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Abstract--A formalism for the general treatment ofthree-layer mantle-crust evolution models is presented and various 
published models are shown to be special cases of this more general model. The Sm-Nd, Lu-Hf, and RbSr isotopic 
present day mass balance for the continental cmst~epleted mantle system is consistent with -3O’Z of the mantle 
being depleted. A growth curve for the continental crust is calculated on the basis of total inversion of the Sm-Nd 
isotopic data for all of Earth history. The curve suggests that by about 3.8 Ga ago, -40% of the present continental 
volume was present. Both the estimated continental recycling and addition rates show maxima around 3.0 Ga. The 
resulting continental addition rates are also very high 4.5-4.0 Ga ago and during the Phanerozoic. The Sm-Nd data 
are not compatible with a steady state model for the crust over the past 2-3 Ga. The major uncertainty in evaluating 
crust-mantle evolution models is the extent of exchange between the upper and lower mantle. 

INTRODUCTION 

RADKKIENIC ISOTOPE VARIATIONS together with trace element 
patterns can be used to establish the chemical structure, dy- 
namics, and evolution of the Earth’s major reservoirs. Over 
the last decade, many researchers have investigated systematic 
cohere&es between various isotopic tracers (Nd, Sr, Hf, Pb,) 
and trace element ratios. A number of models utilizing these 
data have been proposed for the structure and evolution of 
the continental crust-upper mantle system (JACOBSEN and 
WASSERBURG, 1979a, 198Oa, 1981; O’NIONS et al., 1979; 
DEPAOLO, 1980, 1983; and ALL~GRE el al. 1983a,b). 

The problem of understanding crust-mantle evolution 
from isotope and trace element data can be divided into three 
basic approaches. First, initial Nd, Sr, Hf, and Pb variation 
in recent volcanic rocks and estimates of average crustal 
abun&nces have been used to establish a present day isotope 
and trace element balance for these systems. This has led to 
constraints on the present chemical structure of the Earth’s 
mantle. Using this approach, JACOBSEN and WASSERBURG 
(1979a) and DEPAOLO (1980) suggested that the depleted 
mantle from which the Earth’s crust was extracted is only 
about 30% of the Earth’s mantle, corresponding closely to 
the mass of the mantle above the 670 km discontinuity. 
O’NIONS et al. (1979) suggested that the depleted mantle 
comprises about 50% of the mantle. ALL~GRE et al. (1983a,b) 
carried out this mass balance using the total inversion tech- 
nique of TARANTOLA and VALETTE (1982), and concluded 
that the fraction of the mantle that is depleted is in the range 
30-90%. 

Secondly, the results of the present-day mass balance can 
be used to calculate the mean age of the continental crust 
(JACOBSEN and WASSERBURG, 1979a). The mean age of the 
crust is the only age info~ation that can be extracted from 
the present-day balance of long lived (half life p 4.5 Ga) 
isotopes such as r4’Sm, *‘Rb, 176Lu, and 232Th. However, the 
present day balance of isotopes with half life < 4.5 Ga such 
as 40K, 238U, and 235U can, in principle, give more detailed 
information on the time evolution of the continental crust. 

* Presented at the Conference on “Isotope Tracers in Geochemistry 
and Geophysics” in honor of Professor Gerald J. Wasserburg’s Sixtieth 
Birthday, March 23-25, 1987, Pasadena, California. 

Finally, the evolution of the Earth’s crust can be established 
from average curves for crust and mantle Nd, Sr, Hf, and Pb 
evolution. Such curves are based on initial Nd, Sr, Hf, and 
Pb values obtained on various ancient terrestrial rocks of 
known age. 

For the Sm-Nd system we have a relatively well-defined 
set of model parameters for most of the Earth’s history in 
addition to we~~ns~n~ bmk Earth evolution parameters. 
This paper presents a mantle-crust evolution model that is 
constrained primarily by isotopic and chemical mass balance 
between three reservoirs; the continental crust, the depleted 
mantle, and an undepleted deep mantle. 

NOTATION 

In this paper, the notation of JACOLSEN and WASSERBURG (l%?a) 

will be used. The three-reservoir model is shown schematically in 
Fig. 1 (see figure caption for further explanation of the model). The 
continental crust and the depleted upper mantle are called reservoirs 
3 and 2, respectively, to be consistent with previous usage. The lower 
mantle is called reservoir 4 and the bulk Earth is calied reservoir 1; 
note that the bulk Earth as defined here, refers to the silicate portion 
of the Earth only, and excludes the core. 

The number of atoms of species i in reservoir j is NY and the total 
mass of reservoir j is M;. The concentration of specter i in i is C’u 
= NV/Mj. The species under consideration are: s, a stable nuclide 
with no radioactive parent; r, a radioactive nuclide with decay constant 
X,; and d, a stable nuclide (of the same chemical species as s) wtiich 
is the decay product of r. 

The time r runs forward from the initial state at the formation of 
the Earth. The time measured backward from today (i.e., the age) 
will be called r, such that T = rr, - T where To is the age of the 
Earth today. Fractional deviations of the isotopic ratios N&/N, from 
the bulk Earth values are given by 

c&(r) s [tN~/N~j)/(N$i/~I) - 11. 104. (1) 

The chemical fra~ionation factors between the radioactive parent 
isotope and the stable reference isotope are given by 

f;‘” = (N~/N~)/~N‘,/~,) - 1. (2) 
The chemical enrichment of a species s in reservoir j relative to 

the bulk Earth concentration C,, is called Eti * C~j/C~l. Initial con- 
centrations in reservoirs 2 and 4 are assumed to be bulk Earth values 
such that 

Ci2(0) = Ni2WWO) = NdWfdO) = Ni4VW446N = GWI. (3) 

The crust is assumed to grow from an initial zero mass (MS(O) 
= 0). At any time subsequent to T = 0 the mass of the crust, MS(T), 
is r0 due to the crustal growth. In general, the concentration of an 
element i in new crust ci3 is different from that in the depleted mantle 
source regron [C&T)]. 
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Continental crust = 3 

+ t I 

Lower Mantle = 4 

FIG. 1. Schematic three-box model for mantle-crust evolution. 
The various possible mass fluxes Ick, between reservoirs i and j are 
shown. The continent cmst (reservoir 3; initial mass = 0) grows 
from an initially undifferentiated upper mantle reservoir, which be- 
comes depleted (reservoir 2) at all times subsequent to the initial 
chemical differentiation as a result of continuing crustal extraction 
(A&). The mass flux A& of partial melts from the upper mantle 
(reservoir 2) to the crust adds mass to the crust through time while 
a mass flux M32 of continental materials (sediments, etc.) is retluxed 
back into the depleted mantle. The crust can also grow by direct 
additions of partial melts (A&) from the lower mantle (plume flux) 
and leaving a residue behind in the upper mantle {A&r). The depleted 
mantle is taken to in&de the basaltic part ofthe oceanic crust, since 
the oceanic crust is derived from the depleted mantle and is subducted 
back at a short time s&e. If this subducted.oceanic crust is recycled 
to the lower mantle, we have a mass flux M2, that would also make 
the lower mantle become depleted with time. The lower mantle (4) 
can remain undifferentiated through geologic time if Mz4_= A+ = 0 
apd only bulk material leaves the lower mantle through A&, and 
A&. Finally material from the lower mantle can also enter the upper 
mantle by bulk entrainment at their interface (A&) with a resulting 
downgoing 8 ux of upper mantle material to the lower mantle (A&,). 

MA!33 BALANCE EQUATIONS FOR 
THREE-RESERVOIR MODELS 

General mass conservation equations 

For any three-reservoir model, conservation of mass and 
species requires 

Mt(O) = W!(7) f iw,(TI + J%(T) 

N,l(O) = Ns2(7) + Ns3(7) + N&T) 

N,,(O) exp[-X,71 = Nr2(~) + Nr3(7) + N&(r) 

%(O) + N,KOP - exd-bdl 

(4) 

(5) 

(6) 

= i%(T) + Nd3(7f + Nd4(7). (7) 

The singIe stage model age of a reservoir j relative to the 
bulk Earth reservoir is defined by: 

and represents the time in the past when the ratio Ndj/N, 
= N&Nsl, i.e. the time span required to generate the observed 
Ndl/Nfl value in a single stage with the observed N,IN, ratio. 
WhiIe (8) is not strictly part of the mass balance problem, a 
priori knowledge of the mean age of a reservoir provides an 
additional relationship between the parameters in equations 
(5)-( 7) as the model age T$ would be expected to be of similar 
magnitude. 

The equations above are written mostly in terms of exten- 
sive quantities. This problem would be more elegantly han- 
dled if the equations were written as much as possible in 
terms of the intensive quantities t,f; and E as defined earlier. 
However, since we want to use this treatment to infer values 
for the relative sizes of the reservoirs, we also need some 
extensive quantities. It is therefore convenient to introduce 
the mass fractions X, = NJN,, and X,, = M, jM, . It follows 
that XJ2 + Xs3 -I- X, = 1, XM2 + A’,, C XM., = I and we have 
the following set of mass balance equations for c, .f; and E- 
values: 

XM&Z + Xd& + .Xw& = 3 19) 

X,fF + X,fB’-k X,fP = 0 110) 

x,&7 + x&J + x&t, = 0. ill) 

Mass balance with an undlferentiated lower mantie 

For the particular case of an undifferentiated lower mantle 
we have that C&T) = C&O) throughout Earth’s history and 
also that t& = f 2 = ES4 = 0 for all r. For models with an 
undiffe~ntiat~ lower mantle, the crust + depleted mantle 
system has bulk Earth ~rn~si~on and for this type of model 
we define the following mass fractions Y, = N~~~(N*~ + Ns,) 
and YM, = M,/(Mr + M3). The relationships between the two 
mass fractions Y and X are: Y,, = Xsj/(Xsz + XJ and Y,,, 

= xMj/(xM2 + XM~ 

In the case where reservoir 4 is undifferentiated, we have 
the following set of mass balance equations for t, f; and G 
values: 

g ’ = YM,Es3 + f 1 - YM,)ES2 - 1 == 0 (121 

g* = Y&y + (1 - Y&fiI” = 0 (13) 

g’ = Y,3cm + (1 -- Y&)6& = 0 ( 14) 

g4 = Yf3 - YM3EE3 = 0. ClS) 

Finally, the t andfvalues are related through an equation 
of the type 

g5 = td; - Q&i~i~~S = 0 (Ih) 

where & = Tf‘ is a parameter closely related to the mean 
age of the crust (f;~3) and & = 104x,(N,,/Nd,) is a bulk Earth 
parameter. This bulk Earth parameter and other bulk Earth 
values for the Sm-Nd, Lu-Hf, and Rb-Sr systems are given 
in Table 1. Expressions for the parameter & for several 

TABLE 1. Present day bulk earth parameters for 
the Sm-Ed, Lu-Hf, aad Et+% decay systems 

Sm-Nd Lu-Hf Rb-sr -- 

NAN,1 0.1967 

Ndl/Nsl 0.511847 

Qd 25.13 Ga-1 

c Sl 1.26 ppm 

i 
‘Wm 
‘SNd 

s 144Nd 

xr 0.00654 Ga-* 

0.0334 

0.28286 

22.9 Ga-1 

0.28 pprn 

n6LU 
I’SHf 
wff 
0.0194 Ga-1 

0.0827 

0.7045 

16.7 Ga-’ 

22 Pm 

=Rb 
8% 
86% 
0.0142 Ga-1 

Sources: DEPAOLO and WASSEREURG (1976 JACOBSEN 
and WASSERFKJRG (197Qa, 198Oa,b, 19&L), PA 4 CHETT et al 
(1981), PATCHETT and CHAUVEL (19841, DEPACLO (1983). 



Mantle-crust evolution 1343 

transport models are given by JACOBSEN and WASSERBURG 
( 1979a, 198Oa). For the simple case of unidirectional transport 
of matter from an un~fferentiat~ mantle to form crust and 
depleted mantle, JACOBSEN and WA~SERBURG (1979a) con- 
cluded that this parameter is identical to the mean age of the 
crust. 

Thus, at any point in time, the mass balance for a single 
decay system is described by five equations g = (g’, . . . , g5) 
and nine parameters Z = (z”, . . . , 2’). Since we have rea- 
sonable estimates of most of these parameters with uncer- 
tainties, this problem reduces to finding the least squares so- 
lution to the system of equations 

-(ks32 + ks42) ks32 k s42 

K* = k ~23 -C&23 + k43) (27) 
k ~24 k s34 -CL?: ks34) 1 

and 

(28) 

g(Z) = 0 (17) 

where Z = (~2, ~,flil”,f ‘/“, &,, Ys3, YM~, -%, &). 
A set of approximate (a priori) values is called ZQ and the 

covariance matrix is CO. Assuming that the errors are Gaus- 
sian, it is possible to calculate an a posteriori estimate 2 (ad- 
justed values) that satisfies (17) and minimizes 

s* = (i - &)rc,‘(2 - ZQ) (18) 

over the set of all possible solutions of (17). TARANTOLA and 
VALETTE (1982) have shown that the solution to this problem 
is 

with & = Lfi/Mi and dSc = c~~/C~i. Here C, is the concen- 
tration in a new parcel of mass added to j. For the Sm-Nd, 
Rb-Sr, and Lu-Hf systems, Qd is in the range - 17-25, so 
the term 10-4@d is clearly negligible. Several of the models 
in the literature are special cases of the general three box 
model equations given above. 

Constant mass of the crust-depleted mantle system and 
undtxerentiated lower mantle 

2 = & + C,.G~.(G~C,~G~-‘(G*(~ - &) -g(i)) 

(19) 

For this case the lower mantle is isolated from the depleted 
mantle crust system so kJ34 = kS24 = kd2 = k&s = 0. This is 
Model II of JACOBSEN and WASSERBURC~ (1979a, 1980a), 
and the KS* td term in Eqn. (26) for this case reduces to: 

where G is the matrix of partial derivatives Gik = agi@zk 
taken at the point 2. They also desctibed a fixed point method 
for solving (19) and obtained the covariance matrix of the 
adjusted parameters. 

MANTLE-CRUST TRANSPORT MODEL 

The fluxes of mass and species i from reservoir j to k are 
ti]k and Jok, respectively. The mass transport equations are: 

~ndl~erentiated lower mantle 

In Model I of JACOBSEN and WASSERBURG (1979a) the 
crust grows by additions from the undifferentiated lower 
mantle only, with the depleted upper mantle growing in size 
and the lower undifferentiated mantle decreasing in size with 
time. In this case kS34 = kJz4 = kSz3 = 0 and: 

d&f2 . . . . 
- = Mj2 + Md2 - Mz3 - M24 
dr (20) 

dM, . . . . 
-=M23+M43-M32-M34 
dr (21) 

dM4 . . . . 
- = Mz4 + MS4 - M.,2 - Md3. 
dr (22) 

[ 

k,,2(tm - cm) - ks4zedz 
&* fd = --ks436& 

0 1 
[ --[4&z + 4&z Ydcd K2) 

= 
-&3$43( Ys4/ K3h 1 . (30) 

0 

For species in the depleted upper mantle (reservoir 2), we 
have the following transport equations: 

dN,z=J +J 

dr 
$32 ~42 

-J -J 
823 $24 

drv, 
- = Jr32 + Jr42 - Jr23 - Jr24 - h52 
dr 

(23) 

(241 

A model similar to Model II of JACOBSEN and WASSER- 
BURG (1979a, 1980a) but with a plume flux from the lower 
mantle (with d,, = 1) was discussed by DEPAOLO (1983). In 
this case kS34 = ks24 = kJ43 = 0 and: 

[ 

ks&+3 - td~) - Iz;a2+tz 
K,*cd = k&e& - em) 

0 1 
dtv, 
- = J& + Jddt - Ja3 - J&4 + k&2. 

dr 
(25) 

Similar equations hold for the continental crust and lower 
mantle (reservoirs 3 and 4). 

~~~erentiated lower mantle 

These equations can be written with the e -_Snotation as GALER and O’NIONS ( 1985) discussed a model involving 
a system of first order differential equations bulk entrainment at the interface between the upper and lower 
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mantle, but with a constant mass of the lower mantle (i.e. 
M24 = MQ). In thus model ks43 = ks3z = ks34 = 0 and &lj = 1 
except for dsz3 which in general is # 1 and using Eqn. (11) 
the K, - cd term of Eqn. (26) reduces to: k.dci4 - QZ~) KS. ed = ksz3(td2 - ~3) 

[ 1 k24(ta - cd4) 

1 

#42[(&3/&2)(fd3 - td2) - (%f2/Xs2) 

= 
dsz3~23(x2~x3)(~d2 - cm) 1 (32) 

J/24(xs2/&4)(%2 - td4) 

The condition h?24 = A?42 implies the following relationship 
$24 = J/42(M4/M2) between the mass transfer COeffiCkXItS. 

More general cases than the GALER and G’NIONS (1985) 
model including recycling of continental material can also 
be treated with Eqn. (26). In the case where only ks43 and 
kss4 are equal to zero and all dsO except for ds23 are equal to 
one the equation for the depleted mantle must be modified 
to include a term for crustal recycling: 

+ $32(&/&2)(%3 - %f2). (33) 

Thus from a priori t, f; and X-values one can obtain a 
relationship between the rate of crustal recycling (tij2) and 
the rate of exchange between the upper and lower man- 
tle ($42). 

RESULTS 

Present-day mass balance 

The mass balance Eqns. ( 12)-( 16) contain seven intensive 
quantities (cd2 , td fp, f p, Es2, Es, an&) and two extensive 
quantities (Y,, and YM3). A priori values (with maximum 
uncertainties treated as 2a errors) for all of these parameters 
are given in Tables 2 and 3. The c,f; and E values (except E 
in the depleted mantle) are rather well constrained. The mean 
ages &.,lNd, iLulHf, and ikblsr have been given large uncertain- 
ties because they are similar to, but in general, not equal to 
the mean age of the crust (JACOBSEN and WASSERBURG, 

1979a, 1980a). The i& value in particular could be sub- 
stantially older than the mean age of the crust. The mean 
age of the crust, r& has been estimated at 1.8 +- 0.4 Ga from 
Nd model age distributions in crustal rocks and sediments 
(JACOBSEN, 1988). Somewhat broader limits are therefore 
used in Table 3 for a priori mean ages of the individual iso- 
topic systems. The a priori values of the mass fractions Y,, 
and Y,, , and also the E-values for the depleted mantle have 
been given large errors as only broad limits can be placed on 
the values of these extensive quantities. In general, not more 
than 80% of Nd, Hf, and Sr in the crust-upper mantle system 
is believed to reside in the crust. The lower limit is 0%. The 
a priori range of the crust/depleted mantle mass ratio, Y,,,, , 
is 0.005 to 0.3. The corresponding limits for the mass fraction 
of the mantle that is depleted are 15% to 100%. 

Thus, as shown in Table 3, the adjusted values resulting 
from the inversion provide rather large improvements in the 
uncertainties and average values of the mean ages, the mass 

TABLE 2i,P,prixii and adjusted present day E, f&o< E - values 
-rvo,r crust-maotIe model wth 

undifferentiated lower mantlet. 

k?Dkted Mantle ContinentaI Crust Commentt 

I. Isotopic parameters (Edj) 

Nd 10 l 2 -15 l 4 
9.8 * 1.6 --16.7* 2.8 

Hf 18 l 2 -26 l 8 
I7.9a 1.8 -26.9* 1.7 

Sr -27 * 4 70 * 20 
-27.5 * 3.8 66.6* 16.4 

II. Chemical fractionation factors (fi/‘) 

Sm/Nd 0.25 l 0.04 -4.44 * 0.02 
0.257* 0.02 

LU/Hf 
-0.438 f 0.020 

0.42 f 0.09 4.65 * 0.10 
0.698 f 0.082 

Rb/Sr 
0.4S4 * 0.064 
-0.9 * 0.1 2.0 * 1.0 

-0.89+ 0.09 2.2 f 0.6 

III. Chemical enrichment factors (Esj) 

Nd 0.6 l 0.4 20.6 + 2.4 
0.64 * 0.02 20.6 + 

Hf 
2.4 

0.6 * 0.4 20.6 * 2.4 
0.61 f 0.04 20.6 * 2.4 

Sr 0.68 * 0.40 15 l 2 
0.72 f 0.05 /5* 2 

&P 
ad 
V 
ad 
ap 
ad 

t Sources of a priori estimates: JACOBSEN and WASSERBURG 

I 
19798, 19SOa), DEPAOLO 1983), PATCHETT et al. 1981 
OLDSTEIN and JACOBS 6 b 6 LE 

ALLEGRE et al. 1983b). 
N (1988), HART and ZIN (19R6). 

t ap = a priori v 1 ue, ad = adjusted value. 

ratio Y,3, and the degree of Nd, Sr, and Hf depletion in the 
depleted mantle (Table 2). The other c,X and E-values show 
only small adjustments in both errors and average values 
(Table 2). Table 1 also gives the bulk earth concentrations 
used. These are rather well established at 2.6 times C 1 chon- 
dritic values for refractory lithophile elements like Nd, Sr. 
and Hf (cf: JOCHUM et al. 1986). The value used here for the 
bulk earth Nd concentration is 1.26 * 0.09 ppm. This value 
is within the range of the HART and ZINDLER (1986) bulk 
earth Nd concentration of 1.17 + 0.02 ppm. 

From the crust/depleted mantle mass ratio YM3 we may 
estimate the mass fraction of depleted mantle X,,,z : 

&2 = &f3((1/&43) - 1). !34) 

The mass fraction of continental crust X,3 was estimated by 
JACOBSEN and WASSERBURG (1979a) from various sources 
to be =0.0056. Most values used by other researchers range 
from 0.005 to 0.006, thus we estimate XM3 = 0.0056 rir 0.0005. 
As shown in Table 4, the mass fraction of depleted mantle 
(X,2) estimated from the Sm-Nd, Lu-Hf, and Rb-Sr systems 
is 0.305,0.278, and 0.28 1, respectively. The mean ages range 
from 1.5 Ga to 1.8 Ga, consistent with previously published 
results by JACOBSEN and WASSERBURG (1979a, 1980a). 

The inversions for Nd, Sr and Hf were conducted separately 
to investigate whether relatively consistent results could be 
obtained from these three decay systems. Rb-Sr and Sm-Nd 
can be inverted together as done by ALLEGRE et al. ( 1983b); 
then with the values ofTables 2 and 3 we obtain XMZ = 0.29 1 
+ 0.06 1. The difference of this result from that of ALL~GRE 

et al. (1983b) is entirely due to the difference in choice of a 
priori input values and not the numerical method used. Using 
the values of ALL~GRE et al. (1983b) in the computer program 
used for the present calculations yields identical results to 
those presented in Table 1 of ALL~GRE et al. (1983b). One 
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TABLE 3. Mea0 ages and maw fractions 

Sm-Nd Lo-Hf Rb-Sr commentt 

i 
r/s 

1.8 * 0.6 1.8 * 0.6 2.0 t 1.0 aP 

1.51 l 0.25 1.30 t 0.26 I.84 t 0.90 ad 

Y 
s3 

0.4 * 0.4 0.6 * 0.4 0.4 t 0.6 aP 

0.97 l 0.04 0.1 I f 0.04 0.29 * 0.05 ad 

YM3 o.rJ2aO * 0.0160 0.0299 * 0.0136 o.ozoa * o.oi56 aP 

0.0180* 0.0526 o.os97* O.OD28 0.0195 f 0.0046 ad 

t ap = r~ priori value, ad = adjusted value. 

should note that the error estimates given in Tables 2 and 3 
do not include uncertainties in the bulk Earth parameters. 
For Sm-Nd the uncertainties in the chondritic reference values 
used to represent the bulk Earth values are trivia) in com- 
parison to errors in the isotopic composition of the various 
reservoirs. Insofar as the earth follows a truly chondritic Sm- 
Nd evolution this should be valid. In contrast the “bulk Earth” 
values for Hf and Sr have large uncertainties; the uncertainties 
in Hf evolution are due to the lack of precise data on chon- 
dritic meteorites. The uncertainty in the Rb-Sr parameters 
is due to the method of obtaining the bulk Earth values from 
the mantle array, an approach that may not be entirely valid 
in light of more recent studies of Pb-Sr-Nd variations in 
oceanic basalts (HART et al., 1986). These uncertainties do 
not appear in the final mass balance estimates as they are 
poorly defined, however, the apparent agreement between 
the three systems is encouraging. However, this may in part 
be caused by the fact that many of the values used were es- 
~blished from correlations with the Sm-Nd system. 

Muss bffl~nce through time and the growth curve of the 
~o~ti~ent~~ crust 

For the Sm-Nd system, we can estimate the 6 andfcurves 
for depleted mantle and crust reasonably well throughout 
most of the Earth’s history. For the Lu-Hf system, a much 
smaller data base is available and for Rb-Sr very few reliable 
initial values are available because of the effects of alteration. 
Also, the continental crust shows a strong layering of Rb-Sr 
that makes it difficult to define average crustal parameters 
for the Rb-Sr system. The inversion of the mass balance 
problem back through time is therefore here limited to the 
Sm-Nd isotopic system. 

The data base used for the Sm-Nd system is presented in 
Figs. 2 and 3. Fig. 2 shows estimates of the f Sm’Nd values for 

TABLE 4. Mass fraction estimates for the silicate portion of the earth 

Sm-Nd Lu-Hf Rb-SK 

Continental crustt 
XM3 0.0056 f O.O!M5 0.0056 * 0.0005 0.0056 * 0.0005 

Depicted ma&et 
XM2 0.305 l O.O& 0.278 * 0.040 0.281 f 0.066 

XM2 a.905 f 0.052 0.%78* 0.047 0.281 + 0.071 

Uodepleted mantle 
XM4 0.689 t 0.052 O.fi& 0.017 0.713 * 0.07i 

t Vabie wed by JACOBSEN and WASSERBURG (1979a, 19sOa) with a 
reasonable error estimate. 
t Obtained from estimatea of the ratio of the 111838 of the crust to depleted 
mantle in Table 3 using equation (34). The uncertaintier ia the first IDW do 
not include uncertainty in the mass of the crwt, while in the second row 
these are included. 
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FIG. 2.fSmlNd VS. age for continental crust and the depleted (upper) 
mantle. a) The data points are river water suspended loads from 
GOLDSTEIN and JACOBSEN (1988). The age used for these suspended 
loads is a TE$ model age that should give a good estimate of the 
mean age of the crustal source materials for these suspended loads. 
The error bars correspond to using &$’ = $6 (lower limit) and 
&$’ = +10 (upper limit) for the present value of depleted mantle 
(DM). The dashed lines correspond to our estimate of average 
f smi!ya in new crust and the 2a error band at various ages from these 
data. b) From tbe curve for new crust in Fig. 2a an average curve 
(dotted) with a 20 error band has been estimated for the continental 
crust. Note that all thejSmmd data except the data points from young 
Sand arcs with Tg$ < f Ga (Japan and Philippines) fit these trends. 
These island arc samples appear to have a large fraction of their REE 
derived from weathering of tholeiitic volcanic rocks including ophi- 
elites. The dotted curves for the depleted mantle are our estimate of 
the depleted mantle fSmlNd curve with a 2a error band. The least 
squares inversion discussed in the text yields the solid curves (with 
20 error bands) consistent with Sm-Nd isotopic mass balance for the 
crust-depleted mantle system for all of Earth’s history. 

the crust and depleted mantle contrained through the present 
day values off zmtNd = -0.438 z!z 0.020 and f ;"'jNd = +0.257 
f 0.020. Data from suspended loads of rivers are plotted in 
Fig. 2a and should represent the average f Sm'Nd values in 
crust of varying age. 

The average time of addition of the source material of 
these suspended loads to the continents is estimated with 
single stage depleted mantle (DM) Nd model ages; Tg$ (cJ 
NELSON and DEPAOLO, 1984). For a linear evolution Of &Nd 
in the depleted mantle the Ti% model ages are given by: 

(35) 

This model age gives an estimate of the average crustal res- 
idence time of the continental sources of the suspended loads. 
The data with T$ > 1 Ga plot in a band with a shghtly 
negative slope in the f SmfNd vs. age diagram. Samples from 
young arcs with Tg$ in the range of 0 to 1 Ga plot along a 
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FIG. 3. cNd vs. age for continental crust and the depleted (upper) 
mantle. The solid circles are data for mafic igneous rocks through 
time (AITKEN and ECHEVERRIA,~~~~;CATTEL~~U/., 1984; CHAUVEL 
et al, 1985; CLAESSON et al., 1984; DUPRF: et al., 1984; EDWARDS 
~~~W~~SERBURG, 1985; FLETCHER etal., 1984; HAMILTON et al., 
1983; HAWKESWORTH ef al., i981; JACOBSEN and WASSERBURG, 
1979b; JACOBSEN et al., 1984; JAHN el al., 1980; MACHAW et a!., 
1986; MCCULLOCH and COMPSTON, 198 1; MCQJLLCICH et nl., 198 I ; 
NELSON and DEPAOLO, 1985; XUAN et al., 1986; ZINDLER, 1982). 
The solid triangles represent our best estimates of q.,d in average ero- 
sion products from the continents. Through the Phanerozoic the 
oceans are dominated by continental input so the seawater curve of 
KETO and JACOBSEN (1988) has been used for this time period. For 
earlier times, elastic sediment data were used (see JACOBSEN, 1988, 
for references). It is well established that such a curve does not yield 
the average eNd curves for the continental crust directly. The curve 
with the open diamonds represents the best estimate of the average 
crust based on seawater-elastic sediment data (see text). The dotted 
curves represent the best estimates of the depleted mantle and average 
crust curves (with 20 error bands). The least squares inversion ofthe 
Sm-Nd mass balance problem yields the sohd curves (with 2a error 
bands) for the evolution of tNd in the continent crust and depleted 
mantle for all of Earth’s history. 

much steeper trend that is probably caused by a substantial 
contribution from tholeiitic volcanics with DM-like$values. 
In general, such terranes are not very typical in continental 
crust, so these data have been discarded in estimating f SmiNd 
vs. age for continental crust evolution. 

The dashed band shown in Fig 2a is our estimate of the 
average f Sm’Nd trend (with a 20 error band) in new additions 
to the continental crust. This valueJ%LNd, is directly related 
to the SSmlNd value in the depleted mantle through 

f new - 
SWNd - %& CfpNd + 1) _ 1 (36) 

where ds, and dNd are the enrichment factors in new crust 
relative to the depleted mantle at the same time for Sm and 
Nd, respectively. 

In this way, the dotted band for the depleted mantle was 
constructed as an a priori evohttion offsmfNd in the depleted 
mantle through time. The a priori f SmfNd curve for average 
crust as a function of time was constructed by integrating the 

_f z?ZNd curve and constraining the average curve to go through 
the present-day average value of -0.438 + 0.020. The result 
is shown as the dotted curve in the negative region of the 

f SmJNd vs. age diagram. 
Data for tNd in samples that may reflect average depleted 

mantle and continental crust evolution are shown in Fig. 3. 
The present value of the depleted mantle is 6Nd = 10 t- 2 

from measurements of mid-man ridge basalts. The solid 
circles represent initial ENd values obtained from mafic igneous 
rocks. Each point represents initial values estimated from a 
number of samples of a given suite of rocks. In particular 
samples withfSmlNd = 0 were used such that the initial values 
would not be very sensitive to errors in the age. On this basis, 
the dotted curves in the positive region of Fig. 3 were chosen 
to give an a priori estimate of the depleted mantle CNd-evo- 
lution. To estimate the continental dNd evolution curve, var- 
ious sedimentary rocks were used (solid triangles). Through 
the Phanerozoic, the oceans were dominated by continental 
input and so the average seawater curve of KETO and JA- 
COBSEN ( 1988) for this time period was used. For earlier times, 
elastic sediments (see JACOBSEN, 1988, for references) are 
used to estimate 6Nd in average erosion products from the 
continents. It is well established that such a curve representing 
tNd in average erosion products does not directly yield the 
average continental CNd curve (ALLCGRE and ROUSSEAU, 

1984; GOL~~STEIN and JACOBSEN, 1988). As shown, the pres- 
ent value of fNd in erosion products is * -7 to -8, whereas 
the average crust is estimated at - 1.5. The curve with the 
open diamonds represents the best estimates of average crust 
based on the seawater-elastic sediment data using the method 
discussed by ALL&GRE and ROUSSEAU (1984). The dotted 
curves in the negative portion of Fig. 3 represent the a priori 
evolution curve (with 2a error bands) for the evolution of 
ENdinthe COntineIItal CrUSt. 

In addition to the curves for f Sm/Nd and (Nd through time, 
rough estimates of the &d, t&,-,lNd, Yj.,dl, and Y+f3 through 
time are necessary. The inversion was conducted in 0.1 Ga 
time-steps from the present to the origin of the Earth 4.5 Ga 
ago. Beginning with the present day, EM, tsfmiNd. YNd3, and 
Y& values were 8iven very large errors, and for each time 
step of the inversion, their average value was selected from 
the previous time-step. (This was justified because none of 
these values can change drastically over 0.1 Ga). In this man- 
ner, the inversion was conducted for all of Earth’s history 
resulting in the adjusted fand e-values represented as solid 
curves (with 2a error bands) in Figs. 2 and 3. The curves 
closely correspond to the apriori (dotted) curve in most cases 
except for the early part of the depleted mantle f Sm'Nd curve 
and the early part of the continental crust CNd curve. However, 
for this time period there were essentially no data constraining 
the a priori curves, so it is not surprising to find the Iargest 
changes here. The inversion also yiefded estimates of the mean 
ages and the mass fractions YNd3 and Y,, in the crust. The 
Y,, vs. age is the growth curve for the continental crust if 
MZ + Mj is constant for all T. The resultant crustal growth 
curve is presented in Fig. 4. It suggests that by 3.8 Ga ago 
(the age of the oidest terrestrial rock) about 40% of the present 
crustai volume was present as continental crust. After this 
early period of rapid growth, the growth rate was much lower 
and may have increased again over the last 0.5 Ga. 

Rates of crustal additions and recycling 

The rate of growth of the crust (~~/dT~ in this model for 
which the total inversion was carried out is simplified to 

(37) 
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FIG. 4. Plot of the mass of the continental crust (with 20 error 
band) calculated as a function of time resulting from the least squares 
inversion of the Sm-Nd mass balance for the depleted-mantle con- 
tinental crust system. The mass of crust + depletrxl mantle is assumed 
constant for all of Earth’s history in calculating this curve. The curves 
are normalized to the present mass of the continental crust (M3( 7”)). 

where &a3 is the total rate of crustal additions and &32 is the 
rate of recycling of crust. In terms of the fractional rates, this 
yields 

Since the crustal growth rate, dM$dr, can be derived from 
Fig. 4 and $32 can be evaluated from Eqn. (29) using the ++, 
- fcurves from the inversion, we can obtain the rate of crustal 
addition qz3 from Eqn. (38). The fractional rate of recycling 
+32 calculated from Eqn. (29) is shown in Fig. 5a. The rate 
was initially low and reached a maximum of about 0.65 Ga-’ 
and then declined to a value of 0.2 Ga-’ from 2 to 0.5 Ga 
ago, reaching a value of approximately 0.33 Ga-’ today. This 
present vafue is essentially the same as that of DEPAOL~ 
(1983). 

The rate of crustal addition, $zs, obtained by using the 
results in Figs. 4 and 5a is shown in Fig. 5b. As illustrated, 
this results in a very high initial growth rate of #23 ET 0.018 
Ga-’ declining rapidly then reaching a maximum again of 
0.008 Ga-’ at 3 Ga, and finally declining slowly to ~0.005 
Ga-’ before its growth increases rapidly to a value of aO.0 13 
Ga-’ at the present. 

DISCUSSION 

Comparison with protons estimates of the present day Nd 
mass balance 

The resufts of the present day mass balance inversion for 
Nd and Sr yield data that are in general agreement with pre- 
vious estimates made by JACOBSEN and WASSERBURG (1979a, 
1980a) and DEPAOLO (1980) using a forward calculation. 
The JACOBSEN and WASSERBURG (1979a) mass balance 
yielded a mass fraction of depleted mantle of X,, = 0.3. 
Somewhat different results were obtained by ALL&RE et al. 
(1983b) in their inversion of the Nd-Sr mass balance. They 
used an inversion approach to obtain error estimates and 
obtained X,2 = 0.3 to 0.9. However, this disparity is not 
caused by differences in the technique or assumptions, but 
by the choice. of some of the a priori input values of the 
problem. 

Comparison with the results of ALL&GRE et al. (1983b) is 
done most directly with the mass fraction of Nd in the crust, 
Y,, , through the following equation: 

Ys3 = eLi2 
(ear - Q3) . 

(39) 

For Sm-Nd ALL&GRE et al. (1983b) obtained YNd3 = 0.289 
& 0.06; the input values used here yield YNd3 = 0.370 rt 0.018. 
Whereas essentially identical depleted mantle eNd values were 
used, the average continen~l tNd value used here is substan- 
tially higher (tNd * - 16 $4) and also has a much smaller 
uncertainty than that obtained by ALL&GRE et al. (1983b) 

( ENd = -26 f 8). The value used in this paper is based on 
the river suspended load data of GOLDSTEIN and JACOBSEN 
(1988). Both the very low continental tNd and the very high 
continental tsr value used by ALLBGRE et al. (1983b) are in- 
consistent with the crustal averages based on the river water 
suspended load data of GOLDSTEIN and JACOBSEN (1988). 

The mass traction of depleted mantle (X,) can be obtained 
from Eqn. (39) since YM~ = Ys3/Es3 together with Eqn. (34) 
yield: 

-542 = X~3((E~3/~3) - 1). (40) 

Using X.+,3 = 0.0056 and EJ3 = 20.6 + 2.6 we obtain X,, 
= 0.30 f 0.005. The enrichment of Nd in the crust (Es3) 
depends on estimates of two parameters. ALLI?GRE et al. 
(1983b) used a Nd concentration for the crust of 28.9 + 2.6 
ppm and for the bulk Earth of 1 .OO + 0.2 1 ppm which yields 

28.9 rt: 6.3. In this paper 26 + 4 ppm is used for the 
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PIG. 5. a) The rate of recycling of continental crust to the depleted 
mantle (&r in Ga-‘) as a function of time. The volumetric rate of 
recycling at time 7 is pJz(7) (in km’/year) = 85/s2 (in Ga-I) *(k&(z)/ 
M3( To)) where it4~( To) is the present mass of the crust. b) The rate of 
crustal addition ($2) in to-’ Ga-‘) as a function of time. The volu- 
metric rate of crustal addition is @zj23 (in km3/year) * 400& (in 
Ga-‘). $ and (a curves that also include constraints from the age 
~~~bution of crustal rocks show even stronger episodicity than those 
presented here (JACOBSEN, 1988). 
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Nd concentration in the crust (GOLDSTEIN and JACOBSEN, 
1988) and it follows that ENds = 20.6 + 2.4. A much lower 
crustal Nd concentration of 15 ppm has been proposed by 
TAYLOR and MCLENNAN (1985) which yields Es3 = 12 and 
x,+,2 = 0.18. 

Another useful form of E&r, (39) for the forward problem 
is: 

&42 = Xw3V53 - 1) - x~3&3 
Qdf5’” - 

I 1 -t r/s (41) 
cd2 

which shows the dependence on the mean age of the crust. 
Using the a priori Sm-Nd parameters of Tables 2 and 3 we 
obtain: 

XMz = 0.1 l(fO.O1) + 0.12g(~O.O28}~~,~~. (42) 

Thus for i&,,~~ = 1.5 Ga we obtain XMz = 0.30 while for _ 
is,,@, = 2.5 Ga we obtain X&, = 0.43. This suggests that the 
X& value is rather well determined by the Sm-Nd mass bal- 
ance alone. In contrast to ALL~CRE et al. (1983b), the in- 
version here was conducted separately for each isotopic sys- 
tem to demonstrate that relatively consistent results could 
be obtained from each of the Sm/Nd, Rb-Sr, and Lu-Hf sys- 
tems. 

It is important to note that the fraction of 0.30 ric 0.05 of 
the mantle that has differentiated to form the crust is mean- 
ingful only in terms of the model. However, it does preclude 
the existence of a depleted mantle reservoir with the char- 
acteristics chosen here to extend through the whole mantle. 

The I?d mass balance through time and the Continental 
growth curve 

The inversion of the Sm-Nd mass balance was carried out 
here for all of Earth’s history yielding a set of self-consistent 
or adjusted curves for the CNd and f Sm'Nd evolution of the 
crust and depleted mantle together with a growth curve for 
the crust. It is important to note that the growth curve is 
independent of assumptions about the transport of matter 
between the crust and depleted mantle through time. It de- 
pends solely on the Sm-Nd mass balance and the assumption 
that the mass of the crust + depleted mantle system has re- 
mained constant throughout the Earth’s history. 

The inversion of the mass balance through time is not very 
sensitive to the exact shape of the t and f curves. The most 
notable feature of the crustal growth curve obtained is the 
high rate of early crustal growth. This is caused by the high 
tNd values of about +2 in the depleted mantle at 3.8 Ga ago 
(HAMILTON et al., 1983; JACOBSEN and DYMEK, 1988). For 
this to occur the fsmiNd value of the depleted mantle must 
grow very rapidly during this time. This can only be accom- 
plished by a very high continental addition rate, since in this 
model the depleted mantle is initially fixed at its final volume. 
Such a rapid early crust building is not necessary in a model 
like the JACOBSEN and WASSERBURG (1979a) Model I, be- 
cause in that model the depleted mantle and the crust grow 
with time from an undiffe~ntiated source. However, there 
is substantial evidence that the crust grows mainly from a 
depleted mantle throughout most of Earth history rather than 
from undepleted mantle, since most new crustal additions 
show depleted mantle signatures (DEPAOLO, 1983). This 

could, of course, have been different from 4.5 to 3.8 Ga ago, 
since for this period we have no record. However, the oldest 
rocks on earth at Isua appear to be derived mostly from de- 
pleted mantle sources (JACOBSEN and DYMEK, I988). 

Rates of c~nti~e~ta~ rec~cIing und ~dditi#n.~ 

For a particular version of the transport model shown in 
Fig. 1 with ks4? = ks24 = ksa3 = k,?J, = 0, we can easily evaluate 
the recycling rate (fis2) of continental crust into the depleted 
mantle. Whereas the present-day value (0.33) obtained here 
is within error of the value obtained by DEPAOLO (19831, 
Figs. 4 and 5 show that this does not necessarily indicate that 
the mass of the crust has been at steady state for the past 3 
Ga as suggested by DEPAOLO ( 1983). 

The rate of crustal addition shown in Fig. 5 suggests a 
strong episodicity in this parameter. Episodicity in crustal 
growth has long been suggested on the basis of peaks in his- 
tograms of ages on crustal rocks. Early data were mostly min- 
eral ages that could be easily reset by thermal events much 
later than the time of formation of the rocks. However, now 
that we have Nd model age histograms of basement rocks in 
N. America (NELSON and DEPAOLO, 1984) illustrating similar 
episodicity, it is clear that episodicity is a basic feature of 
continental growth and not an artifact of the pattern of re- 
setting. Nd model ages on suspended loads of rivers in N. 
America also show this episodicity (GOLDSTEIN and JACOH- 
SEN, 1988). 

The calculated recycling (cp) and addition ($1 rates rerSti,s 
age curves, are in contrast to the continental mass growth 
curve, very dependent on the exact shape chosen for the ,f 
and f curves. The time evolution data for +d are poorly con- 
strained with regard to the exact shape of the growth curves. 
The fitted curve in Fig. 3 lies mainly within the range of older 
data points, but somewhat above the data points for the young 
samples. It is the slope of this curve that determines the re- 
cycling rate, and it could appear that it has been made ar- 
bitrarily larger over the past 2 Ga. This is because it was 
constrained to have a mid-ocean ridge basalts &d value of 
t10 at present. While the Phanerozoic data used in Fig. 3 
are mostly obtained from ophiolites and may represent di- 
rectly the depleted mantle source, such samples are not avail- 
able for earlier times where the data are mostly from green- 
stone belts. DEPAOLO (1983) drew a slightly different depleted 
mantle tNd curves based on island arc rocks and VWiOuS con- 
tinental felsic rocks and greenstone belts. The difference be- 
tween the results of DEPAOLO ( 1983) and the current results 
is fully explained by the difference in approach. In contrast 
to previous models an average crustal +d curve is used here 
that constrains the crustal addition rate & (see Eqn. 29). 
The high addition rate for the past 0.5 Ga (Fig. 5) is entirely 
constrained by the crustal tNd curve. 

The rates of recycling obtained here are model dependent 
and it is possible that a more general three-layer model might 
yield quite different recycling rates. PATCHETT et al. ( 1984) 
argued that Lu/Hf ratios in sediments preclude the existence 
of large-scale return of crustal material to the mantle. A sep- 
arate paper (JACOBSEN, 1988) presents an improved model 
that directly addresses the Nd model age distribution observed 
in crustal rocks. The main difference in the results is that 
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there is a much stronger episodicity imposed on the crustal 
addition and recycling rates shown in Fig, 5, otherwise it is 
in general agreement with the rest&s presented here. 

The rate of exchange between zipper and lower cattle 

GALER and O’NIONS (1985) suggested that the ‘07Pb/~~Pb 
d~rence between crust and depleted mantle as we11 as the 
low Th,&J ratios in the depleted mantle preclude large-scale 
exchange between crust and upper mantle. They suggested 
instead, that large-scale exchange occurs between the upper 
and lower mantle. The main problem in such a model is to 
quantify the chemical fractionations and mass transfer be- 
tween upper and lower mantle. While we cannot prove 
uniqueness of the recycling models favored here, the approach 
taken is to test whether models largely involving crust-upper 
mantie exchange are sufficient to explain the observed isotope 
and trace element patterns. As shown, the Sm-Nd, Rb-Sr and 
Lu-Hf isotopic systems can be well explained with such a 
model. ZARTMAN and HAINES (1988) have shown that the 
Pb-isotope arguments of GALER and CYNIONS (1985) are not 
definitive and that the U-Th-pintos evolution of the crust 
and the mantle is consistent with the recycling model sug- 
gested here. 

Using Eqn. (33) with the a priori Sm-Nd values of Tables 
2 and 3 and with d&dr S-S 2.2 Gal” for the present yields 
the following relationship between the rate of exchange be- 
tween the upper and iower mantle (+.& and the rate of con- 
tinental recychng f$& into the mantis I+$~ (in Ga-‘) = 0.1% 
0.5 $32. For the case of no recycling {&2 = Of this yields +%Z 
F;J 0.13 Ga-’ and $zp E 0.3 Ga-‘. This suggests a residence 
time for the upper mantle of = 3.3 Ga. However, using the 
range of +& values (0~08-0.02 Gd’) favored by JACOBSEN 
( 1988) on the basis of elastic and chemical sediment Nd iso- 
topic data we obtain a range of ic,, from 0.09 to 0. f 2 Ga-‘. 
This yields &, = 0.2 1 to 0.28 Ga-’ and a residence time of 
the upper mantle of 3.6 to 4.8 Ga. Most of the a priori pa- 
rameters used in this calculation are, however, poorly con- 
strained. If a better set of adjusted parameters could be ob- 
tained through inversion of the general three layer mass bal- 
ance Eqns. (8>-( 11) then this could be improved. The main 
problem with the general three layer mass balance problem 
is the lack of adequate a priori estimates of the various relevant 
parameters for the lower mantle. In the GALER and O’NIONS 
(1985) model it is very hard to obtain ENd = +2 by 3.8 Ga 
because of the diluting effect of having a large undepieted 
mantle reservoir initially. Only for a modified version of this 
model where the depleted mantIe grows from an initially 
small reservoir is it possible to produce such high CNd values 
early and this is then essentially the JACOBSEN and WASSER- 
BURG (1979a) Model I. 

CONCLUSIONS 

I) Total inversion of the present-day data for the Sm-Nd, 
Lu-Hf, and Rb-Sr isotopic systems are all individu~Iy con- 
sistent with -30% of the mantle being depleted, which 
roughly corresponds to the volume of the Earth’s upper man- 
tle (above the 670 km discontinuity). 

2) The isotopic evolution of any three layer model can be 
modeied by the following system of differential equations: 

for the Sm-Nd, Lu-Hf, and Rb-Sr as long as the material 
transferred from one reservoir to another reservoir has the 
average isotopic compo~tion of its source reservoir. The ma- 
trix Ks (see Eqn. 27) is in general time dependent and contains 
all of the time dependent mass transport coefficients &; 
fmctional mass transfer rates). Inspection of Eqns. (26)~(283 
shows that even with complete knowledge of the f and feurves 
for all three reservoirs ofa single decay system, it is not pos- 
sible to obtain a unique solution to the complete set of frac- 
tional mass transfer rates J/Q. To obtain all $u, it is necessary 
to use information from several decay systems showing dif- 
ferent behavior. Various assumptions can be made to simplify 
the matrix KS, and Eqns. (29)-(32) demonstmte that many 
of the models in the literature can be considered as special 
cases of the general three-layer model. 

3) Total inversion of the Sm-Nd mass balance through 
time yields an early high growth rate with -40% of the present 
crust produced by 3.8 Ga. This calculation assumes, however, 
that the mass of the crust + depleted mantle is constant for 
all of the Earth’s history. 

4) The rates of recycling (J/32) and crustal addition (+%z,) 
are also evaluated for the model with a constant mass crust 
+ depleted mantle. They both exhibit distinct peaks around 
3.0 Ga ago. The addition rate is also high between 4.0 and 
4.5 Ga ago and during the Phanerozoic. The results obtained 
here are not compatible with a constant (steady state) volume 
of the crust over the past 2-3 Ga. 

5) The main un~~inty in evaluating the three-layer 
mode1 presented here arises from inadequate ~ns~nts on 
the chemical and isotopic composition of the lower mantle, 
In the model favored here there is no exchange between the 
upper and lower mantle, and Nd, Sr, Hfand Pb isotope data 
all appear compatible with such a model, if it includes re- 
cycling of continental crust into the upper mantle. However, 
a range of other models involving exchange between the upper 
and lower mantle also appears to be compatible with available 
data. 
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