts 
and equations. The kinematic viscosity of the 
mantle is assumed to have the following tempera- 
ture dependence: 

~, = ~, exp( A / T )  (1) 

where A is the activation temperature for solid- 
state creep, T is a characteristic mantle tempera- 
ture, and ~ is a constant. Decaying radiogenic 
heat sources are assumed to produce energy in the 
mantle at a rate (2 per unit volume, where: 

Q = Q0 e-Xt (2) 

and Q0 and ~ are constants, and t is the time. 

The Rayleigh number Ra for a convecting mantle 
is: 

got(T-  Ts)(R m - Re) 3 
Ra = (3) 

KP 

where g is the acceleration of gravity, a is the 
coefficient of thermal expansion, ~ is the surface 
temperature, R m and R c are the mantle outer and 
inner radii, respectively, and x is the thermal 
diffusivity. Mantle heat flow q is parameterized in 
terms of Ra by [2]: 

k ( T - T ~ )  ( Ra ) ~ 
q= ( -Rm: Rc) ~ (4) 

where k is the thermal conductivity, Racr is the 
critical value of Ra for the onset of convection, 
and fl is an empirically determined dimensionless 
constant found to be around 0.3. Conservation of 
energy gives an equation for the time rate of 
change of the characteristic mantle temperature 7~: 

pc(R3-R3c)T= -3R2q+Q(R3m-R3~) (5) 

where p is the density and c is the specific heat. 
Equations (1) to (5) give a first-order non-linear 
differential equation for the mantle temperature 
T, which, when given the temperature T O at time 
t = 0, is easily solved by numerical integration. 
(We have chosen an adaptable stepsize Runge- 
Kutta algorithm [13] to integrate (1) to (5)). This 
differential equation for T has been the subject of 
several studies. For example, Schubert et al. [2] 
and Jackson and Pollack [3] used a constant value 
for A, and Jackson and Pollack [11] assumed a 
specific function for the time dependence in A. In 
this study we provide a parameterization of A that 
self-consistently determines mantle temperature 
and degassing/regassing rate as a function of 
time. 

3. Activation temperature and regassing/degassing 
parameterizations 

Experiments on the deformation of candidate 
mantle minerals have revealed that dissolved 
volatiles such as water weaken the minerals by 
reducing the activation energy E*  for solid-state 
creep [14-16]. Activation energy is related to 
activation temperature by the equation: 

A = E * / R  (6) 
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Fig. 1. Activation temperature (K) vs. weight fraction volatiles 
for two samples of dunite. Data are from [15]. The straight 
lines connecting the wet and dry activation temperature values 
provide a simple parameterization for the dependence of A on 
weight percent volatiles (the dry values are identical for both 
samples). 

where R is the universal  gas constant .  C h o p r a  and  
Paterson  [15] give values for the act ivat ion energy 
and  weight f ract ion of water  for two samples  of 
" w e t "  duni te  as well as the ac t iva t ion  energy for 
bo th  " d r y "  samples  (p lo t ted  in Fig. 1). The  
pa ramete r i za t ion  we use for ac t iva t ion  tempera-  
ture as a funct ion  of  volat i le  weight  f ract ion is a 
s imple straight  l ine d rawn through  the wet and  
d ry  poin ts  for each type of dunite.  Uncer ta in t i es  
in the da ta  and the lack of  add i t iona l  da t a  pre-  
c lude  a more  c o m p l i c a t e d  pa rame te r i za t ion .  
Accord ing ly ,  we write:  

A = a I + a2x  (7) 

where x is the volat i le  weight f rac t ion and  a 1, a 2 
are cons tants  de t e rmined  by  the s t raight  l ines in 
Fig. 1. The values of  a 1 and ol 2 according  to Fig.  1 
are a 1 = 6.4 × 10  4 K ,  a 2 (Ani ta  Bay d u n i t e ) =  
- 6 . 1  × 10 6 K / w e i g h t  fract ion,  and  a 2 (Ahe im 
duni te)  = - 8 . 1  × 10 5 K / w e i g h t  fraction.  The  
smal ler  value of a 2 is representa t ive  of  a mant le  
wi th  a weak dependence  of rheology on volat i le  
content ;  the larger  value of a 2 typif ies  a s t rong 
dependence  of mant le  viscosi ty on the percentage  
of  volatiles.  Fig. 2 shows the dependence  of man-  
tle viscosi ty on x and T ob ta ined  f rom (1), (6) and  
(7) together  with the values of a 1 and  a 2 (An i t a  
Bay) given above. Man t l e  viscosi ty decreases  with 
increas ing T and volat i le  weight fraction.  

Our  model  requires a p rescr ip t ion  for de te rmin-  
ing the mass  of  dissolved volat i les  in the mant le  as 
a funct ion of  time. W e  have ident i f ied  the ma jo r  

mechan i sms  of mant le  degassing and regassing 
and  have pa rame te r i zed  them to p rov ide  equat ions  
for the degass ing and  regassing rates. Fig. 3a 
shows a schemat ic  of  the degassing of  the mant le  
at a mid -ocean  ridge. The  rate  of  mant le  degassing 

[ ) ~ f m v ] d  i s  given by:  

[Mmv]d = PmvdmS (8) 
where  Pmv is the dens i ty  of volat i les  in the mant le ,  
d m is the average dep th  f rom which volat i les  are 
re leased f rom the man t l e  (assuming comple te  out-  
gassing to this depth) ,  and  S is the areal  spreading  
ra te  for the Ear th ' s  m id -ocean  ridges. The pa r a me -  
ter d m can be  thought  of  as an "equ iva len t  dep th" ,  
combin ing  the ac tua l  dep th  of mel t ing with an 
eff iciency fac tor  for the release of volati les.  Fig. 3b 
shows the s i tua t ion  at  a subduc t ion  zone, where 
volat i les  are recycled back  into  the mantle .  The 
ra te  of regassing [3;/mv]r is given by:  

[ )~lmv]r= fbasPbasdbasSXr (9) 

where fbas is the mass  f rac t ion of volat i les  in the 
basa l t  layer,  Pbas is the dens i ty  of  the basal t ,  dba  s 

is the average thickness  of  the basal t ,  and  Xr is an 
efficiency fac tor  represent ing  the f ract ion of  vola-  
tiles that  ac tua l ly  enters  the deep mant le  ins tead  
of re turn ing  to the surface th rough  back-a rc  
volcanism.  The  value of  dba  s c a n  be var ied  to 
reflect  the a d d e d  con t r i bu t ion  of  a subduc ted  sedi- 
ment  layer.  

To ob ta in  the spread ing  ra te  S as a funct ion of 
known  quant i t ies  we use the re la t ion  be tween heat  
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Fig. 2. Mantle viscosity as a function of x and T for the Anita 
Bay dunite with the activation temperature dependence of x 
given in Fig. 1. The upper curve (squares) shows viscosity as a 
function of T with x held constant at 10 -3, while the lower 
curve (triangles) shows viscosity as a function of x with T held 
constant at 2200 K. 
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Fig. 3. (a) Schematic view of mantle degassing from mid-ocean ridges. The ridges create new surface area at a rate S (area/time). The 
quantity d~, represents a typical depth from which volatiles are released. The product of these two quantities gives a volume rate of 
flow through the shaded box from which volatile outgassing is calculated. (b) Schematic view of mantle regassing at a subduction 
zone. Volatiles present in the basalt layer (of thickness dbas) are subducted along with the rest of the oceanic plate. An efficiency 
factor determines the amount of volatiles that actually reaches the deep mantle. 

f l o w  q a n d  t h e  a v e r a g e  a g e  o f  s u b d u c t i o n  o f  

o c e a n i c  c r u s t  ~ [17,  eq .  4 -128] :  

2k(T- T~) (10) 
q 

w h e r e  ~- is  g i v e n  b y :  

= A o ( t )  (11) 
S 

and A o is the area of  the ocean basins at t ime t. 
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The solution of (10) and (11) for S is: 

S =  q2rr~A°(t) (12) 

[2k(T-  T~)] 2 

Reymer  and Schubert  [18] provide a formula for 
Ao( t )  based on the assumption of  approximately 
constant  continental  freeboard over the last 500 
million years: 

[ V°* ~ V°~q* ] -1 
Ao( t  ) = A *  + ~ 1  (13) 

where V o is the total volume of water in the 
oceans (assumed constant  in time), Voa is the 
volume of the ocean basins above the peak ridge 
h e i g h t ,  Fob is the volume of  the ocean basins 
below the peak ridge height, and asterisks denote 
present-day values. 

The differential equation for the mass of man-  
tle volatiles is simple: 

3;/mv = [ dt;/mv I r - [ 5;/mv ] d (14) 

This equation assumes that no  other fluxes of 
volatiles (such as impact  degassing) are significant. 

Interpretat ion of  (14) requires an assumption 
about  the initial value of  Mmv. We let: 

Mmv(t -- O) = r/mMocea n (15) 

where M o . . . .  is the mass of the Earth 's  oceans and 
n m is the number  of  ocean masses initially in the 
mantle. We similarly express the initial value of 
the mass of  volatiles starting out on the surface as: 

Ms(t  = O) = nsM . . . .  (16) 

where n s is the number  of  ocean masses originally 
in surface volatile reservoirs. 

4. Model parameter values 

To provide a starting point  f rom which to begin 
our  study we established a nominal  case using the 
parameter  values given in Tables 1 and 2. Table 1 
list the values of the parameters  pertaining to the 
basic convection equations. Table 2 lists the values 
of the parameters  used for the degass ing/ regas-  
sing part  of  the calculation. Both tables provide 
references for the assumed parameter  values. The 
value of  the depth of  melting d m is derived from 
an estimate of the depth of  the basalt  eutectic in 
the Archean [19, fig. 1]. This value is too large to 

TABLE 1 

Nominal case convection parameter values 

Parameter Value Source 

2.21 × 10 7 mE/s  [11] 
X 3.4 × 10-10 yr- 1 [3] 
g 9.8 m/s 2 [11] 
a 3X105 K -1 [2,11] 
x 10 -6 m2/s [2,111 
R m 6271 km [2,11] 
R c 3471 km [2,11] 
T~ 273 K [2,111 
k 4.2 W/m K [11] 
Racr 1100 [2,11] 
0c 4.2 MJ/m 3 K [2,11] 
/3 0.3 [2,11] 

reflect present conditions, but  it is intended to 
model condit ions prevalent in the early history of  
the Earth when convective vigor was much greater. 
Since rates of  volatile exchange in the model  (and 
presumably  in the Earth) are much greater in the 
early part  of  a calculation than they are toward 
the end of  a calculation, the value of  d m should 
represent condit ions early in Earth 's  evolution. 
Ringwood [20,21] has estimated that the mass of 
dissolved water in the mantle is approximately 
three times that currently in the oceans. With the 
assumption that the total amount  of  water in the 
m a n t l e - h y d r o s p h e r e - a t m o s p h e r e  system is con- 
served, we set n m = 4. The value of  Q0 is itera- 
tively adjusted so that the heat flow q at t = 4.6 
Gyr  is equal to the present day value, q * =  70 
m W / m  2. 

TABLE 2 

Nominal case degassing/regassing parameter values 

Parameter Value Source 

Mmantle 4.06 × 1024 kg [2] 
d m 100 km [19] 
/bas 0.03 [12] 
dba s 5 km [12] 
Pbas 2950 kg/m 3 [17] 
Xr 0.8 - 
Mocea n 1.39 × 10 21 kg [27] 
r/m 4.0 [21,20] 
H s 0 -- 
A *  3.1 X 1014 m 2 [18] 

Vo* 7.75 X 1017 m 3 [18] 

V,,~ 3.937 X 1017 m 3 [18] 

V o 1 .1687 X1018 m 3 [18] 

q * 70 mW/m 2 [171 
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T A B L E  3 

S u m m a r y  of compu ta t i ons  

Ca lcu la t ion  Cond i t ions  (modi f ica t ions  to nomina l  case) 

1 nomina l  

2 ~theim duni te  pa ramete r i za t ion  

3 cons tan t  A, a 1 = 5.60199 × 10 a K, a 2 

4 dba s = 6 km, dme~t = 50 km, 
n m = 4 ,  n ~ = 2  

5 n m = 1 0  ( n  s = 0 )  

6 T(0) = 2000 K 
7 ~ = 1.65 × 102 m 2 / s  [2] 
8 X = 4.5 × 1 0 -  lo yr 1 [31 

= 0  

Table 3 summarizes how the nominal case 
parameters were modified to consider other evolu- 
tionary scenarios. The nominal case is intended to 
demonstrate the effects of a strongly volatile-de- 
pendent viscosity. Calculation 2 uses a weaker 
rheological volatile dependence, and case 3 has a 
volatile-independent rheology. The first three 
calculations all resulted in net outgassing from the 
mantle. Thus for case 4, parameters were adjusted 
to diminish degassing and promote regassing. Case 
5 starts with a highly volatile-charged mantle. 
Case 6 demonstrates the effects of an initially cool 
mantle. Computat ions 7 and 8 test the effects of 
alternate values for ~ and 2t used in other para- 
meterized convection models. 

5. Results 

Table 4 lists the final values (at t = 4.6 Gyr) of 
mantle temperature, volatile loss, Urey ratio, 
viscosity, and Rayleigh number  for each of the 
calculations. Also listed is the value of the param- 

P.J. M c G O V E R N  A N D  G. S C H U B E R T  

eter Q0 which was determined to result in a heat 
flow q of 70 m W / m  2 at t = 4.6 Gyr. 

Fig. 4 shows the results of the thermal history 
model for the nominal case. The decline of mantle 
temperature with time (Fig. 4a), the increase of 
viscosity over the history of the Earth (Fig. 4a), 
and the decrease of Rayleigh number (Fig. 4b) 
and heat flow (Fig. 4c) with time are all in qualita- 
tive accord with the results of previous para- 
meterized convection calculations. The degassing 
history of the mantle (Fig. 4b) is characterized by 
an early period of rapid outgassing (more than 
one ocean mass in the first 500 million years), 
followed by a gradual levelling-off in the out- 
gassed mass for the remaining several billion years. 
The change in activation temperature A exhibits 
similar behavior due to its dependence on mantle 
volatile content. A comparison of Fig. 4a and b 
shows that the timescales for degassing and for 
rapid initial cooling are approximately the same. 

Fig. 4c plots the parameterization of the area of 
the Earth's  ocean basins Ao (normalized to the 
total surface area), as a function of time. Although 
the assumption of constant freeboard is known to 
be valid only for the last 500 million years [18,22], 
this parameterization results in a monotonic de- 
crease in ocean basin area (increase in continental 
area) over geologic time, in qualitative agreement 
with many crustal growth models [18, fig. 6]. By 
(13) and our reguirement that the present heat 
flow q* matches the measured value, the present 
value of A o necessarily agrees with today's area of 
the ocean basins. Also, (12) shows that S, the 
quantity dependent on A o, is proportional to the 
square of the heat flow q. Since q changes by 
more than an order of magnitude over the range 

T A B L E  4 

Mode l  results  

Ca lcu la t ion  Q0 T Man t l e  Urey  Viscosi ty  Rayle igh  
( J / m  3 s) (K) volat i le  loss ra t io  (m2 / s )  n u m b e r  

1 1.43093 × 10 7 2480.0 1.48 0.743 4.953 x 1017 2.876 × 107 
2 1.40006 × 10 7 2635.3 1.25 0.727 6.651 × 1017 2.297 x 107 
3 1.43508 × 10 7 2372.1 1.56 0.745 3.986 × 1017 3.398 × 107 
4 1.43540 × 10 - 7 2313.0 - 0.81 0.745 3.522 × 1017 3.738 x 107 
5 1.45181 × 1 0 - 7  2447.1 7.03 0.754 4.641 × 1017 3.024 × 107 

6 1.46151 × 10 7 2434.5 0.86 0.759 4.526 × 1017 3.082 × 107 
7 1.63900 × 10 7 1762.2 1.82 0.851 9.007 × 1016 1.067 × 108 
8 2.15071 × 10 7 2490.9 1.63 0.673 5.060 × 10 w 2.829 × 107 



T H E R M A L  E V O L U T I O N  O F  T H E  E A R T H  33 

(a) 3400 

3200 

3000 

2800 

2600 

240O 
0.0 

(6) 10 I 

101' 

E 
10 9 

._~ 

"¢ 10 8 

. , • , • , • , .: 

I I I I 

1 , 0  2.0 3.0 4.0 

T i m e  (Gyr)  

10 18 

i0 :r 

1016 

• 2.0 

D e g a s s i n g  

~ 1.0 

1015 

1014 

Ic) 

E 

800 

600" 

400" 

200" 

0 

0.0 

(d) 1014 : 

o 

g 

i i i i 

1.0 2.0 3.0 4.0 

T i m e  (Gyr) 

10 13 

1.0 

0.9 ~. 
< 
.=_ 

0.8 ~ 

0.7 

0,6 '" 

0.5 

1012 

10 7 t i i i ' 0.0 10 11 
0.0 1.0 2.0 3.0 4.0 0.0 

T i m e  (Gyr) 

------o----- D e g a s s i n g  

i i i i 

1.0 2.0 3.0 4.0 

T i m e  (Gyr)  

Fig. 4. (a) "Average" mantle temperature T and mantle viscosity v as functions of time for the nominal case (calculation 1). (b) 
Mantle Rayleigh number and amount of outgassing from the mantle (in units of ocean masses) as functions of time for the nominal 
case. (c) Heat flow from the mantle and the normalized area of the ocean basins (from the parameterization of the spreading rate S)  
as functions of time for the nominal case. (d) Mantle degassing and regassing rates as a function of time for the nominal case. 

of all the computations, this variation has much 
greater influence on the value of S than uncer- 
tainties in the value of Ao. 

Fig. 4d shows the mantle degassing and regas- 
sing rates (from (8) and (9)) for the nominal case, 
as functions of time. The degassing curve of Fig. 
4b is simply the integral of  the area between these 
two curves. As implied by Fig. 4b, these values 
start out with a significant difference (83%), but 
converge as t -o oc (15% difference at t = 4.6 Ga). 

Case 2, which uses the less volatile sensitive 
rheology of ,~daeim dunite (with larger values of  A 
for a given volatile content), exhibits a similar 
though more sluggish thermal history compared to 
the nominal calculation. Thus, at any time, viscos- 
ity and temperature are higher, and Rayleigh 
number and mass of  degassed volatiles are lower 
than in the nominal case. Case 2 does not show an 
early period of rapid adjustment of volatile con- 
tent (and A) (case 2 takes about two billion years 
to outgas one ocean mass). 

Comparison of the results of  the nominal case 
with the results of calculations 3 (volatile-indepen- 
dent rheology) and 4 (volatile-dependent rheology, 
net regassing of the mantle), serves to identify the 

TABLE 5 • 

Rheological influence of mantle devolatilization/revolatiliza- 
tion on interior thermal history 

Degassing (regassing) 

Decreases (increases) mantle volatile content 

Mantle viscosity tends to increase (decrease) from the volatile 
effect 

$ 

Mantle temperature increases (decreases) to compensate 
the volatile effect and maintain approximately constant 

mantle viscosity and heat flow. Vigor of mantle convection 
and quantity of heat transport are determined by internal 

heat production. Mantle temperature adjusts to accomplish 
the required heat transport. 
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major effect of mantle degassing/regassing on the 
thermal evolution of the Earth. Table 5 sum- 
marizes how the dependence of mantle viscosity v 
on volatile content combines with the temperature 
dependence of v to influence the thermal evolu- 
tion of a convecting mantle in a degassing/regas- 
sing scenario. Outgassing dries out the interior 
and tends to increase its viscosity. However, the 
tendency for devolatilization to increase v is com- 
pensated by the effect of temperature on viscosity. 
A higher viscosity tends to reduce heat flow. Thus 
heat generated by radiogenic sources builds up 
and tends to increase mantle temperature. A higher 
temperature tends to reduce viscosity and enhance 
heat flow. Thus, the mantle tends to maintain the 
required rate of heat loss by increasing tempera- 
ture, reducing viscosity, and maintaining the level 
of convective vigor. The net result is a hotter 
mantle as a consequence of degassing, but mantle 
heat flow, viscosity and convective vigor are essen- 
tially the same as in a mantle with volatile-inde- 
pendent rheology. These effects are shown in Fig. 
5a, which compares the evolution of temperature 
with time for the nominal case (dotted curve) and 
case 3 (solid curve). With degassing and a 
volatile-dependent rheology the mantle is hotter 
and cools more slowly than for a mantle with a 
volatile-independent rheology. 

Regassing increases the volatile content of the 
interior and tends to decrease its viscosity. How- 
ever, as in the degassing case, the tendency for 
revolatilization to decrease v is compensated by a 
reduction in mantle temperature so as to maintain 
viscosity, heat flow, and convective vigor ap- 
proximately constant. These effects are shown in 
Fig. 5b, which plots mantle temperature vs. time 
for case 4 (volatile-dependent rheology, dashed 
curve) and case 3 (volatile-independent rheology, 
solid curve). In addition, the figure shows the 
amount of water regassed into the mantle. The 
evolution, in terms of the amount of cooling and 
the quantity of water reabsorbed into the mantle, 
is rapid during the first several hundred million 
years, becoming more gradual afterwards. In case 
4 about 3 /4  of an ocean mass of volatiles (water) 
is reinjected into the mantle over geologic time, 
with the bulk of this occurring in the first billion 
years. The main effect of the volatile-dependent 
mantle viscosity is a cooler mantle, compared to 
case 3 where v depends on temperature only. As 

(a) 3400 . , . , . , . , 

3200 Degass ing 

• . . . . - - - - - - - - - - - - - - - - - - ' " ' - - .  . . . . .  
3000 . • . . • . . ~ . - - A " "  """  

2800 ~ e"D'~--~..# "# ' # " ' * " - - ~  

. . . .  ,o.. 

2400 Temperature 

2200 i i i i 

o .0 ] 0 20  3.0 4 0  

T i m e  ( G y r )  

10 

( b )  3400 1.0 

3200 Regass ing  • .A. . . . .~ . . - - - - i  . . . . .  

3o0o .... 
.A.A • 

2800 0.5 i 

26o0 

2400 ~ Temperature 
L ""*- - - - - .  

2200 I I I I O0  

0.0 1 0 20  30 4 0  

T i m e  ( O y r )  

Fig. 5. (a) The effect of degassing on mantle temperature. 
Thermal histories for volatile-dependent (case 1, dotted line) 
and volatile-independent (case 3, solid line) rheologies are 
plotted along with the degassing history for case 1. Degassing 
with volatile dependence raises the present-day temperature of 
the mantle. (b) The effect of regassing on mantle temperature. 
Thermal histories for volatile-dependent (case 4, dotted line) 
and volatile-independent (case 3, solid line) rheologies are 
plotted along with the degassing history for case 4. Regassing 
with volatile dependence lowers the present-day temperature of 
the mantle. 

in the degassing case, mantle viscosity and heat 
flow are essentially the same for both the volatile- 
dependent and volatile-independent viscosities. In 
both the regassing and degassing scenarios, the 
time rate of change of temperature eventually 
tends to the same value for the volatile-dependent 
and volatile-independent theologies; during the 
latter stages of thermal evolution only a constant 
temperature offset distinguishes the volatile- 
dependent mantle cooling rate from the volatile- 
independent one. 

6. Volatile history 

Based on studies of noble gas depletion ratios 
(relative to the solar abundance; see [23]), it is 
believed that the Earth's atmosphere formed in an 
extremely rapid outgassing event early in Earth's 
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Fig. 6. (a) Degassing history for case 7 (lower value of i~). (b) 
Degassing history for case 5 (high initial mantle volatile con- 
tent). 

history. The timescale for this event is limited to 
tens of million years [23]. The timescale of degas- 
sing in calculations 1-3 is on the order of several 
hundred million years, too large to adequately 
provide the necessary episode. However, with dif- 
ferent rheological properties, the mantle might be 
able to degas more rapidly. Fig. 6a shows the 
degassing history of calculation 7, in which ~ is 
more than five orders of magnitude lower than in 
the nominal case. With the reduced value of ~ the 
mantle responds practically instantaneously, dis- 
charging more than 1.8 ocean masses in less than 
10 million years. The final value of viscosity in 
case 7 (v = 9 X 1016 m 2 / s ) ,  however, is about a 
factor of 10 less than the generally accepted value 
of about 1018 m2/s  for the present kinematic 
viscosity of the mantle [24,25]. The final tempera- 
ture in case 7 ( T =  1762 K) is also below the 
accepted range of 2000-3000 K for the present 
mantle temperature [26]. Iterative adjustment of 
the rheological parameter  values could un- 
doubtedly yield an evolutionary scenario with the 
O(10 Myr) early rapid outgassing event and more 

reasonable present-day values of mantle viscosity 
and temperature. 

The early rapid degassing of the mantle could 
alternatively be accommodated by a scenario in 
which the mantle initially has a high volatile-con- 
tent. Fig. 6b shows the degassing history for calcu- 
lation 5, which has 10 ocean masses of volatiles 
initially in the mantle. This case simulates a very 
highly volatile-charged mantle with a strongly 
volatile-dependent rheology. These conditions re- 
sult in an extremely rapid adjustment of mantle 
volatile content through discharge of more than 4 
ocean masses in less than 70 million years. The 
final values for temperature and viscosity (Table 
4) are in accord with present-day estimates for the 
mantle. Thus, scenarios with high initial mantle 
volatile content and low values of ~ allow for 
early rapid degassing of the mantle and formation 
of the atmosphere. Of course, atmospheric accu- 
mulation contemporaneous with accretion of the 
solid Earth by impact degassing also satisfies the 
noble gas evidence for early rapid degassing of the 
mantle. 

7. Urey ratio 

The Urey ratio Ur: 

Ur-  Q(R3m- R3c) (17) 
3qR 2 

is simply the ratio of the heat source term to the 
heat sink term in the heat balance equation of the 
Earth. A Urey ratio greater than unity implies a 
net gain of heat and a temperature increase in the 
mantle. A Urey ratio less than unity implies a net 
heat loss and temperature decrease in the mantle. 
The value of Ur for the Earth has been a subject 
of some debate. The models of Schubert et al. [2] 
suggest a value of around 0.8, as do those of 
Jackson and Pollack [3]. Jackson and Pollack [11] 
argue that Ur could exceed unity at the present 
day. They parameterized A as: 

[ A ( t ) = A ( t = O )  1 +  \ ~-.-.-.~ (18) 

(with 0 ~< ~" ~ 1 and 0 ~ t ~ 4.6 Gyr), where AA is 
the total change in activation temperature over the 
Earth's history, and ~- is a parameter  which de- 
scribes the time dependence of A. For low values 
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Fig. 7. Urey ratio for the nominal case (calculation 1) plotted 
as a function of time. 

of ~-, this parameterization results in an early 
rapid increase of A, corresponding to an early 
episode of rapid degassing from the mantle. Fig. 2. 
of [11] shows that for large enough values of ~- 
(greater than about 0.25) and AA, the Urey ratio 
at present could exceed unity. However, large 
values of ~- correspond to slow, steady, continuous 
degassing. When the time history of activation 
temperature is self-consistently calculated we find 
that the mantle adjusts its volatile content rapidly, 
corresponding to low values for ~-. Even for the 
case with the slowest mantle response (calculation 
2), the adjustment occurs rapidly enough such that 
the Urey ratio never exceeds unity. In addition, 
Jackson and Pollack consider values of AA that 
result in 20-100% changes in A over Earth's his- 
tory. Such large changes in A are required for a 
Urey ratio greater than unity; we find, however, 
that our models in general result in smaller changes 
in A over time (about 5% for calculation 1, for 
example). Thus, our models are analogous to mod- 
els in [11] with low values for ~" and AA, for which 
the Urey ratio would be less than unity. 

Fig. 7 shows the evolution of the Urey ratio for 
the nominal case. This variation of Ur with time 
is typical of all the calculations except case 6. The 
ratio starts with a relatively low value at t = 0 
because of the dominance of the heat flow term in 
the initially hot mantle. The ratio quickly reaches 
a maximum and then slowly and steadily de- 
creases as the mantle volatile exchange rates equi- 
librate and the value of A approaches its steady 
state value. Because of the decay of the radiogenic 
heat sources, Ur will tend to  zero as t ~ oe. The 
only case in which Ur ever exceeded unity was 

calculation 6, with a low initial mantle tempera- 
ture. The Urey ratio started at about 18, due to 
the dominance of heat generation over heat flow 
in the initially cold mantle. The mantle then heated 
up until heat flow exceeded heat generation. Man- 
tle temperature reached a maximum and declined 
steadily thereafter, in the same manner  as in the 
other cases. With the eventual decline in mantle 
temperature Ur decreased below unity. We thus 
conclude that the dependence of viscosity on tem- 
perature and volatile content acts as a thermostat 
to regulate a slow steady cooling of the Earth at 
the present. For a wide range of parameters, rapid 
adjustment of temperature and volatile content 
ensure that Ur(t = 4.6Ga) is less than unity. 

8. Conclusions 

The dependence of mantle viscosity on volatile 
content has important  effects on the thermal 
evolution of planetary interiors and the evolution 
of p lane ta ry  a tmospheres .  A mant le  with 
volatile-dependent viscosity quickly adjusts to re- 
ach equilibrium values of 7 ~ and volatile content. 
Degassing is compensated by an increase in tem- 
perature (over a volatile-independent case) and 
regassing by a decrease in temperature. Reasona- 
ble degassing scenarios can account for rapid early 
formation of Earth's atmosphere inferred from 
noble gas abundances. Volatile dependence of 
mantle rheology also reinforces the regulation of 
the heat p roduc t ion /hea t  flow (Urey) ratio by the 
temperature dependence of mantle viscosity. All 
of our results indicate that the present value of the 
Urey ratio is less than unity. 
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