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ABSTRACT

This study discusses two simple transport models for the
evolution of the mantle and the crust. In Model I, the continents grow
by extraction of melts over the history of the earth from undepleted
mantle; the residue forms a depleted mantle, which today is the source
of mid-ocean ridge basalts. In Model II, new additions to the continents
are derived from a mantle reservoir which becomes increasingly depleted
through time by repeated extraction of melts. In developing these models,
I solved the transport equations for stable, radioactive, and daughter
isotopes for arbitrary crustal growth curves. For both models the
isotopic composition and concentrations of trace elements reduce to simple
mathematical expressions which readily permit calculations of basic
evolutionary parameters from new and published data.

New measurements of 143Nd/144Nd in chondrites yield a range in
values of 3.4 e-units (0,511767 to 0.511845), which correlates with
the variation of 2.6% in 147sm/144Nd (0.1920 to 0.1969). From these data
a new set of reference values for CHUR (“"chondritic uniform reservoir")
have been selected. The evolution of 143Nd/144Nd in CHUR can be described
by a self-consistent set of present-day values of (143Nd/144Nd)8HUR =
0.511836 and (147Sm/144Nd)8HUR = 0.,1967. Some terrestrial samples of
Archean age show clear deviations from the new CHUR curve. If the CHUR
curve is representative of undifferentiated mantle then it demonstrates
that some Archean rocks were formed from depleted sources. This may

indicate that the depleted source of present-day mid-ocean ridge basalts
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(MORB) originated very early in the earth's history.

Two Sm-Nd internal isochrons for pyroxene-gabbros of the Bay of
Islands Ophiolite Complex give well-defined ages of 508%*6 m.y. and
501%13 m.y. with initial 143Nd/1%%Nd of egy = +7.970.1 and egy =
+7.7%0.2, respectively. Total rock samples from pillow basalts,
sheeted dikes, trondhjemites, hornblende gabbros, pyroxene gabbros, and
an orthopyroxenite layer from the harzburgite give initial eygq in the
range from +6.7 to +8.3 with an average value of +7.8. However, the
initial 87Sr/86Sr within the different phases of the complex is found
to be highly variable (~ 52 e-units) and shows the effect of seawater
alteration. The magnitude of the initial eyg values (+7.8) are somewhat
smaller than for typical present—day mid-ocean ridge basalts (+10). This
is most likely due to differential evolution over the past 0.5 AE of the
oceanic mantle relative to the bulk earth.

Sm-Nd and Rb-Sr data for the Oslo Rift demonstrate that this
province which is strongly enriched in large ion lithophile (LIL) elements
is derived from depleted to undepleted mantle materials. A source with
a long history of light rare earth (LREE) enrichment can clearly be
ruled out.

Sm—-Nd data for the Archean granulite and amphibolite facies
migmatites of Langdy and Hinndy in Vester8len indicate that their
protoliths formed ~ 2.6 AE ago. Rb and U loss during a granulite facies
metamorphism at ~ 1.8 AE caused serious disturbance of total rock U-Pb
and Rb-Sr systems. Therefore these systems do not provide any precise
age information for the granulite facies migmatites. For the amphibolite

facies migmatites of Vester&len both Sm-Nd, Rb-Sr, and Pb-Pb total
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rock systems give model ages of ~ 2.6 AE.

Sm-Nd and Rb-Sr isotopic data for continental crust, depleted
and undepleted mantle, have been used to evaluate both models and yield
young mean ages for the mass of the continental crust of 1.8 AE and
1.5 AE for Model I and Model II, respectively. Both models also suggest
that the rate of growth of the continents for the last 0.5 AE is much
less than the average growth rate. The young mean age of the continents
implies either rapid refluxing of crustal materials to the mantle in the
period from 4.5 AE to 3.6 AE or that very little early crust ever formed.
Mass balance calculations for both models show that the continents were
only formed from ~ 30% of the total mantle leaving 70% of the mantle as
undepleted. The major difference in the two models lies in the difference
in the compositions of newly derived crust. For Model I the trace element
concentrations in new additions to the crust is constant and the isotopic
values are those of the undepleted mantle reservoir in agreement with
recent Nd isotopic studies. Model II implies that new additions to the
continents have the isotopic characteristics of the depleted mantle and
that the concentrations of Rb, U, Ba and other highly incompatible trace
elements in newly added material have changed by a factor of ~ 10 through
time. There is no evidence, however, for such a large change in the

concentration of these elements with time.
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INTRODUCTION

Inferences may be drawn about crust and mantle evolution from
the observed regularities in initial isotopic composition of Nd in crustal
rocks through geologic time and the modern values of Nd, Sr, and Pb
isotopes in oceanic flood basalts. Over the past few years a substantial
amount of new data have become available on the Sm-Nd and Rb-Sr isotope
characteristics of mantle and crustal reservoirs. These data have been
used to determine the times of additions of new continental crustal
materials [McCulloch and Wasserburg, 1978c] and in discussions of the
evolution of the mantle sources of modern continental and oceanic basalts.
These studies have demonstrated that the mid-ocean ridge basalts (MORB)
have been derived from a depleted mantle source [DePaolo and Wasserburg,
1976a,b; Richard et al., 1976] and that young continental flood basalts
and new additions to the continents throughout most of the earth's history
appear mainly to have been derived from undepleted mantle reservoirs
[DePaolo and Wasserburg; 1976b, 1979b]. The continents are ancient
heterogeneous bodies preserving rocks of up to ~ 3.8 AE while the oceanic
crust is young. The young age and uniform isotopic composition of oceanic
crust suggest that its isotopic character is representative of large
volumes of the oceanic mantle which are convectively mixed on a short time
scale.

New Nd and Sr isotope data on chondrites, the Bay of Islands
Ophiolite, the Oslo Rift, granulite and amphibolite facies migmatites of
Lofoten-Vester8len and the garnet peridotites of southwest Norway will

be presented. The data on the Bay of Islands ophiolite will permit an
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estimate to be made of the isotopic coﬁposition of the oceanic mantle in
the early paleozoic. The chondrite data are used to obtain reference
values for the chondritic evolution of 143Nd/ll*l‘Nd, which were previously
only inferred from achondrite data [Lugmair et al., 1975a,b]. The
simplest model for explaining the observed isotopic heterogeneities in
the mantle would be to assume that they formed in a single event [Brooks
et al., 1976a,b; Brooks and Hart, 1978]. However, as discussed by
O0'Nions et al. [1978], Tatsumoto [1978], and in Appendix 2, available
Pb, Nd, and Sr isotopic data on young basalts do not appear to fit such
a single stage model and it is not compatible with our knowledge that the
continental crust has evolved in many stages over geologic time [see for
example Moorbath, 1978; O'Nions and Pankhurst, 1978; McCulloch and
Wasserburg, 1978c]. Because of these considerations it is necessary to
analyze the data in terms of continuous or multi-episodic mantle-crust
transport models. As the depleted oceanic mantle most likely represents
the residue left behind in the mantle after continental crust-forming
events, it should reflect the time average characteristics of the evolution
of the continental crust over the history of the earth.

An analysis of two simple transport models for trace elements is
presented utilizing the isotopic abundance patterns that can be observed.
The models presented here assume that the transport is solely from mantle
to continental crust and for simplicity do not treat the flux back to
the mantle of continental crustal material, but the treatment may be
simply extended to include this. In the first model (Model I) the
mechanism for crustal growth is by deriving melts over the age of the

earth by equilibrium partial melting from undepleted mantle. In the
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second model (Model II) melts that form new continental crust are being
derived from a mantle reservoir that is continuously depleted through
time. Although the models involve rather complicated algebra, they lead to
exceedingly simple expressions for the isotopic ratios and trace element
abundances in terms of the mass of continental crust and depleted mantle
which are evolved. The models presented here apply to arbitrary crustal
growth rates in contrast to previous transport models [Patterson, 1964;
Patterson and Tatsumoto, 1964; Wasserburg, 1966; Armstrong, 1968; Hart
and Brooks, 1970; Russell, 1972; Russell and Birnie, 1974; DePaolo,
1978; O'Nions et al., 1979]. This approach is a generalization of the
treatment of nucleosynthetic time scales given by Schramm and Wasserburg
[1970]. The results may be used directly to discuss earth models using
available isotopic data and concentration data for mantle and crustal
rocks. This treatment appears to give a deep and direct insight in

the problems of mantle evolution.



CHAPTER I. BASIC PRINCIPLES

It is well established that the solid earth consists of three
major geochemical reservoirs: the crust, the mantle, and the core.
Differentiation from an initially homogeneous earth requires the
segregation into reservoirs with complementary chemistry. If a
homogeneous reservoir is differentiated into two reservoirs with different
chemical compositions, then these two reservoirs may have different
parent/ daughter ratios for the radioactive species of interest.
Consequently these two reservoirs may subsequently develop different
ratios of the radiogenic daughter isotopes relative to the stable isotopes
of the same chemical elements. Thus radiogenic isotope data on samples
of rocks derived from the earth's interior contain information about the
degree to which the earth's interior has differentiated into distinct
reservoirs. The isotopic data also put constraints on the element
fractionation patterns in the interior of the earth and thus also the
processes involved. An earth structure model based on Nd and Sr isotopic
data has recently been presented by Wasserburg and DePaolo [1979]. The
resulting structure that was inferred consists of a lower mantle that is
still essentially undifferentiated, overlain by an upper mantle that is
the residue of the original source from which the continents were derived.
Radiogenic isotopes also contain information about the evolution through
time of the reservoirs if the transport of material between reservoirs
can be modeled. Transport of chemical species in the upper part of the
earth crust, hydrosphere, and atmosphere have in general been more

thoroughly studied than the processes within the lower crust and mantle
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due to the fact that the reservoirs and their inputs and outputs can be
more directly studied. Barth [1952] first used the concept of residence
time in geochemistry in the analysis of box models for the oceans.
Since that time increasingly complex box models have been applied with
much success to describe exogenic processes. The use of box models and
characteristic times to interpret endogenic processes have received much
less attention. As the size and compositions of reservoirs within the
solid earth and the processes relating them are being better understood,
the data for the radiogenic isotopes of Nd, Sr, and Pb will be of increasing
importance in determining the time evolution of reservoirs in the interior
of the earth and in evaluating earth differentiation models, as for

example the one of Anderson [1980].

1.1. TRANSPORT EQUATIONS

The differentiation of the earth into a number of different
geochemical reservoirs may be described by a set of differential equations.
Assume that the solid earth is made up of K different reservoirs. Consider
the following species: (l) stable isotopes s which are not affected by
radioactive decay, (2) radioactive isotopes r with decay constants A,
depending on the species r, and (3) daughter isotopes d which are the
decay product of some radioactive species r. Then for each isotope

i =s,r,d in reservoir j we have the following transport equations:

dN. . K K

1] = T Fi~ T da. = B A; = 0, i=-s (1.1)
pm =1 “inj =1 “ijn i “2g A; = A, i=r1
>\i=-)\r,i=d
(Jign = O

where Nj (1) is the number of species i in j at time T, and Jj j,(7)



is the flux of species i from reservoir j to reservoir n at time T .
K K

Here 2 Jijn is the total flux of i into j and Z J
n=1 n=1

flux of i out of j. A complete description must also include differential

ijn is the total

equations for the total mass of each reservoir and equations for

conservation of species and mass.

l.2. CHARACTERISTIC TIMES

It is useful to describe the rates of transport processes between
various reservoirs in terms of the characteristic times of these
processes. The content of a species i in a reservoir may have a well-
defined age structure. Let Gij(T,E) be the amount of species i added
per unit time to reservoir j at time & and remaining at time T. Then
the mean age (Eij) of species i in j is defined as the average age of
species i1 subsequent to its addition to reservoir j of material still

present in j. The total amount of species i in j at time T is

T
Nij(T) = of Gij(T,E)dE (1.2)
The mean age is
1 T
Tio = ——— [ (1-&) G,. (1,E)dE {1.3)
- Ny 5(0) © -

The mean residence time of species i in j is defined as the mean age of
the material leaving the reservoir. The mean residence time (?ij) can be
calculated as the average of -dGij(T,E)/dT since the only contribution

to this derivative is the removal rate from the reservoir. The total flux

of species i out of reservoir j at T is calculated as



T dGij(T,E)
Fij(T) = [ |= > dg (1.4)
< dr

The mean residence time is

1 T dGij(T,E)
Ty = Jo(-g) |- ——— ) az (1.5)
Fij(T) C dt

In general the mean age and the mean residence times are different.

1.3. PROCESSES

To be able to use equations such as (1l.1) we need information
about the material transfer processes from reservoir j to n. If for
instance reservoir 2 is partially melted and the melt is transferred to

reservoir 3 and the residue left in reservoir 2 then

Niz(T) dM3
Ji23(1) = d3 ( ) (1.6)
Mo (1) dt

where d; is the enrichment factor of i in the melt relative to the source

and Mj is the mass of reservoir j. If the mathematical form of all Jinj

is known then these may be substituted into (l.1) and (1.1) may be integrated.
In general for systems with more than 2 or 3 reservoirs the solutions get
exceedingly complex. The values of the chemical enrichment factor d; may

be estimated from partial melting equations such as those of Shaw [1970]

if the relevant mineral melt distribution coefficients are known. In

chapter 2 these principles were used for two simple mantle-crust transport

models with unidirectional transport.



l.4. DATA REPRESENTATION

The bulk earth reservoir used as a reference for the Sm—Nd system

(CHUR) has a chondritic Sm/Nd ratio with (147Sm/144Nd)8HUR = 0.1967 and

143N4/144Nd ratio today of INd (0) = 0.511836 (see chapter 3.1).
CHUR

143Nd/l44Nd in CHUR at any time T in the past is given by

147 o
Nd Nd Sm AT _
Icgur (T) = Ichur (0) - (e”Sm 1) (1.7)

where ASm = 0.00654 AE—l. The bulk earth reference reservoir for
Rb-Sr (UR) is taken to have (87Rb/86Sr)%R = 0.0827 and the value of

875r/86sr in UR at any time T in the past is given by

87 °
I8 (1) = 1§E (0) - Eifﬁl (e’rbT - 1) (1.8)
Sr UR

where IS;(O) = 0.7045 is the value in UR today [DePaolo and Wasserburg,
1976b] and A, = 0.0142 AEL.
Following DePaolo and Wasserburg [1976a] the 143Nd/144Nd ratio in
a reservoir j at time T is expressed as the fractional deviation in parts
in 10% from that in CHUR at time T and denoted by eNd,j(T)' Let
I?d(T) be the 143Nd/1%4%Nd ratio in a reservoir j at time T, then we have
T
ena, (V) = 104 | S—— -1 (1.9)
Icaor (T)
Initial 143Nd/14%4Nd ratios for a rock may be expressed in e€-units
relative to the CHUR curve using equation (1.9). Then Igd(T) is the

initial value determined by an internal isochron as calculated from the
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present-day values of 143Nd/144Nd and 147sm/144Nd of the rock and an
independently determined age. The measured present-day values of
143N4/144Nd in rock samples relative to INd (0) are also often given in
CHUR
e-units and are denoted €y (0). The 1476/ 14454 ratio in a
reservoir j is expressed as the enrichment factor relative to CHUR

£Sm/Nd _ -1 (1.10)
' 147 114k 1 ©
. (CHsm/ 2N g

For Rb-Sr we will use similarly defined €g,. and values. This

r
notation may also be extended to the U-Th-Pb system and the appropriate
bulk earth reference values are given in chapter 4.
Model ages TNd and TST can be calculated relative to these
CHUR UR
reference reservoirs [McCulloch and Wasserburg, 1978c] and date the time
in the past at which 143Nd/144Nd and 875r/80sr ratios in the samples were

identical to those in the reference reservoirs CHUR and UR, respectively.

The model ages are given by

p—

N 143, . ,144
Nd 1 : Icgur(0) - (T °Nd/” 7 'Nd)y
Teur = 1. 1n |1+ (1.11)

(¢]

Sr 87. ,86
Sr 5 Iyr(0) = (T'Sr/ "Sr)y
Tur =3\‘I€— 1n 1+ (1.12)

® (87rb/805r) 1 - (B7RB/BOsI),,

where the subscript M denotes the ratio measured in the rock today.
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CHAPTER 2. MANTLE-CRUST TRANSPORT MODELS

2.1. MODEL T

Consider first a model of crustal growth from an undifferentiated
mantle reservoir (reservoir 1) with a given segment of the mantle being
differentiated to form two reservoirs: a depleted mantle (2) and a
continental crust (3). The model is shown schematically in Fig. 2.1.

Define P%, Ni,j’ and Ci,j to be the total mass of reservoir j, number

of atoms of species i in reservoir j, and the concentration of species i

in reservoir j respectively. Differential masses added to or subtracted from
the total reservoir j are denoted by 6M5. The number of species i and the
concentration of i in the differential mass 6Mj are denoted by sNi,j and Ci,j
respectively. Let us assume that a mass{&M1 is removed from reservoir 1 and

a partially melted fraction F is extracted from this differential mass to form

new crust with added mass:ij and a new residual mass 6M2 is added to the

depleted mantle. This gives 6M3/6Ml = F and 6M2/6M1 =1-F. It is
imagined that mantle reservoir is diminished in amount by mass 6M1. The

mantle reservoir is diminished in amount by mass &M The

1°
mass 6M2 is added to the depleted mantle which is assumed to be otherwise
isolated from the remaining undifferentiated reservoir (1).

The number of atoms of species i in each differential mass j in

this unit process are 6Ni 4 which gives
5

6Ni = 6Ni,2 + 6Ni,3 2+ 1)
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Figure 2.1, Cartoon showing the processes in Model I and Model II.
Model I is a three layer model consisting of undepleted mantle (1),
depleted mantle (2), and continental crust (1) as indicated umder
the final state. In Model I a given segment (the differentiating
layer 6M1) of undepleted mantle (1) is being differentiated by
equilibrium partial melting and added to two reservoirs: a
depleted mantle (2) and a continental crust (3), It is assumed that
a differential massvsld1 is removed from reservoir 1 and a partially
melted fraction F is extracted from this differential mass to form
new crust with added mass 6M3 and that a new residual mass 5M2 is
added to the depleted mantle. 1In this differentiation process the
masses of reservoirs 1, 2, and 3 are conserved, The masses of the
depleted mantle and the crust increase with time and the undepleted
mantle decreases with time. The upper boundary of the undepleted
mantle is thus lowered and the volumes of both depleted mantle and
crust increased. These stages are shown in the second and third

columns. In Model II the crust grows from an initially undifferentiated

mantle reservoir (2) which is depleted at all times subsequent to

the initial chemical differentiation as a result of continuing

crustal growth. This reservoir may make up all or part of the

mantle, Layers 2 and 3 are thus the only active regions in this model.
The remaining undifferentiated mantle is passive and is still indicated
as layer 1. In this model it is assumed that a differential mass

6M* of reservoir 2 is being differentiated into a melt 5M3 which is



12

added to the continental crust and a residue 6M§ . The degree of
melting F is taken as finite. The residue after removal of a melt
fraction from reservoir 2 is assumed to be homogenized
instantaneously with the remaining part of the depleted mantle.

The total mass of reservoirs 2 and 3 is conserved; the continental
crust increases in mass with time and the depleted mantle decreases
in mass with time. In both models the depleted mantle is taken

to include the basaltic part of the oceanic crust since it is
derived from the depleted mantle and is subducted back to the

depleted mantle at a short timescale (< 0.2 AE),
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The number of species i in the differential mass 6P% may be written

6N, . = c, j6Mj . Conservation of species and mass gives

€i,1 = Ci’z(l-F) + ci’BF 12.2)
Trace elements are fractionated between melts aﬁd residue with an
effective partition coefficient. The effective partition coefficient Di
for element i between the residue (6M2) and the partial melt (5M3) is

defined by.Di = ci,2/c1’3. The concentration in 6M3 is

€1,1 i,2

1,3 F+ D, (1-F) = D, (2.3)

c

The number of species i in the differential masses j may thus be
expressed in terms of their masses 6Mj and the concentration in

reservoir 1 since c. =C

(P B i1’
6N, | = P1,5%,1 — &M Dy,i7P1°3 =2 -
i,j F+D,(A-F) "3 |Dy 41 3 =3 4)

Consider the following species: (A) a stable index isotope s
of an element which is not affected by radioactive decay; (B) a
radioactive isotope r with decay constant \A; and (C) a daughter isotope d
which is the decay product of r and of the same chemical element as s.
The transport equations for the total reservoir j containing the

number Ni 3 of each isotope i = s,r,d are:
9

=0, 1=s

dNi j(T) 6Ni i i
2 = I - = =
aT 5T hiNr,j(T) Ay =A,1=1 (2.5)
=—}¥’i=
where dNi j/d-r is the time derivative and 6Ni j/57 is the flux of species
9 ]
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i into reservoir j.- In this treatment §T is the time over which mass
aMlis differentiated at time T. FYor simplicity we have chosen to ignore
transport between 2 and 3. Using the expressions for 6Ni,j in terms of
Ci,l and aMg and calling 6Mj/67 = hg(T), qhich is the rate of mass
growth of reservoir j, the basic transport equation for Model I is
obtained,

i TR O e T i 2.6
’ = 3 3 1 - .
dT F + D, (1-F) My(m) = Ay N 5 (D (2.6)

where Di j and Xi are defined as in (2.4) and (2.5). The first term on
9
the right hand side of (2.6) is the transport-term and the second term is

due to either radioactive decay or production. The general solution of

equation (2.6) for a stable index isotope is:

_ s T :
Ns,j(T) B frifﬁz%I:Fj 6f Cs,l(g) Mj(g)dg 27

The equation was integrated with the assumption that the time
T =0 at the time of initial chemical differentiation of the earth and

Ns j(0) = 0. The earth is taken to be initially homogeneous.
’

The undifferentiated reservoir is characterized by a closed system

behavior for intensive quantities so that the concentration for species

s, r, and d are:
Cs,l(T) = Cs,l(O) (2.8)

C, (M =c_ (0 e AT (2.9)

Ca,1(™ = G4 1(0) + ¢ 1(0) [1 - &) (2.10)
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The relationship between the masses of reservoirs 2 and 3 is
given by M3(T) =[F/(1—F)]M2(T);> Substituting (2.8) into (2.7) gives the

following general solutions for stable isotopes in reservoirs 2 and 3:

DSC ’1(0)

No,2(M = 7% D_(1-F) M, (T) (2.11)
Cs,l(o)

NS,S(T) = m M3(T) (2.12)

The above equation for a stahle isotope in the crust may also be written
as Cs,3(T) = Cs,l(o)/IF + Ds(l—F)] which is equivalent to the equation
for equilibrium partial melting derived by Consolmagno and Drake [1976]
which showed that previous equations given by Shaw [1970], Schilling [1971],
and O'Nions and Clarke [1972] all reduce to this general form.

The solutions of (2.6) for radioactive isotopes and daughter

isotopes are

D_ e c, 1(0)
- 3
N2 = T an ™ (2.13)
e—AT Cr l(O) 214
= - il
N 3(M =53 D_(1-F) M (T) (2.14)
F+Dd(1—F) Dr "
Dy Cd,l('r)Mz('r) + kCr’l(O) Fﬁ:u‘-ﬁ(ig)'l of MZ(E)exp[-)\E]dé 155
Ng,2(m = F + D (1-F) .
F+Dd(l—F) "
Cd,l(T)M3<T) + XCr’l(O) i;ﬁ;}j:gy -1 6f M3(€)EXP[-l€]d€ -
Nd,B(T) ! F + Dd(l_F) g ( . )

where D = Dd since d and s are isotopes of the same element and Cd 1(7)
S )

is given by equation (2.10).
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The enrichment factor of the ratio of a radioactive isotope to a
stable isotope in a reservoir j relative to that in reservoir 1 is called
r/s : ; - e .
fj/ . This enrichment factor is the same both for new additions to j and

for the total reservoir j and it is defined by

WG

x ol | (2.17)
3TN (7N (@

For this model the enrichment factor is independent of time and is given by
cris D\ F+D(1-F) (D_ r/s ) 15
2 *1=\s ) F¥o.am ~\p) ¥ *D (218

As DS = Dd , the ratio of a daughter isotope to a stable reference

isotope of the same element (with no parent) in each reservoir is given by:

r/sk
Na, 3 (M Fy 1(D I L s T , ,
Ns,j('f) Ns,l(T) Ns’l(‘r) Mj(T) of Mj(E)exp[ (7-g)]dg (2.19)

*
In terms of deviations ¢

d,J

the undifferentiated reference reservoir we obtain the final equations

(1) in parts in 104 from the ratios in

to be used in calculations for this model for arbitrary rates of

growth of the crust and mantle

* r/s
" Q (1) £ . .
sd,j(T) = Mj(T) o‘[' Mj(E) exp[A(T-8)1dE (2.20a)
and /
* r/s
(1) £
€4,3*") _ 3 -

r/s

4,2 &
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where N_ . (T)
10“;\ <_£:_1.__)

(2.20c)

The time parameter ¢ is the time running forward from the initial state

[cf. equation (2.7)] and the time measured backward from the present will

P %
as usual be called T [see Fig. 2.2]. Here ed,j(T) = ed’j(To-T) = ed,j(T)
where T = TO—T and 'I‘o is the age of the earth today and €4 j(T) correspond
]
to end and €gy 85 defined by DePaolo and Wasserburg [1976a,1977]1. The
" "

asterisks denote the functional form of the deviations '"e," relative to a
time variable with an origin at the time of formation of the earth.
Similarly define QZ(T) = Q:(TO—T) = Qd(T) and note that Qd(O) is equal

to the constants QNd and er used by DePaolo and Wasserburg [1976a, 1979a]
for the Sm/Nd and Rb/Sr systems respectively. If AT € 1 then we hawve a
good approximation that QZ(T) = Qd(O). Note that the values of

Ez,j are the average values in each reservoir. Insofar as each new added
segment was isolated, the'added segment would follow its own evolutionary
path governed by its initial state. This model has the property that new
crustal and new mantle material would at the time of addition have the isotopic
values of the undifferentiated reservoir (1). Magmas derived from
subsequent melting of the crust or the depleted mantle would have

distinctive characteristics at a given time. For a constant rate of

crustal growth equation (2.20a) takes the following form

(2.21a)

* r/s
e* = Qd(t) fj eAT -l )
d:j o A T

and if At € 1 this equation reduces to
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/s

* * r T
€4,;( = QQ & 3 (2.21b)

The average time of residence (f) of a stable atom (s), which is
not produced by radioactive decay, in reservoir j (j = 2 or 3) at a time T

is, using equations 11 and 12:

SN
F 4 = < - 1 3
g 5 = (=D GNS,j(E)/Ns,j(r)) - o-rT (t-£) <_Sz_.l> e

S 8,] °%
- o [T (mOM (DdE = i [T M (Daz (2.22)
M () 3 Mo(r) J 7 )

It is here assumed that there was initially no crust or depleted
mantle so that Ns j(O) = Mj(O) = 0. Expression (2.22) is equivalent
b

to the average age as measured today of continental crustal material if

T To’ the age of the earth, otherwise it is the average age as measured

T

To - T years ago. Note that for this model Z; i is the same as the
H

average age of the crust or depleted mantle and is independent of the

species or of the reservoir. The subscripts on Z may therefore be dropped

for this model.

Defining
1 T n .Efi n T n-1
& =y T 0t g ) & =3y [T e T Mo (2.23)
3 o q o

where n is an integer, then the integral in (2.20) can be written

in the following form

S T - ok T 32. _\D
L 2y JTNE eehenlae s gy [0 E oy 0T me
- An-l
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Then it follows from equation (2.20) that

n-1

n!

@y £/ g A
4 J n=1

m
*
~

-
~

]

<zn> (2.25)

2 .3
or(n) ££/5 by [1+;\<3)+x(t>+____}
a7 % 242y 6¢eh

Note that for long-lived isotopes with AT < 1 we get to a

good approximation that

% ok r/s =
eq 3 (0 = Qo) £/° T
or (2.26)

€4,5 (T) = Qu(T) f§/s z

as T = (£

r/s
J

T = To - T years ago, then the only information we can obtain is the mean

If we can measure ez’j(r) and f for a very long-lived isotope at
age of reservoir j as measured T = To - T years ago. The resulting mean
age is independent of which very long-lived species is used. This is
independent of the rate of growth of the mass of reservoir j or the rate
of transport of species i. This general treatment gives an integral which
resembles a Laplace transform of’P%(T) with a transform variable )\. This
would permit a unique inversion for M%(T) if the transform was known for
all values of A. Insofar as there is only a limited number of decay
schemes, a unique inversion is not possible although a substantial amount
of information may be deduced. Ij(T) have been calculated for a constant
rate of crustal growth for various parent-daughter systems (Table 2.1) for

T = 4.55 AE and thus a mean age of the mass of j of 2.275 AE. The isotopes



21
147Sm, 87Rb, 187Re, 176Lu, and 232Th all have mean lives that are

sufficiently long so that Ij('t) ~ L as shown in Table 2.1l. The concordant
results obtained for Rb-Sr and Sm-Nd single stage ages

for the oceanic mantle in Appendix 2 clearly do not represent a unique

time event but an average age and the concordance for Model I is a

consequence of the long mean liwves of both 147Sm and 87Rb. Inspection of
Table 2.1 shows that 238U has a significant deviation from the case with

40 235 ; . .
A =0 and K and U are greatly different from this case. These species

have sufficiently short mean lives that the higher order terms become
important and the equations are no longer redundant. From this result
it is clear that the detailed history of the early earth must be derived
from the latter two decay schemes. These different decay schemes when
taken together yield information on the detailed time evolution by

measurement at a single point in time.

The mean age £ shows the relationship

at _ Z [am 7 [ dinM

dt 1.“'1‘? <dt>—l ( dt ) (2.27)
so that for (dM/dt) > 0, (df/dt) <1, When (d/dt) = O it follows that
(df/d1) = 1. We also note that (d€nf/dt) = -(dlnM/dt) and that
(df/dt) =0 if (dlnM/dt) = (1/%). This is shown schematically
in Fig. 2.2. It follows from equation (2.27) that a similar

relationship must hold for the e=value for all systems involving very

long-lived isotopes, If we know £ as a function of time and the mass of
the crust today then we may calculate the mass of the continents as a

function of time from the following equation



Table 2.1. Values of Ij (t) at T =

22

4.55 AE for various parent/daughter

systems for a constant rate of crustal growth with a mean

age of £ = 2.275 AE.

Radioactive Decay constant (AE—l) I, (1) (AE)
parent J
- 0 2.275
Ulen 0.00654 2.30
80 0.0142 2,32
1875, 0.0161 2.33
1255, 0.0198 2.34
2320, 0.049475 2.45
438y 0.155125 2.92
40g 0.5543 6.39
235y 0.98485 18.77
gy 8.48 1.44 x 10%°




23

FigureZ.Q- Cartoon showing the relationship between a mean age4f and the
corresponding mass growth curve M3(T) for the crust. Two time
variables are shown where T is the time measured from the origin
of the earth and T is the time measured backward from today. The
vertical dashed line is shown for a time T = t years after the
origin of the earth which corresponds to a time To - t years ago. Curve A

shows the mean age of the mass of the crust iﬁ 3 versus time 1. The
2

breaks in curve A correspond to the breaks in MB(T)- Rapid addition
of new material implies a rapid decrease in Eh,B of the

continental crust. For periods where no significant new mass is
added (dZVdT) = 1., This is wvalid for any model. For models as

Model I where the concentration of stable isotopes does not vary

with time Eh,3 is also the mean age of any stable isotope 22,3 in the
crust. For parent-daughter systems with At < 1, Zﬁ’3 is also the
mean age of the parent and daughter isotopes in the crust (i.e.,

2& =1 =T ). Curve B shows the case where a stable isotope
s 3 d,3 ;3

is strongly enriched in the crust earlier in time and the
concentration in the bulk crust decreases monotonically with time.
This weights the older material more strongly and raises the value

of T above Zh (curve A). The curve £, for Model II has a
5, 3

3 s,3

more subdued behavior compared to Model I for more recent additioms.
Similarly, if a long-lived parent is much more strongly enriched
than the daughter in the crust then the factor‘2¥/s shows a
behavior like that of curve B. Subsequent to T = t no mass is added
so (df/dt) = 1 for both curves for the time interval 1 = t to

T= To. The difference between the two curves is given by

equation (2.66).
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M. (1) ( )Z(T°) [
T) = M, (T exp -
3 3o Z(1)

%o &] (2.28)
T Z(E)

where To is the age of the earth as measured today.

2.2. GEOMETRICAL CONSTRAINTS FOR MODEL I

The mechanism for crustal growth in this model is by deriving melts

from undepleted mantle. The mass transfer from a deep-seated undepleted
reservoir may occur through rising blobs. At shallow levels in the mantle

the blobs may intersect the solidus and be partially melted (Fig. 2.3).

However, only a fraction B of the blobs may rise underneath the continental
crust and contribute to crustal growth. The remaining fraction of the blobs
(1 - B) rise underneath the oceanic crust and may contribute to oceanic volcanism.
However, these may be mixed back into the mantle with a short time scale

(< 0.2 AE) owing to the rapid turnover in the oceanic mantle implied by
seafloor spreading and not become attached to the continents. This would
correspond to adding undifferentiated mantle to the depleted mantle. The
possibility that undifferentiated mantle in this way gets mixed with depleted
mantle may easily be incorporated in the equations for Model I. It is
assumed that a differential mass 6Mi, is derived from reservoir 1 and adds

a differential mass GMS to blobs underneath the oceans and 5Mé to blobs

and 5M;/6Ml = 1 - p where B is the probability that a mass taken from
reservoir 1 is directed toward a continental segment. The blobs underneath
the continental crust are partially melted to a dégree F and thus the
differential mass added to the crust is 6M3 = FSME and the corresponding
residue R of 6M§ = (1—F)6Mé is left in the mantle and remixed. The

blobs 6M3 which rise in the oceanic regions will also differentiate but
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Figure 2.3. Cartoon of the mechanism for crustal growth in Model I.
The mass transfer from a deepseated undepleted reservoir may occur
through rising blobs. At shallow levels in the mantle the blobs
intersect the solidus and may be partially melted. The density
of dots in each reservoir reflects the concentration of LIL

elements.
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are not isolated and are taken to be remixed consistent with the general
scheme of model I. The contributions of 6M6 to reservoir 2 are thus not
depleted. 1In this process a mass,&M2 = GMS + éMﬁ is added to

reseryvoir 2, Conservation of mass and species imply

that the concentration of i in the crust ¢ 3 is given by Ci 1°
b . 9
¢ 3[F + Di(l—F] as before (equation 2.3).However, the relationship
9
between the rates of growth of the crust and depleted mantle and the

composition of the depleted mantle will be changed. The relationship

between the masses of reservoirs 2 and 3 is given by

My (1) = M, (1) [Tig‘éf] (2.29)

In this case we have from mass and species conservation that
; = Cc, + B, - h C. i he effective concentration
C1,1 c1’3BF c1,2(l BF) where cl,2 is t
in the total material added to layer 2 in masses &Mg and 6M§. The

concentration of species i in reservoir 2 is given by

& , F(-p) + D;(1-F)
¢, ; (TFIF+D,(I-P]

(2.30)

where (&, ,/C. ,) > D./[F + D,(1-F)]. This version of Model I changes
T2 el i i
equations (2.3), (2.4), and (2.6) for reservoir 2 and gives
(8N, ,/87) = & ,(8M,/67) in equation (2.5). All the equations for the
i,2 i,2 _
continental crust will be the same as those derived previously. For

reservoir 2 the transport equation corresponding to (2.6) is

dN F(1-g) + D, (1-F)

i,2 _ g _
dt - (1-FB)'[F+D1(1—F)] Ci,l(T)MZ(T) )\iNr,Z(T) (»2.31)

The solution of (2,31) for a stable isotope is
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F(1-p) + D_(1-F)

Ns,2(0) = (1-pF) [F+D_(1-F)] Cs,1(00¥, (1) (2.32)

and corresponding changes for radioactive and daughter isotopes have to
be made in (2.13) and (2.15) given previously. The enrichment

factor as defined in (2.17) is then given for reservoir 2 by

¢r/s _ | E(1=B) + Dr(1-F) Ds (1-F)

F +
2 T|F@p *+ D A-H||F+ D (I-F | ~ 1 (2.33)

and this value should be used in equation (2.19) and (2.20), respectively.
From the mass and species conservation equations given previously for

this case written for radioactive and stable species it may be shown that

C
(B—l)f;/s + B [1- (E’-’_’é) F]

= r,l F 2.34
Ds C 1-F >0 ¢ )
( r,3> Fp + fr/s
C 2
r,l
Since 0 < F(C_ .,/C_ .) <1, it follows from (2.34) that for
r,3' r,1
f;/s<0and0<D <D <1 that
T s

Cr 3 r/s

B>(C’ )Fs>-—f2 (2.35)
r,l

and for f;ls >0 and 0 < DS < Dr < 1 we have that
fr/s
2
B> ——— (2.36)
f;/ S+
Thus given a value for f;ls this may put serious constraints on

the value of B. If for example the continents always occupied 1/3 of

the surface area and if the continents only grew from rising material
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by this geometrical consideration then B would be 1/3. Were it possible

to show that B is very different from this, then this would indicate

that the geometrical considerations were not controlling the rate of
continental growth and some sweeping or disaggregation process was

required. Note that the case with B < 1 has many similarities with

models involving refluxing of material from the crust to the depleted
mantle. If a fraction 1 - B of new additions to the crust is always
immediately subducted back to the depleted mantle, then the exact solution
of this problem is also given by (2.29) to (2.36) above. Similarly,

these equations also describe the case where a fraction 1 - B of the

melt is always trapped in the residual solid. The conceptual pictures in
Fig. 2.1 and the descriptions of Model I in the text does not fully describe
the variety of physical circumstances which are represented by the equations

derived for Model I.
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2.3. MODEL II

Consider a model where the continental crust (3) grows

from an initially undifferentiated mantle reservoir (2) which is depleted
at all times subsequent to ¢ = 0 as a result of crustal growth. This
reservoir (2) may make up all or part of the mantle.

Define a reference reservoir (1) which corresponds to the

total of reservoirs 2 and 3. Initially the whole mantle is supposed to be
homogeneous and undifferentiated. A remaining portion of the mantle which
is not involved in crust formation may remain isolated and undifferentiated.
This reservoir will follow the isotopic evolution of the reference
reservoir (1) but otherwise has nothing to do with the model. The model
is shown in Fig.2.1, Let us assume that a differential mass is removed
from reservoir 2 as a partial melt to form new crust and increases the
mass of the crust by 6M3 and decreases the mass of reservoir 2 by

6M2 = -6M3. The concentration of an element i in the partial melt at
time 7 is Ci,B(T)'

There are two different cases of this model that merit discussion.
A) Assume that the differential melt 6M3 equilibrates with all of
reservoir 2. Then the mass of the residue is all of reservoir 2 and the
degree of melting F = 6M3/M2 must be a differential.
This means that for an element i with bulk distribution coefficient
Di = 0 all of the elepent woq}d be transported into the crust as soon
as any differential melt formed from reservoir 2, This does not seem
physically realistic. B) Assume that a differential mass §M* of reservoir

2 is differentiated into a melt §M, and a residue aMﬁ_with the degree of

3
melting F being finite. Case B seems physically more realistic than A.
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For case B,we have that 6M3/6M* = F and 5M§/5M* = 1-F. The residue
after removal of a melt fraction from reservoir 2 is assumed to be
homogenized instantaneously with the remaining part of the depleted
mantle. Conservation of species and mass gives Ci,z(T)sM* = ci,3(1)5M3 +
Ci,R(T)6M§ and since °i,R(T)/°i,3(T) = Di.it follows that
Ci,3(T) = di Ci,Z(T) where

=1 2.37
% =¥ % D, (1-9) (237

This case thus corresponds to the melting law in Model I. The
difference is that in Model II the residue always has to be homogenized
with the remaining part of the mantle reservoir it is derived from and
this reservoir is continuously depleted, Case B will be used in the
following discussion,

The number of species i in the differential melt (6M3) that is
added to the crust is given by

oM
_ _ 3
6Ni’3(7) = Ci,B(T) oMy = d; ﬁ;?;Y Ni’z(T) (2.38)

If 6T is the time over which the mass 6M3 is added to the

continental crust, then the transport equations for reservoirs j = 2,3 are

=0 i=3s
dN, .(T) . 8N, i ’
_ 1,37 _ 4331 (__&Lé) - - ;=
e (-1) = Y I R (2.39)
., =-A_, 1=4d
1 Tr

For simplicity mass transport from 3 to 2 is again ignored,

Using the expression for 6Ni 3 and calling 5M3/51 Mé(r) the following
: 9

basic transport equations for Model II are obtained:
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dN, . (7) M!(T)
1,37 _ 4,31 3 "
ar = (-1) d; M, (1) Ni,z(") Ay Nr,j(") (2.40)

The masses of the total reservoirs 2 and 3 must satisfy

M, (1) + My(1) = M,(0) (1) = - M3 (1) (2.41)

The integrals of the transport equations for a stable species s

in reservoirs 2 and 3 are

M, (7) ds
NS’Z(T) = NS,Z(O) E;?67~ (2.42)
Ns,3(T) = Ns,2(0) - NS’Z(T) (2.43)

Equation (2.42) for a stable isotope in reservoir 2 may be written

in the following form

My (1) @, - 1

Cs,2(T) = €5 »(0) {1 " %, (0)

This expression has the same general form as the equation of Shaw [1970]
for the solid residue after modal fractional (Rayleigh) melting, however
ds takes the place of the inverse bulk distribution coefficient and the
degree of crust formation MB(t)/MZ(O) takes the place of the degree of
melting.

The solutions of equation (2.40) for radioactive and daughter
isotopes are

d
M, (1) T
=-AT 2
N_ (1) =N_,(0)e [————M (0)] (2.44)

r,2 I,
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AT

Nr’B(T) = Nr,2(0) e = - Nr’z('r) (2.45)

M, (£)7(d_~d_) My ()¢
= 2 - s
Nd,z('r) = [Nd’z(O) + NI,Z(O)AOIT [MZ(O)] r s’ exp [ lE]dg:] [MZ(O) (2.46)

Nd,B(T) = Nd’z(O) + Nr,z(O)[l - e-m

- 2.47
where dS = dd since d and s are isotopes of the same element. The

ratios of a radiogenic isotope to a stable isotope for the two reservoirs

are

(d_-d_)
N T N N T) M (E)]'r s
d,z( _ d,l('f) )\_1'_,1_(__ T {1 _ [2_] } exp[MT-£)]dE (2.48)

NS’Z(T) Ns’l(T) - Ns’l('r) : M, (0)
J'T{ [Mz(g)](dr_ds)} ceeya | (20
1= exp = .
A A . L M, (0)
NS,B(T) Ns,l(T) Ns,l(T) [MZ(T):I(—dS)
LN,

From equations (2.17) and (2.42) to (2.45) the enrichment factors of
the ratio of a radioactive isotope to a stable isotope in the total

reservoirs 2 and 3 relative to that in reservoir 1 are given by

(d_-d))
M, (1) r s M3(T)
2 ——— —
f;/S(T) - [MQ(O)] =1 asexp[}(dr—ds) ¥, (0) 1 (2.50)
-d )

fr/s(r) M (T)] ( ds M., (1)
-———‘2 = - ‘ - d ——3 ] 2+51)
bl ol IR IS -c <
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where the approximations hold for the mass of the crust much smaller
than that of the depleted mantle [(M3(T)/M2(0)) < 1]. Equations (2.48)
and (2.49) may be written in terms of deviations in parts in 104 from

the reference reservoir 1l:

3, = og(m) " £5/°(8) expln(1-£)1az (2.52)

fg/s('r)

e* (1) = % (1) —F/—
d,3 d,2 fz/s(T)

(2.53)

where Qﬁ(r) is defined by equation (2.20). Equations (2.50) to (2.53) in
conjunction with (2.37) are the basic equations for calculations with
this model for arbitrary rates of crustal growth. In this class of
models the average enrichment factors are a function of the time and
correspond to a time dependent chemical evolution. For AT < 1 the
deviations Eg,j are then proportional to the weighted time average of

the enrichment factors (f;ls) and given by

r/s

%, = @ & @y (2.54)
fr/s(T)

e} (0 = Q5 f—i/—é—z—) GO (2.55)
2 T

This means that the simple species independent time averages which govern the
e function for models of type I no longer apply and an average age is
not directly applicable to reservoir 2.

In this model the depleted mantle is assumed to always be

homogeneous. For the crust the equations give the average values. If
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each new addition to the crust is isolated, then the new individual
segments follow their own evolutionary path. The initial state of new

additions to 3 at time T' are given by

d
fB oy o K retlBy s
fnefv(T ) = 3. £ ") + 1] = 1 (2.56)
Eé‘,new("') = 63’2(7') (2.57)

and subsequent evolution will follow

Q3(m)

08 ) femp (-] - 1) (2.58)

* = %k '
€d,new(7) ed’3(7 ) =+

This model has the property that new crust would at the time of

addition have the isotopic values of depleted mantle (2) and the

interpretation of TESUR model ages [McCulloch and Wasserburg, 1978c] of
new crust would depend on the detailed history of reservoir 2.
For this model we may again define the mean age of species s

in the crust (3) by

- 1 ¢ d¥s 3 1 T
z il (r=f) ==—t= 4§ & je—u—r N_ ,(E)dE (2.59)
s,3 NS,3(T) dr dg NS,3(T) oI s,3
and the mean age of the mass M3 by
By 5=y [T (0 My0dE = g [T M0 (2.60)
53 M3(T) ¥ 3 Ms(x) o 3 ’

The mean age of the depleted mantle reservoir (2) may not be
defined in the same manner. Note that for model II,NS 3(1)/M3(T) is not
3 . .
a constant independent of T so that £ i Zﬁ . The result of this
8,3 53

is distinct from Model I and is shown schematically in Fig. 2.2, Using
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equations (2.43) and (2.59) we may write

d
M, (E)7 s
- 1 T ‘ 3 }
z = l1-4{1 -——— dg
8,3 M3(TTS o'r 1 { MZ(O) }
1- {1 )

M. (&)
1 T 3
~ dSM3(T) oj‘ {1 = exp[—ds ——MZ(O)]}dg | (2.61)
1 - exP[‘ MZ(O) ]

assuming that (Mq(T)/Mé(O)) <1 1in the second expression. In the case that
[dsM3(T)/M2(O)] < 1 then 15’3 P IM,B' If [dsMB(T)/MZ(O)] > 1 for
T > T* then T ~ const + (T - 1*%) for T = T* and (df_ ./dt) = 1.
s,3 s,3
This corresponds to the bulk of the species s being transported into the
crust by time t* after the formation of the earth. The mass transfer
is then subsequently decoupled from addition of the trace element s
and the average age of the mass 2h 3 may be substantially younger than
9
2; 3 as the different trace element abundances of the crust change with
9

time. The difference between Z; 3 and Z& 3 is of interest and may be
3 b

evaluated quantitatively. We have

. M, (1) y s M3(E) &
i 3M3(t)—M3(E)+ My @[~ 4 ’_n2<o)] - myem[- 4, —Mz@)]

M, (1)
3
;l - exp[— ds W]énf}h)

-2 n-2
d -2 ® n d M (1) \™ dM(z))
5 : (-1) s 3 - s 3 7
[M2(0)] S5 o ["3(1) ( M, (0) ) M3(£)< M, 0) J; =

' - e [ o 2]

Ly, 37,3 " (2.62a)
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If ds < 0 it may be seen that xs’3413 3 < 0. This expression converges
rather well even for large values of ds[M3(T)/Mi(O)] (€ 2). In the limit

for small ds/Mé(O) we have rather precisely

% 57
s,3 M,3 1 T -

1, (0)

(2.62b)

so in this approximation:f ;ZM >0 for d > 0. For a model of 3 constant
s,3 33 s

rate of crustal growth we'obtain

d M (1)

IM g~ 12 M 12 M_(0) °© (2.62¢)

which gives a difference of 0.65 AE for ds = 100 with MB(T)/MZ(O) = 0.0174.

It follows that for dS & 10 there are only small differences in the mean ages.
Note that the expressions for ¢* (2.52, 2.53) may be written in a

form analogous to that for Model I. Inspection of equations (2.61) and

(2.52) show that 33 o may be written as
9

€5 (0 = () /5 F, (2.63)

where

v (€580

- _ 1 r/s 2
Z = e f (EYAE = e (2.64)
£/s " gl5 () I' ££/5(x)
r/s

The factor E;/s is the time weighted average of f2 for reservoir 2. If

dr—dS > 0, this is equivalent to the mean age of an element r/s with a

r/s'

distribution coefficient dr/s = dr_ds and an enrichment factor f2 Note
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that 2;/5 is explicitly dependent on the particular parent daughter

system as distinct from the case for Model I. If the differentiation

took place in only a single event, then E o = Eﬁ . More generally there
r/s »3

will be a difference between z?/s and Eh 3 which may be calculated from
t]

d
o S T
Lis ~ s P o J MDD - M@ 1d (2:55)

The derivation of expression (2.65) follows that given previously for

I - zﬁ . For a model of constant rate of crustal growth we have
5,3 53

(d_-4d )M3(T)
- oy (=3
Lots ~ zM,3 SR T M, (0)

T (2.66)

If [(d ~d)M(1)/M(0)| < 1, then equations (2.50) and (2.52) may

for very long-lived isotopes be approximated by

Q5 (DM () _
5,200 %" (4d) Ty 3 (2.67)
and -
M, (T
les(“ ~ - (d-d) Mz(O) (2.68)
If it also holds that [d M,(1)/M,(0)] 4 1, then
£1/5(r) mak - 1
3 Ve T (2.69)
and

d
63’3(T)~ Qg(r) [d—r - 1] ’tM,3 (2.70)

s
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An important special case is when (dMg/dT) is a constant. In
this case M3(T) = [M3(To)/To]T and defining K; = [(diMS(To))/(ToMZ(O))]

then for very long-lived isotopes

l—exp[-(Kr—Ks)T]
eg 2(T) = —Qg(T) T - X K (2.71)
. r s
fg/S(T) = exp[-(K_-K )] - 1 (2.72)
f;/s( ) ) |
r/s e exp(Ksr (2.73)
f3 (1)
et (1)
=_4d,2 2.74
Ed,3(T) l-exp(K 1) . !

There are two different classes of solutions depending on whether
(dr-ds) is negative (as for Sm-Nd) or positive (as for Rb-Sr). Examples are

shown for Rb-Sr and Sm-Nd in Fig. 2.4 and 2.5, respectively. For short

times we have in both cases that Ez 9 « 72 and 53 3 © T, For long times
H 9

. t
% -Q% (T- - ”
we get sSr,Z ~ QSr(T T') where T 1/(KRb KSr)

e exP[_(KSanNd)T] for the depleted mantle. The curves for the crust

= 2 AE and
€%
Nd,2
go to an extremum and then asymptotically approach zero. The inclusion of
the term exp[A(1-£)] for shorter-lived isotopes in the exact integral of

(2.52) will, of course, quantitatively alter the nature of these

results. The curve for egr 3 has a maximum at T = 7.5 AE and for much longer
’

" _ .
times ESr,3 « exp| KSrT]. Similarly the ENd,B curve for the crust has a

minimum at t = 21 AE and eNd,3 « - exp[—KNdT] for much longer times. These

solutions enable us to qualitatively understand the nature of the results for

more general cases of crustal growth with time. From these results we may
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Figure 2.4, egr 5 curvés for the bulk depleted mantle (2) and the bulk

s
crust (3) as a function of time T for a constant rate of growth of
the crust. Curves that give the same present-day egr values are
shown for both Model I and Model II and are identified by the

symbols I and II respectively. Note the marked difference in
behavior for egr aé a function of time T for the two models. Model I
is a straight line for both reservoirs and Model II starts out as

nearly a straight line for the crust but with a significantly

different slope. The curves for Model II are constrained to give

f§b/sr = -0.9 and fgb/sr = +2.18 today. The implied values of
_ ; ; 1id £
KppKg, and Ko are given. The systematics shown are valid for

decay systems with AT € 1 and (dr - ds) > 0.
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Figure 2.5. Elil‘d g curves for bulk depleted mantle (2) and bulk crust (3)
9

as a function of time 7 for a constant rate of growth of the crust.
The notation is the same as in Fig.2.4. The curves for Model II are
constrained to give fgm/Nd =+ 0.225 and fgm/Nd = -0.4 today. The
implied values of KSm—IS{d and IS‘Id are shown. Note that the curves
are reversed from those in Fig. 2.4 due to the change in sign of

Kr - KS. The systematics shown are valid for decay systems with

AT <1 and (_dr— ds) < 0.
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infer that for any continuous or multiepisodic mass growth of the crust,
the basic isotopic systematics for long-lived isotopes must follow those
outlined in Fig. 2.4 and 2.5. Note that for the case of episodic mass

growth €% _ will be discontinuous due to the factor £ outside of

d,3
the integral in equation (2.53). The value of 63 2 for the depleted mantle
b

r/s,.r/s
5 /%,

will still be continuous but will show changes in slope corresponding to
the discontinuities in the mass growth curve. The general case for
arbitrary mass transport is of course included in the exact basic
equations (2.50) to (2.53).

Galculations with Model II are more complex than with Model I
where the average age ) is independent of species. For the mantle

the following exact results have been obtained:

e, = Q) (6% = a0 5/, (2.75)

It follows that if e* 2('t) is known at T then (fr/S) is determined.
b

d 2
/s

and £I/° are known, then (dr-ds) is known from equation (2.50) and

%
€d,2 2
3 3 3 . * 3
1;/8 is determined. tr/s is the time required to generate Ed,2 with the

t/s is monotonic in this model, £, is the
2 r/s

shortest time in which differentiation could have occurred (as a single

If

present value of f;/s. As f

stage process). All possible crustal mass growth laws Mé(r) must satisfy

;/s and M3. The relationships are shown

schematically in Fig. 2.6. 1If decay schemes with very long-lived parents

the relationship between £

have l(dr-ds)MB/Mﬁ(o)l < 1 then they will all yield the same values of
1;/8 and no further information may be derived about the change of M,
with time from the different systems at one time 7. If two systems have

distinctive parameters (such as Rb-Sr and Sm-Nd) then they will have



46

Figure2-5- Cartoon showing the relationship between the mean age of the

mass of the crust Zﬁ 3s the mass growth curve of the crust M,,
]

the enrichment factor of the depleted mantle f;ls, and the factor
E;/s. The upper diagram shows a mass growth curve where the crust

is formed in two stages with a mean age Zh 3 at time 7. The middle
b

diagram shows the corresponding change in fgls with time if

(dr—ds) = 100 and [M3(7)/M2(0)] = 0.0174. The difference between

= : = r/s
and IM,B is also indicated. If we know zr/s, f2 , and M,

today there is insufficient information to determine a unique solution

ki

r/s

for M_(&) and fr/S(E). In the lower part of the diagram some other
3 2

possible f;/s curves that give the same value for Z;/S are shown.

For a given curve f;ls with knowledge of (dr - ds) determines a

corresponding M, curve from equation (2.50). The area underneath the

3
r/s r/s .
[f2 (g)/f2 (t)] curve must be the same for all M3 curves with the

same value for f¥/s. z;ls is the shortest time in which differentiation

could have occurred as a single stage process and curve (a) shows

such an evolution. Curve (b) shows a possible continuous curve. The

r

dashed horizontal curve gives [(fz/s)/les] = [Z;/S/T]. All of

these curves in the lower figure are compatible with the'Z¥/s fixed by

the assumed model with M3(E) as given in the top and the fr/s

2 (t) value.
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different values of zr/s which will give more information about M3('r).
For N independent values of zr/s from N different decay schemes with
AT € 1, it is,in principle,possible to calculate models

of multiple stage mass evolution with time. For example, for an n stage

evolution we write

a exp[-u/X. 1]—1
- = 3 r/s i- _
;Cr/s i=l exp [-ar/s] - 1 (Ti Ti-l) (2.76)
where L 0, T, T Xn—l = 1, and xo = 0. The solutions for Xi may in
general not be a unique description of earth evolution. Here Xi_xi—l is

the fraction of M3(-r) made at time Ty and ar/s = (dr—dS)M3(t)/M2(0). Such
equations may be solved numerically for the Xi and L which must provide
simultaneous solutions for different zr/s values. In the degenerate case

when ar /s <1

n
r - 2.
Tope = 0% Bg O o) Ry

which is independent of r/s.
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CHAPTER 3. NEW DATA

3.1. CHONDRITES

Sm-Nd results for two carbonaceous chondrites (Murchison and
Allende), three ordinary chondrites (Peace River, Guarefia, and
St. Severin), and one achondrite (Juvinas) will be presented. Murchison
is classified as a CM2 chondrite which comprises the most abundant type
of carbonaceous chondrites. Allende is a CV3 chondrite and is considered
the petrologically most primitive class of carbonaceous chondrites. It
contains inclusions of high-temperature condensates, some of which have
the most primitive 873r/865r ratio so far found [Gray, Papanastassiou,
and Wasserburg, 1973], and inclusions which are isotopically anomalous
for Sm and Nd [McCulloch and Wasserburg, 1978a,b] as well as for other
elements. Peace River is an L6 chondrite which is a class that
constitutes the most abundant of ordinary chondrites. Guareia and
St. Severin are H6 and LL6 chondrites, respectively, which have been
extensively studied for Rb-Sr, U-Th-Pb, and I-Pu-Xe systematics because
of their high content of whitlockite [Wasserburg, Papanastassiou, and
Sanz, 1969; Wasserburg, Huneke, and Burnett, 1969; Lewis, 1975; Manhes,
Minster and Allégre, 1978]. Finally, Juvinas is a basaltic achondrite
which has a Sm/Nd ratio close to the average chondritic value and
apparently crystallized early in the history of a basaltic achondrite
parent body [Lugmair, 1974].

The long-lived isotope 147gm which decays to 143Nd is an
important tracer for chemical differentiation processes affecting the

REE and other large ion lithophile (LIL) elements during planetary
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evolution. The purpose here is to obtain an estimate of the average
solar system values for 1475m/144Nd and 143Nd/144N4 using chondrite
samples. Our ability to determine the solar values depends on whether
the solar nebula was initially isotopically homogeneous for the elements
of interest and whether we have samples of material which is chemically
unfractionated in Sm relative to Nd. Direct measurements of the
abundances of Nd and Sm in the sun have recently been made by Maier
and Whaling [1977] and Saffman and Whaling [1979] respectively. These
studies give log (ASm/ANd)(D = =0.46*0.25 from which we calculate
(147Sm/144Ndz3 = 0,22, From the summary of solar abundances by Ross
and Aller [1976], we get log (ASm/ANd)<D = =0.,51*0.6 from which we
calculate (147Sm/144Nd)(3 = 0.19. These values can serve as a guide in
the subsequent discussion.

The first survey of REE in chondrites [Schmitt, Smith, Lasch,
Mosen, Olehy, and Vasilevskis, 1963; Schmitt, Smith, and Olehy, 1964]
demonstrated a reasonable degree of consistency in relative abundances
of REE with an accuracy of about 10%. Later the isotope dilution
technique was applied to REE in chondrites [Gast, Hubbard, and Weismann,
1970; Schnetzler and Bottino, 1971; Masuda, Nakamura, and Tanaka, 1973;
Nakamura and Masuda, 1973; Nakamura, 1974; Evensen, Hamilton, and O'Nions,
1978] with the precision for individual REE considered to be 1 to 2%. The
concentration levels of REE in chondrites are fairly low (~0.6 ppm Nd)
and no measurements exist on chondrites for both 143Nd/144Nd and
147gy/1448g except for the very approximate data of Notsu and Mabuchi
[1975]. A 1% error in the Sm/Nd ratio adds an error of 1.1 parts in 104

to the 143Nd/14%4Nd ratio over 4.5 AE. Therefore, it is necessary to
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measure both the 147Sm/144Nd and 143Nd/Mz‘Nd ratios with high precision
to establish a 143Nd/144Nd evolution curve. We are currently able to
routinely measure the 1478m/144Nd ratio with an accuracy of 0.5% and
the error added to a 143Nd/144Nd evolution curve from the measurement of
the Sm/Nd ratio is therefore insignificant (i.e., it is 6 parts in 106).
The first serious meteorite measurements were made by Lugmair, Scheinin,
and Marti [1975a], who chose a basaltic achondrite (Juvinas) which had a
147gy/ 144N4a isotope ratio close to the average chondritic value.
Therefore, if the source of Juvinas on the basaltic achondrite parent
body (BACH) did not have a long pre-history as suggested by Rb-Sr and
Sm-Nd internal isochrons for Juvinas [Allégre, Birck, Fourcade, and
Semet, 1975; Lugmair, 1974], this should give close to the correct values.
Lugmair et al. [1975b] used the Juvinas values as an approximation to

chondritic Sm—-Nd evolution.

3.1.1. Sm-Nd systematics of chondrites

The refractory lithophile elements Si, Mg, and Cr show a factor
of two fractionation relative to Al between individual chondrite classes.
This is most likely due to fractional condensation [Larimer, 1979]. The
isotope dilution measurements of REE patterns in chondrites referred to
above also indicate a large range of 147Sm/l44Nd from 0,183 to 0.236;
however, the averages of each class of chondrites show a smaller range in
147gy/144Nd, The averages of C, E, H, L, and LL chondrites are 0.196,
0.196, 0,195, 0.194, and 0.197, respectively. These values are all
within error of each other and identical to the less precisely known
solar value of (147Sm/144Nd)® = 0.2. The extent to which fractional

condensation processes have fractionated Sm relative to Nd of individual



52
chondrite classes relative to each other and the average solar system is
not known. Clearly variation of a few percent in the Sm/Nd ratio can be
allowed for from the data. Much of the variation between individual
total rock samples must be due to sample heterogeneity rather than
differences between the parent bodies as different total rock samples of
a single meteorite may show a variation comparable to the range in
chondrites.

The chemical abundances in CI1 carbonaceous chondrites have a
special significance since they compare very closely with the abundances
of the condensable elements which can be reliably measured from studies
of the photospheric spectrum of the Sun. However, they are not pristine
samples of solar system condensate as they show the highest degree of
low-temperature alteration among the carbonaceous chondrites [McSween,
1979]. The average 147sm/144Nd of CI1 chondrites is 0.197 [Nakamura,
1974; Evensen et al., 1978] and is close to that of other chondrite
classes. They, however, do show a 6% range in 147gm/ 14484 (0.192 to
0.204) so it appears that a unique value cannot be obtained from these
objects. Other classes of chondrites also show variable degrees of
alteration and metamorphism. Thus only the consistency of results from
a variety of meteorite classes can tell us how well we can estimate the
average solar system values.

Some simple evolutionary histories of planetary objects that
condensed and accreted from the solar nebula are shown schematically in
Fig. 3.1. At T (about 4.6 AE ago) solid objects began condensing from
the solar nebula (SN), from which the planets and meteorites are

ultimately derived. The rate of growth of 143N4/144Nd in these planetary
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Fig. 3.1. Schematic representation of the evolution of 143Nd/ll*l*Nd with

time for chondritic and achondritic parent bodies. Solid objects
started to condense from the solar nebula (SN) at time T and
accreted to parent bodies at time Tp. Subsequent to Tp a part of
the parent bodies of achondrites may have differentiated at Tp
into crust and depleted mantle. At times Ty subsequent to Tp,
melts may be tapped from both depleted mantle (D1) and from

previously undifferentiated material (D2).
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objects may be different from the solar value due to variations in the
relative chemical abundances of Sm and Nd during condensation and
accretion. If a reservoir j is a closed system, then the evolution of
143Nd/144Nd as a function of time T is defined as Iﬁd(T) with I%d(O)
being the present-day value. The value of 14354/144Nd at any time in
in the past in reservoir j is

147g,\
-] (exp(AT) - 1) (3.1)

1Ty = T e) - Tha
where (147Sm/144Nd)g is the value in j today. Most meteorites come

from small planetary objects and have ages within ~0.1 AE of the time

of condensation from the solar nebula and provide important clues to

the Sm/Nd isotopic evolution of the solar system. The objects of
interest include meteorites which formed by melting processes on parent
planets such as achondrites and the more primitive chondrites which
appear to be aggregates of high- and low-temperature condensates from
the solar nebula. DePaolo and Wasserburg [1976a] introduced the acronym
CHUR ("chondritic uniform reservoir") for a bulk planet with 147 gn/144ng
and 143nd/144N4d isotopic ratios the same as in average chondrites.

The evolution of chondritic meteorite parent bodies is shown
schematically in Fig. 3.1; Planet A accretes at time Tp7 with an Sm/Nd
ratio lower than the solar value and Planet B accretes at time Tpy with
Sm/Nd higher than the solar value.

In contrast to chondrites, achondrites are fragments of planetary
crusts that began to form by partial melting at the time of early

chemical differentiation of a parent body (Tp) subsequent to the time of
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condensation and will show an evolution as is illustrated schematically
in Fig. 3.1. Magmatic rocks formed subsequent to Tp at Tx may be derived
from depleted mantle. There could be a 0.1 AE time difference between
planet formation and melting, which for a source region having an
enrichment factor £Sm/Nd = 40,2 would give 1.0 e-units difference from

the solar value of the 143Nd/144nd growth curve at the time of melting.

3.1.2. Results

The Sm—-Nd results are given in Tables 3.1 and 3.2 and Fig. 3.2.
Note that all non-radiogenic isotope ratios are within error of the
grand mean of terrestrial normals and lunar samples measured in this
laboratory [Papanastassiou et al., 1977]. There are thus no widespread
isotopic anomalies in Nd for bulk chondrite samples to within
*0.5 e-units. For Sm we routinely measured all isotopes except
150gy and 144Sm and confirmed that 149sm/13%sm and 192sm/15%4sm are
within error (#1.0 e-units) the same as the terrestrial values.

The absence of any neutron capture effects on 149Sm is consistent with
the short exposure ages of these meteorites [Eugster et al., 1970; Russ
et al., 1971]. This justifies the use of 14354/144Nd and 147 sm/1%44Nd
isotope ratios calculated from spiked runs using the grand mean values
of terrestrial normals for Sm and Nd isotopic compositions.

The data in Table 3.1 are shown on a Sm—-Nd evolution diagram
relative to a reference line with a slope corresponding to an age of
~4,6 AE. A variety of chondrites and the achondrite Juvinas lie
within *0.5 e-units of the reference line shown. This conclusion
is insensitive to the particular choice of age in a plausible neighborhood

of 4.6 AE. The present—day range in these chondrites is, however, only
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Table 3.1. SmNd isotopic results.C a
147 143 1
Sm
Sample Heightd Nd(ppm) Sm(ppm) Tad izzlL‘
(grams ) Nd Nd

I. Murchison (CM2)

#1-ALIQ-1 0.51 0.63495 0.20671 0.19693 = a
ALIQ-2 = = = 0.511845%29 b
ALIQ-3 0.63506 0.20672 0.19691 0.511816%25 a

#2 0.44 0.67034 0.21409 0.19320 0.511738%34 a

II. Allende (CV3)

ALIQ-1 2.61 0.86957 0.28230 0.19639 = a
ALIQ-2 - = - 0.511809+26 b
ALIQ-2 = = = 0.511839%25 b

III. Guarefia (H6)
2.52 0.90208 0.29031 0.19468 0.511769+24 a

IV. Peace River (L6)

ALIQ-1 2.97 0.69854 0.22615 0.19584 = a

ALIQ-2 - - - 0.511831%32 b

V. St. Severin (LL6)

Light 2.86 . 1.38562 0.43972 0.19197 0.511673+25 a

VI. Juvinas

ALIQ-1 1.24 5.5245 1.7848 0.19543 0.511804%19 a

8Sample spiked with 150Nd and 147sm tracers. Data normalized to 146Nd/142Ng =
0.636151 and 148sm/154sm = 0.49419. Concentrations calculated using 142yg/ 1445 =
1.138266, 145Nd/144Ng = 0.348968, 146Nd/144Nd = 0.724109, 148nd/144Nd = 0.243079,
150N4d/144Ng = 0.238581 (McCulloch and Wasserburg, 1978a) and an atomic weight of
144,24 for Nd. For Sm we used an atomic weight of 150.35 and the isotopic
composition reported by Russ et al. (1971) and Russ (1974); lddgn/154gy =

0.13516, 147sm/15snm = 0.65918, 1%9sm/154sm = 0.60750, 150gm/154sm = 0.32440,
152gp/154gy = 1.17537.  DPunspiked samples normalized to 150Nd/142Nd = 0.2096.
CReported errors are 20 of the mean. dWeight of dissolved sample.



58

Table 3.2. Results for non-radiogenic Nd isotopes.?

Sample €142 €145 €146 €148

I. Murchison

#1-ALI1Q-2 -0.4%0.4 +0.6%0.7 +0.5%0.7 -0.7%1.1

ALIQ-3 -0.5%0.4 -0.8%0.6 - -1.0%0.7

#2 -0.2%0.5 +0.5%0.9 = -0.4%1.6
II. Allende

ALIQ-2 0.0%0.4 +0.4%20.5 0.0%0.5 +0.5%1.0

ALIQ-2 +0.120.6 +0.1#0.5 0.0%0.5 +0.7£0.6

III. Guareifia

+0.3%0.4 -0.9%0.6 = -0.3%0.9
IV. Peace River '
ALIQ-2 +0.4%0.4 +0.1%0.7 -0.6%0.7 -0.111.0
V. St. Severin
Light -0.2%0.4 +0.3%0.5 = +0.2+1.1
VI. Juvinas
ALIQ-1 -0.1%0.4 +0.120.5 = +0.1£0.8

8g-values are given as deviations in parts in 104 relative to the grand mean

of terrestrial normals given in Table 1. Reported errors are 20 of the mean.
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Fige 3.2, Sm-Nd evolution diagram for chondrite samples and Juvinas. A
reference line with a slope of 4.6 AE is shown. The dashed lines

represent the new values selected for average chondrites (CHUR).
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3.4 e-units in 143Nd/144Nd and 2.6% in 147sm/144Nd and there is no
evidence of large variations. If all chondrites are isochronous and
from an isotopically uniform source, they should today lie on a line
with a slope of 4.6 AE in a Sm—-Nd evolution diagram. Insofar as there
is variation in the Sm/Nd ratio between chondrite samples, there is no
unique way of picking a set of values for 143ng/144Nd and 147sm/144N4
as representing the true solar ratio. The best we can do from the data
is to pick a single set of reference values for 143Nd/ll’[*Nd and

147 g/ 144Ng today that are consistent with the data array in Fig. 3.2.
The approach used here will be to define the best present-day "solar”
reference values rather than initial value I?d(TC) since the initial
state is not well constrained. This follows the view adopted by DePaolo
and Wasserburg [1976a] who referred evolution curves to determinations
of the modern values rather than the derived initial values. For
simplicity the approach we have chosen is the modern value for
143Ng/144Nd = 0.511836, which is the currently used value for CHUR, as
this will cause the least shift in the data representations and is
fully consistent with the chondritic values. The corresponding
147gn/144Nd ratio on the reference isochron is 0.1967 and lies between
the data for Allende and one of the Murchison samples. This is also
very close to the average 147gn/144Nd of chondrites discussed earlier.
Including the new data in Table 3.1 there are now 61 determinations of
1476 /14454 in bulk chondrite samples by isotope dilution. All these
data are shown in a histogram in Fig. 3.3. As shown the value we have
chosen lies close to the peak of the histogram. The previously published

data are not accurate to better than about *27 and most of the data
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Fig. 3.3. Histogram showing all available 147gn/144Nd ratios (N = 61)
for chondritic meteorites determined by isotope dilution methods.
The ratios from previously published REE studies on chondrites
[Tanaka and Masuda, 1973; Masuda et al., 1973; Nakamura, 1974;
Notsu and Mabuchi, 1975; Schnetzler and Bottino, 1971; Gast et al.,
1970; Evensen et al., 1978] are probably accurate to ~2%.
Chondritic meteorites show a large range in 147Sm/144Nd, with most
of the data in the range from 0.188 to 0.206. The value selected
for average chondrites of 0.1967 is close to the peak of the
histogram and is shown by the arrow. The eyg(0) value calculated
assuming Tg = 4.6 AE is shown on the top of the figure. It is
evident from these data that a total rock isochron for chondrites

may be determined.
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actually are within 2% of the average value chosen for chondrites.
However, clear exceptions occur especially for the E-chondrites which
show a variation in 147sm/144Nd from 0.183 to 0.236. 1In general, the
14354/144Nd chosen here is close to that of Lugmair, Marti, Kurtz, and

Scheinin [1976] for Juvinas, however the Sm/Nd ratio is 1.6% higher.

3.1.3. Comparison with previously published data

Previously published data on basaltic achondrites that fall in the
neighborhood of our chondrite data are shown (Fig. 3.4) together with
our new data on chondrites and Juvinas. The isochrons of ADOR and
Moama are also shown, although all the data for these meteorites plot
far outside the diagram. Let us first compare the Juvinas total rock
data from various laboratories. The first report was by Notsu, Mabuchi,
Yoshioku, Matsuda, and Ozima [1973] who presented some rather approximate
data. The first high-precision data were published by Lugmair [1974]
and Lugmair, Scheinin, and Marti [1975a]. The total rock value used by
Lugmair, Scheinin, and Marti [1975b] (L1) is about 3.8 e-units above
our 4.6 AE reference liné. A revised value (L2) with the same Sm/Nd
ratio was reported by Lugmair et al. [1976] and is still 1.9 e-units
above our reference line. Lugmair and Carlson [1978] reported a
1.4 e-unit reduction in the measured 143Nd/144Nd ratio for their
laboratory standard. They chose, however, to correct their new data
such that they were compatible with their previously published data.
Their currently measured Juvinas value (L3) should thus be l.4 e-unit
lower and as shown in Fig. 3.4 this value is within error of our 4.6 AE
reference line. The values obtained by Nakamura, Tatsumoto, Nunes,

Unruh, Schwab, and Wildeman [1976] for Juvinas plot distinctly higher.
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Fig. 3.4, Sm-Nd evolution diagram couwparing new chondrite data (black
dots) and the Juvinas value with previously published data for
achondrites. The points labelled L1, L2, and L3 represent three
successive versions of the Juvinas total rock value by Lugmair

et al. [1975, 1976] and Lugmair and Carlson [1978].
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Their value is the same as L3 for 143Nd/144Nd but has a lower Sm/Nd ratio.
Recently Nyquist, Shih, Wooden, Bansal, and Wiesman [1979] published
data on Juvinas which agree with the measured (not corrected) l43Nd/144nd
L3 ratio by Lugmair and the value by Nakamura et al. [1976] but with a
significantly higher 147Sm/lu‘Nd ratio. Data on Juvinas by Nyquist et al.
[1979] and the data obtained independently here agree to within 1%, for
1475m/144Nd and 0.3 e-units for 143Nd/144Nd. It would appear that the
Juvinas data of Nakamura et al. [1976] and the revised data (L3) of
Lugmair and Carlson [1978] are consistent with the 143Nd/144Nd obtained
by Nyquist et al. [1979] and the data presented here, but their 1479y / 144yq
ratios are significantly lower and suggest an error in tracer calibrations
by these workers. The data for Pasamonte [Unruh, Nakamura, and Tatsumoto,
1977], Moama [Hamet, Nakamura, Unruh, and Tatsumoto, 1978], and ADOR
[Lugmair and Marti, 1977] also lie significantly above the 4.6 AE reference
line (Fig. 3.4). Comparison between the results of Nyquist et al. [1979]
and the data presented here on achondrites seems to be confirmatory.
Note, however, that Nyquist et al. [1979] obtained metals for tracer
calibration from the same source that this laboratory has been using (Ames
Laboratory, Iowa), so both laboratories could have the same systematic
errors in tracer calibrations. The normal values measured for 142Nd/ll‘l*Nd,
150Nd/144Nd reported by Nyquist et al. [1979] differ significantly from
the values obtained in this laboratory while the remaining isotope ratios
show good agreement. Thus the results from these two laboratories are
not as consistent as might be believed. It is apparent that the actual
cause of all the above discrepancies must be resolved before any progress

can be made in interlaboratory comparisons. Using two different mass
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spectrometers in this laboratory for hundreds of Nd analyses, no shift has
been observed in the values of the nonradiogenic Nd isotopes over the past
five years. In the same period, three different Nd and three different Sm
tracer calibrations show no discrepancies exceeding 1%,. Nd was measured as
Ndot so if the oxygen isotope composition used to reduce the data is in-—
correct then our data will be systematically biased [Papanastassiou et al.,
1977]. Unless this procedure is subject to serious problems, it is con-
sidered that the measurements presented here are reliable and provide rea-
sonable and consistent values for the chondritic 143Nd/14%Nd and 1479/ 144N4

today and may be used as the basis for calculating the CHUR curve.

3.1e4. Initial values

The 143Nd/leNd in CHUR as a function of time in the neighborhood
of 4.5 AE is shown in Fig. 3.5. Assuming that a meteorite formed from
this reservoir at T = 4.6 AE, it should have an initial 143yg/144N4
value of 0.505829. Note that 143nd/144nd changes by 1 €-unit in
39 m.y. The timescale for condensation and chemical fractionation from
the solar nebula is probébly on the order of only a few million years as
suggested by the presence of 261 [Lee, Papanastassiou, and Wasserburg,
1976, 1977]. 1If the 26 A1 is the cause of widespread heating and
differentiation of small parent bodies, then these planets must have
accreted within ~2 m.y. of the time of condensation from the solar nebula
[Wasserburg et al., 1977]. Chondrites (e.g., Allende) exist that appear
to preserve direct early condensates from the solar nebula which are only
partly affected by later metamorphism. A reliable value for the solar
system initial Nd value may be gotten if it is possible to obtain

precise ages (%10 m.y.) and initial values to 0.3 e-units on such
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Fig. 3.5. The 14354/144Nd value in CHUR is shown as a function of age

in the neighborhood of 4.6 AE. If a solid object condensed from
the solar nebula at 4.6 AE ago, it would have an initial
14384/144Nd ratio of 0.505829. Note the shift in 143Nd/144nd

for a change in choice of age.
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samples with an internal mineral isochron. If large planetary objects
took 10® years to form as suggested by Safronov [1969], Tera and
Wasserburg [1974], and Gancarz and Wasserburg [1977], then the initial
143Nd/144Nd could be 2.5 e-units higher than that from the early
condensates from the solar nebula. Although the initial state is not
well known, one may in principle pick any set of self-consistent initial
143Nd/144Nd, age and Sm/Nd ratio that plot on the CHUR curve as reference
values to describe the CHUR evolution curve instead of the present-day
values we are using. In absence of directly measured initial solar
values [i.e., TC’Igd(TC)]’ it is important to pick a set of reference
values which the solar system is believed to have passed through and
that is prior to plénetary differentiation processes. Model ages [cf.
Wasserburg and Papanastassiou, 1975] may be calculated relative to such

a chosen initial Nd value (INd(TC)) for the solar system

143 144 Nd
Nd 9, ( Nd/ Nd)MEAS = IQ (Tc)

Ty =3 In|1+ (3+2)
M A (147Sm/144Nd)MEAS

and should be compared to the corresponding initial time T on the CHUR
curve. The values may be picked as shown in Fig. 3.5 as T = 4.6 AE and
IcﬁTC) = 0.505829. Samples which have Tﬁd close to T, may represent
ancient materials with a simple history. If Tﬁd >> T or Tﬂd K Te,
then this demonstrates open system behavior at times less than 4.6 AE.
The model age Tﬁd is a strict upper limit to the last time of
disturbance of the system. As chemical fractionation for Sm relative

to Nd is often small for total rocks, the Tﬁd model ages are currently

of far less utility than corresponding model ages for the Rb-Sr system
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where large chemical fractionations are common.

Hamilton, O'Nions, Evensen, Bridgwater, and Allaart [1978] have
chosen an initial state using the initial Nd from ADOR and the age of
ADOR together with average Sm/Nd determined from REE-studies of
chondrites by Evensen et al. [1978] as a reference value for the CHUR
curve., This selection is inconsistent with the new CHUR curve presented

here due to the fact that the ADOR initial value does not plot on it.

3.1.5. Conclusions

From the data presented it is concluded that a self-consistent set
of average present-day values for chondritic meteorites are 143nq/144549 =
0.511836 and 147sm/144Nd = 0.1967. 143Nd/144Nd changes by 1 e-unit in
39 mey. in CHUR so the uncertainty in the initial time makes it difficult
at present to know the initial solar value for 143N4/144N4 precisely.
These values are not consistent with most previously published achondrite
data, but are consistent with achondrite data presented here and those
reported by Nyquist et al. [1979]. The presence of inter-laboratory
discrepancies in meteorite data is evident and may be due to errors in Sm

and Nd spike calibrations or to measurement of isotopic abundances.

3.2. THE BAY OF ISLANDS OPHIOLITE

Most geologists now agree upon an oceanic origin for the
ophiolites found in many mountain belts. Ophiolites are believed to be
pieces of oceanic crust and mantle emplaced on the continent during the
early stages of orogenesis resulting from plate collision. Studies of

thickness, structure, seismic wave velocities, and geochemistry of
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ophiolite suites indicate a close analogy between ophiolites and oceanic
crust and mantle formed at midocean ridges [for a review see Coleman,
1977]. Spreading plate margins occur also in small ocean basins and
these are of considerable importance as proposed origins of ophiolite
complexes [Dewey and Bird, 1971; Karson and Dewey, 1978]. A Nd and Sr
isotopic study of an early Paleozoic ophiolite, the Bay of Islands
Complex, has therefore been carried out in order to:

(1) characterize the source of magmas which formed this ophiolite,

(2) determine if these magmas were derived from a mantle

reservoir similar to that of MORB,

(3) determine the age by the internal Sm-Nd mineral isochron

method and establish whether or not a Sm—Nd whole rock isochron

exists for the complex.

3.2.1. Enrichment factors for Rb/Sr and Sm/Nd

For the interpretation of Nd and Sr isotopic data on MOR basalts
and ophiolites, it is of importance to have good estimates of £RD/ST and
£Sm/Nd in their sources. The average values for the oceanic crust may
presumably be taken as the average value for the present day MORB source.
The average of individual ophiolites may be taken as estimates for their
sources. This should be a good approximation as the harzburgite residue
left in the mantle after production of MOR tholeiite magmas contains
insignificant amounts of LIL elements [see Appendix 2]. Oceanic gabbros
and ophiolitic gabbros give an average £Rb/ST = -0,95+0.05 [Kay
et al., 1970; Spooner et al., 1977; this work, Table 3.3]. The average

value for unaltered normal MORB is fRP/ST = —0.8:0.1. The average Sr



74

concentration is about 100 ppm in both the upper (basalt and dolerite)
and the lower (gabbro) oceanic crust which as a final result gives an
average value for oceanic crust of £Rb/ST = —0.9+8'és. From the data in
Table 3.3 this f-value also seems to apply to the ;ay of Islands Complex.
The average of 30 normal MOR basalts gives £Sm/Nd = +0.12 and Nd = 6.5
ppm [Kay et al., 1970; O'Nions et al., 1977; Carlson et al., 1978] and
the average of 6 oceanic gabbros [Masuda and Jibiki, 1973; Kay et als,
1970] gives £Sm/Nd = 40,42 and Nd = 3.3 ppm. Similar estimates are
indicated from data on ophiolites [Montigny et al., 1973; Kay and
Senechal, 1976]. The average for the Bay of Islands Complex appears to
be £50/Nd ~ 40,2 from the data in Table 3.3 and the REE patterns of
Malpas [1978]. Assuming that the lower half of the oceanic crust is

made of gabbro this gives £Sm/Nd = 40,22 and (Sr/Nd) = 22 for the

average oceanic crust.

3.2.2. Age and initial Nd and Sr

Using the 147 gn-143Nd method on two unaltered gabbro samples
BMD-2A and BMD-7, an attempt has been made to determine the crystalliza-
tion age. The difficulty of obtaining precise dates on old terrestrial
mafic and ultramafic rocks is well known. Other methods (K-Ar, Rb-Sr,
U-Th-Pb) are much more susceptible to element redistribution subsequent
to the time of crystallization and in many cases give a metamorphic age
or intermediate ages of doubtful meaning rather than the time of
crystallization. Using these methods it is often necessary to use
minor phases and/or associated differentiated rocks whose relationship

to the mafic/ultramafic rocks is difficult to establish unequivocally.
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However, with the Sm-Nd method, it is possible to directly determine
the crystallization age of major mafic/ultramafic igneous rocks.
Sufficiently large differences in Sm/Nd ratios exist between plagioclase
and pyroxene, which are the most common phases in gabbroic rocks, such
that the Sm—Nd system can be used to obtain precise ages for most
gabbroic rocks.

The Sm—Nd data for BMD-2A and BMD-7 are given in Appendix 2.
The data for BMD-2A define an age of 508%6 m.y. and initial 143nd/144nd
of €yq = +7.9%¥0.1 but only show a relatively small range in
143y4/144Nd of ~ 6 e-units. The small uncertainty given by a York
[1966] fit is due to the fact that the three data points are centered on
the isochron to within O.l1 e-units. The total rock points have higher
concentration of Nd than both the pyroxene and plagioclase so it seems
unlikely that the line is a two component mixing line. To confirm this
age a second pyroxene gabbro was analyzed. The plagioclase and the
pyroxene show a much larger spread in 147sm/1%44Nd (0.099-0.31) than
that of BMD-2A. BMD-7 yield an age of 501*13 m.y. and an initial
eNg = 7.7%0.2. The large range of ~ 14 e-units permits this precise
age determination. The concordant Sm/Nd ages for the two pyroxene gabbros
strongly indicate that this is the time of crystallization. Insofar as
the mobility of Sm and Nd during metamorphism and weathering is negligible
and since the data were obtained on primary magmatic phases, these ages
are interpreted to be the crystallization age of the gabbro at the time
of its emplacement in the oceanic crust. A nominal age of 505 m.y. is
assigned to both samples. An internal isochron is used here, since

ages obtained by total rock isochrons depend on the assumption that all
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the rocks had the same initial isotopic composition and age. This would
not be expected to be a problem for minerals from a single total rock
sample. The internal isochron has the disadvantage that later
metamorphism is more likely to cause isotopic equilibration on the scale
of minerals than on the scale of total rocks. Therefore data from
several other total rock samples are compared with the internal isochron
(Fig. 3.6). One two-pyroxene gabbro plots off the isochron by ~ 1.1
e-units and must represent a distinctly different age or initial
value. The other samples plot on the mineral isochron. The harzburgite
BMD-18A is compatible with the mineral isochron, but the 14354/ 144Nd ratio
is much less precise as it was measured on 1 ng of Nd and no firm
conclusion can be drawn, other than that it is not grossly aberrant.

The initial eyg values for all samples are given for a
nominal age of 505 m.y. in Table 3.3. The initial e€ygq is in the range
from +7.2 to +8.3 for metagabbro, trondhjemite, and metadolerite samples.
The pillow basalt samplg has a 147sm/144Nd ratio which is very near to
chondritic so the initial value for this sample relative to the CHUR
evolution line can be established as eyg = +7.8%0.3, essentially
independent of its age. The orthopyroxenite layer (BMD-17) from the
harzburgite has a similar value of eyq = +7.6%*0.8. This indicates
that the harzburgite is cogenetic with the remaining part of the ophiolite
and supports the hypothesis that the harzburgite represents residual
mantle remaining from the partial melting which produced the rest of the
ophiolite. If it is assumed that BOI-62B has the same age, we obtain a

distinctly lower initial value of eygq = +6.7%0.4. The observed
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Table 3.3. Evolutionary parameters for Nd and Sr.2
Sample be/Sr €gr me/Nd end
I. Pillow lavas
BMD-24-TR -0.7625 +6.20.3 -0.0173 +7.8%0.3
II. Sheeted dikes
BMD-10-TR -0.6670 +15.4%0.4 +0.0321 +8.3£0.5
BMD-12A-TR -0.7971 +17.1%0.3 +0.0276 +8.3%0.5
I1I. Trondhjemite
BMD-14 -0.4892 +32.5%0.6 -0.0969 +7.2%0.5
IV. Gabbros
BMD-8 -0.8497 +23.0%0.4 +0.0682 +7.9%0.5
- - - +7.4%0.3
BMD-2A-TR -0.9817 -19.6x0.7 +0.3585 +7.9%0.6
BMD-2A-CPX -0.9677 -19.1*0.6 +0.4232 +7.9+0.3
BMD-2A-PLAG -0.9919 -19.3%0.3 -0.0729 +7.9%0.7
BOI-62B-TR-A -0.9634 -10.7%0.6 +0.3911 +6.7%0.4
= « - +6.7£0.4
BOI-62B-TR-B = - +0.3899 +6.9%0.5
BMD-7-CPX -0.7920 -16.7+0.4 +0.5641 +7.5%0.4
- - - +7.6%0.6
BMD-7-PLAG -0.9512 -16.8%0.3 -0.4960 +7.7%£0.5
- - - +7.7£0. 4
V. Harzburgite
BMD-17-TR +6.057 -0.9%0.6 -0.0517 +7.610.8
BMD-18A-TR +65.32 -171.6%16.0 -0.1371 +3.4%11.7

de-values calculated for an age of 505 m.y.
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inhomogeneity in initial Nd in this complex obviously makes precise age
determinations by whole-rock measurements difficult. Although field and
petrologic evidence may suggest that all the samples appear to be
differentiation products of the same magma, the data require that the
parent magma was isotopically inhomogeneous due to contamination or that
the complex is the result of multiple injection from mantle sources with
variable Nd isotopic composition.

The Rb-Sr data are also given in Appendix 2 and the eg,.—values
are given for a nominal age of 505 m.y. in Table 3.3. The data for the
gabbros, dolerites, and pillow—-basalts are shown in Fig. 3.7. They all
have very low 87Rb/86Sr ratios (< 0.02) and would not have changed their
873r/865r due to in situ decay of 8/Rb by any substantial amount. It is
clear that the different total rock samples show a wide scatter on the
Rb-Sr evolution diagram. Samples of minerals and total rock from the
fresh gabbro BMD-2A give measured 87Sr/86Sr ratios which are all the same
within error. The clinopyroxene has the highest 87Rb/863Sr ratio of
0.0027. The total evolﬁtion in 875r/86gr for this phase in 505 m.y. is
0.3 e-units, so an estimate of the age cannot be obtained from these
data. The initial 875r/80sr value is 0.70254%2 or eg, = -19.30.3.

For BMD-7 both clinopyroxene and plagioclase give the same initial
875r/865r ratios of 0.70272%2 or g, = -16.8+0.3. Since the

minerals would have different susceptibilities to Sr migration and have
the same €gy, this is good evidence that we are measuring the Sr isotope
composition of these rocks at the time of crystallization. The two-

pyroxene gabbro BOI-62B also has a very low 87Rb/86Sr ratio of ~ 0.003
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and gives an initial 87sr/86sr of 0.70315%4. This is higher than

that of BMD-2A and BMD-7, and since the sample shows only minor signs of
alteration we take this to indicate a significantly different initial Sr
value from the two other samples. The difference in 875r/86Sr cannot be
due to an age difference. It appears that the three pyroxene gabbros
show significant differences in initial Sr. BOI-62B also shows a
significantly different initial Nd from those of BMD-7 and BMD-2A.

Sr analyses were carried out also on samples of metagabbro,
trondhjemite, metadolerite, and pillow basalt which had obviously been
subject to hydrothermal metamorphism. These samples give a wide spread
in €gy from +6.2 to +32.5 which is very different from the tightly
clustered €yg data. Note that the egp—values in general show an
increase with the degree of metamorphism and alteration. This further
demonstrates the much larger mobility of Rb-Sr compared to Sm and Nd during
hydrothermal and metamorphic processes as has been evident from previous
studies. This is most likely due to the lower solubility of REE in aqueous
solutions and the differénce in diffusivity in the solid phases, as compared

to Rb-Sr.

3.2.3. Strontium isotope contamination

Isotopic studies of ocean—-floor basalts and of young ophiolites
have clearly demonstrated that 875r/86sr in altered samples generally
has been increased due to interaction with seawater [Dasch et al., 1973;
Hart et al., 1974; Spooner et al., 1977; McCulloch et al., 1980].

Rocks from the Bay of Islands Ophiolite have a range of 1.6

e-units in initial Nd while the initialeg, values show a range of
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Fig. 3.6. Sm-Nd evolution diagram showing the data for whole-rock
samples of pillow basalt, sheeted dikes, trondhjemite, gabbros,
and an orthopyroxenite layer in the harzburgite. The 508 m.y.
mineral isochron for BMD-2A is shown for reference. All the data
do not fit the isochron. Note that BOI-62B does not lie on the
mineral isochron and indicates a distinctive initial value. The
data point for the orthopyroxenite BMD-17 indicates that the
harzburgite is cogenetic with the upper mafic part of the

ophiolite.
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Fig. 3.7. Rb-Sr evolution diagram showing the mineral and total rock
data for samples from the Blow-Me-Down massif. Reference lines
with slopes corresponding to the Sm/Nd age are shown. Note the
wide range in initial 875r/86sr for different samples and the

implied range in initial strontium.
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52 e-units. The initial magmatic 87Sr/86Sr is in the range Bgy ™ =193
to =10.7 on fresh gabbro samples. Higher eg, values are associated
with hydrothermally metamorphosed samples. Since there is a general
increase in the €gp-value with the degree of alteration, these higher
values are attributed to contamination by seawater. The magnitude of
the €g, shifts is similar to that observed in the much younger Troodos
ophiolite [Spooner et al., 1977].

The amount of seawater needed for the observed e€g, shift may

be calculated. The volumetric water/rock ratio (=W/R) is given by

W €sr ~ €5y STp
R SW_ . Srgy
Sr

where B denotes the unaltered sample and SW denotes seawater. We use

sgr = -19.3 and €SW = 472 [estimated for Cambrian seawater; Veizer

Sr
and Compston, 1974], p = 3 g/cm3, and a Sr concentration of 7.9 ppm in
seawater [Holland, 1978]. This model assumes 100% efficiency in Sr
exchange and therefore gives a minimum water/rock ratio. The bulk sea-
water rock ratio for the metagabbro is thus at least ~ 130:1 and for
the pillow basalt at least ~ 23:1.

Using the above mentioned parameters for Sr and assuming that
Cambrian seawater has gy, = -5 and a concentration of Nd = 3 x 107° ppm,
the mixing curve between an uncontaminated rock (Nd = 8 ppm and Sr =
120 ppm) and seawater may be calculated. The shape of the mixing
curve depends on the parameter KR°W = (Sr/Nd)ROCK/(Sr/Nd)SEAWATER =

Sr/Nd
5.7 x 1070, The mixing line in the eyy-€g, diagram is horizontal
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almost until it reaches the seawater value for eg, (Fig. 3.9). The
water/rock ratios shown on the mixing line in Fig. 3.9 assume 100%
efficiency of exchange for Nd and Sr. 1In this case the eyg value cannot
change significantly before the water/rock ratio is ~ 10°.

Oxygen and Sr isotope data and FepO3/Fe0* ratios together with
other geological evidence strongly suggest that the pervasive hydrothermal
metamorphism observed in the pillow lavas and sheeted dikes of ophiolites
occurred in a subseafloor geothermal system at a spreading center
[Spooner et al., 1974; Spooner et al., 1977]. The Bay of Islands data
indicate that similar geothermal systems may have been active in Cambrian
ocean ridges. The upper oceanic crust (pillow lavas and sheeted dikes)
seem to have been a sink for Sr from seawater throughout the Phanerozoic.
This can result in recycling of continental Sr into the mantle in
subducted oceanic slabs. Nd and Sr isotopic studies of some young island
arc tholeiites and dacites [DePaolo and Wasserburg, 1977; Hawkesworth
et al., 1977] suggest that they may be derived from altered oceanic
crust since they plot t6 the right of the MORB field in an eyg— €gy
diagram as do altered oceanic basalts. The data presented here suggest
that this may be a characteristic of island arc rocks back to Cambrian

times if they were derived by melting subducted oceanic slabs.

3.2.4., Observed eyg—€g, and their correlation

A histogram of €yg for young oceanic and continental basalts
and for the Bay of Islands Complex is shown in Fig. 3.8. The initial
end values for the Bay of Islands samples are in the range from +6.7

to +8.3 and lie slightly lower than for typical present—day mid-ocean
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ridge tholeiites and are thus clearly distinct from continental flood
basalts (CFB). The Nd isotopic affinity with oceanic basalts can easily
be seen. Richard et al. [1978] have reported eNd(O) and eSr(O) values
for some young ophiolitic gabbros that also indicate their oceanic nature.
The Bay of Islands Ophiolite data are plotted on an eyg—€gr
correlation diagram to determine whether the regularities observed for
young oceanic samples also apply to old samples (Fig. 3.9). Previous
studies have shown that eyg and €gy correlate well, especially for ocean
ridge and oceanic island basalts. This regularity does not appear to be
valid for island arcs due to Sr contamination by seawater [DePaolo and
Wasserburg, 1976b, 1977; Hawkesworth et al., 1977]. Mid-ocean ridge
basalts have the highest eyg and lowest e€g, and a restricted range of
values. Ocean islands have somewhat lower €yg and higher €gy. The
correlation is also valid for selected continental basalts. The CFB have
€yg in the neighborhood of zero but tend to spread out to very high
egr—values and negative €yq resulting from crustal contamination
[DePaolo and Wasserburg; 1976b, 1979]. Fig. 3.9 shows the fields of
various types of young basaltic rocks. The data for the pyroxene gabbros
plot in the upper part of the oceanic island field and near the lower end
of the MORB field. The field of island arc tholeiites also includes
these data points. However, the structure and geochemistry of the Bay
of Islands Complex strongly suggest that it formed at a chemically
normal mid-ocean ridge. Total rock samples of pillow basalts, dolerites,
hornblende gabbros, and trondhjemites have high eg, values and plot

to the right of the island arc field due to submarine hydrothermal
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Figure 3.8. Histogram comparing initial eygq values from the Bay

of Islands Complex with values for young basalts. Data are from
DePaolo and Wasserburg [1976a,b, 1977], Richard et al. [1976],
O'Nions et al. [1977], Hawkesworth et al. [1977], and Carlson

et al. [1978]. The Bay of Islands Complex clearly has an oceanic
affinity. The average value (+7.8) is, however, somewhat smaller
than the average value of MORB (+10). This is most likely due

to differential evolution of the oceanic mantle relative to the

bulk earth over the past 0.5 AE.
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Figure 3.9. ¢€gg—€gr diagram showing the data for the Bay of Islands
samples. The cross represents average modern MOR tholeiites. The
line through this cross and eygq = €gp = O represents the main
correlation in young basaltic rocks (eyq = -0.37 egy) which is
called the Mantle Array. The fields of young MOR tholeiites, island
arc tholeiites, and ocean island basalts are shown. The €ygq and
€gy values of the unaltered pyroxene gabbros plot on the Mantle
Array and show that mantle sources of the early Paleozoic follow a
similar pattern to that found in present day mantle sources. The
large dispersion in €g, and an almost constant €yg is due to
interaction with Cambrian seawater. A mixing curve between seawater
and the inferred composition of uncontaminated samples is given
with the tick marks giving the volumetric water (W/R) to rock ratio

and show that W/R > lO5 before exd values are affected.
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metamorphism. This behavior of Bay of Islands samples with shifts to

the right is similar to that found for altered ocean floor basalts

[0'Nions et al., 1977, 1978a]. It is concluded from the data presented
here that the primary magmatic €yg and €g, for the Bay of Islands

Complex lie on the correlation line for young volcanic rocks and exhibit
clear oceanic affinity. It follows that the mantle sources of early
Paleozoic oceanic rocks follow a similar pattern to that found in young
oceanic rocks. However, typical eygq and €g, values for young normal

ridge segments are +10 and -27 respectively (Fig. 3.8 and 3.9). Therefore,
end values for the Bay of Islands Complex are displaced down along

the correlation line by ~ 2 to 3 e-units from typical present—day MORB.

It is concluded from the data that the average initial Nd value for the Bay
of Islands is eyg = +7.8 and for average initial Sr it is assumed that

€gr = —=19.3 as for BMD-2A since this value makes it plot on the

correlation line. A shift towards lower €ygq values and higher €g,

values is expected for old oceanic samples since £Sm/Nd > 0 and fRDB/ST ¢ @
for the MORB source. However, in order to predict where the MORB field

in Fige. 3.9 should be for old samples, it is necessary to utilize specific
models of mantle evolution.

This 0.5 AE old ophiolite has characteristic oceanic eyg-values
which have been preserved both for altered and unaltered samples. This
shows that the Nd isotopic signature may be used as a method to trace
remnants of obducted oceanic crust in the Appalachian-Caledonian
mountain chain in places where later tectonism and metamorphism have

destroyed other geologic evidence.
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3.2.5. Conclusions

The time of crystallization of the Bay of Islands Complex has been
determined as 508%*6 m.y. and 501%*13 m.y. by two Sm-Nd mineral isochrons
on the pyroxene gabbros from the Blow-Me-Down massif. This time refers
to the time of crystallization as a part of the Iapetus oceanic crust.

The oceanic nature of the complex was previously demonstrated by
its structure and petrology. The LIL element patterns (see Appendix 2,
pp. 203-205) and isotopic data presented here are clearly in agreement
with this interpretation. The origin of many early Paleozoic greenstone
sequences, gabbros, and ultramafics is uncertain due to the fact that
later metamorphism and tectonism have obliterated evidence for their
oceanic or continental nature. It appears that the distinctive eyg
values of oceanic crust may now be used to identify ancient obducted
oceanic lithosphere.

A small range in initial Nd of eyg = +6.7 to +8.3 is observed
for different rocks within the complex including an orthopyroxenite
layer from the harzburgife, whereas the initial Sr on the same samples
show a large range of €g, from -19 to +33. The observed change in
eng from +7.8 to +10 for the oceanic mantle over the last 0.5 AE is
quantitatively expectable for a simple single stage model of mantle
evolution. The large range observed in e-values cannot be explained by
mantle evolution. The wide range in €g, with an almost constant €yg
is due to major interaction with seawater and thus shows that the early
Paleozoic ocean floors were also important sinks for radiogenic

crustal Sr.



93

3.3. THE OSLO RIFT

Radiogenic isotope studies have in the past few years
contributed much to our understanding of the origin of continental
alkaline rocks that typically occur in continental rifts [for a review
see Powell and Bell, 1974]. Commonly mixing relationships or pseudo-
isochrons are observed. The main problem is to decide whether the
isotopic variations are due to (a) long term mantle heterogeneity, or
(b) recent mantle-crust mixing. If (a) is the case, then we may perhaps
be able to date mantle events, or in case (b) we may in favorable cases
calculate the amount of crustal versus mantle material that is involved.
Recent developments in Nd-Sr systematics may provide a powerful tool for
looking into these problems.

This chapter presents further work in this direction in that it
attempts to characterize magma sources of continental rifts utilizing
data from the Permian Oslo Rift. The Oslo Rift was chosen for this study
because of its great variety of well-exposed unaltered volcanic and
plutonic rocks, and becéuse it is one of the best-studied continental
rifts. The Oslo Rift was in Permian time the site of extensive magmatic
activity in the interior of a continent resulting in a wide variety of
volcanic and plutonic rocks. The less differentiated rocks are
petrologically similar to those of oceanic islands; however, the dominance
of intermediate and felsic rocks in this rift is a clear difference
from alkaline rocks in oceanic islands.

A likely source for most of the magmatic rocks in the rift is a

body of dense material extending along the entire length of the Oslo Rift
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at the base of the crust [Ramberg, 1976]. While the major part of this
lower crustal body may be gabbro, the block probably also includes
significant amounts of ultramafic rocks. The presence of a large
gabbroic magma chamber would probably also cause significant melting of
the lower crust. Ramberg has interpreted this deep crustal magma chamber
to be due to the rapid development and rise of a hot asthenospheric
diapir and discharge of basaltic material into the base of a gradually
thinned crust.

Measurements of initial 143Nd/14%4Nd and 875r/86sr on volcanic
and plutonic rocks from the Permian Oslo Rift are reported to evaluate
models of magma genesis in this continental riftzone. In addition, data
on the Paleozoic shales in the Oslo rift and the local Precambrian basement
are reported in order to decide whether this could be the source for any of
the Oslo igneous rocks and to evaluate effects of crustal contamination
or mixing with anatectic melts.

Previous workers who have studied the variation of initial Sr
in the volcanic and plutonic rocks of the Oslo Rift [Heier and Compston,
1969b; Sundvoll, 1977] have concluded that these can be explained without
postulating any contamination by country rock, and that an observed
increase in initial Sr in the more differentiated products can be
accounted for by an increase in Rb/Sr ratio with time in a fractionating
magma chamber. They further conclude that the magma source is restricted

to the upper mantle or the lower crust.
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3.3.1 Geology and samples

The Permian Oslo Rift is a mildly alkaline sodic province where
alkaline silica-undersaturated rocks and peralkaline silicic rocks are
found in close association with subalkaline granites and undersaturated
alkaline and peralkaline rocks. The relative areal distribution of the
most important rock types in the province can be seen from Fig. 3.10 and
is given by Barth [1945]. Unlike younger rift provinces, in the Oslo
Rift most of these rock types are found as a plutonic series (~72%).
Recent reviews of the existing geological, geochemical, and geophysical
data on the Oslo Rift may be found in Dons and Larsen [1978].

Below the lava series there is up to 100 m of sedimentary rocks
with Early Permian fossils and they unconformably overlie lower
Palaeozoic folded sediments. The igneous rocks of the Oslo Rift have
been dated by the Rb/Sr whole-rock method [Heier and Compston, 1969b;
Jacobsen and Raade, 1975]. A detailed Rb/Sr study is in progress by
Sundvoll and some preliminary reports have already been published
[Sundvoll, 1977, 1978] and his work establishes a minimum time span from
288 m.y. to 242 m.y. for the development of the Oslo igneous complex.
The lower Palaeozoic rocks again unconformably overlie the Precambrian
medium to high—-grade metamorphic terrain surrounding the Oslo Rift.

The age of the Precambrian gneisses are mainly ~1.5-1.6 AE [Jacobsen
and Heier, 1978]. To evaluate the effect of contamination with these
gneisses on the isotopic composition of the Oslo igneous rocks a
composite sample of quarzo-feldspathic gneisses have been made up from
the Precambrian basement east and south of the Oslo Rift.

The volcanic products of the rift (~28%) can broadly be
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Fig. 3.10. Geological sketch map of the Oslo Rift [Ramberg and Larsen,

1978]. Small circles show the localities of the analyzed samples.
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classified as basaltic (B ~25%), intermediate (rhomb porphyries
(Rp), ~60%), and felsic (trachytes (T) and alkali rhyolites (R),
~15%). Ramberg and Larsen [1978] divided the eruptions into three
phases: (1) initial basaltic (Bj) volcanism, (2) rhomb porphyry fissure
eruptions, and (3) central volcano and cauldron stage.

The volcanism in the Oslo Rift started with basaltic eruptions.
These basalts are the volumetrically most important basalts and have been
given the designation Bj. Chemically the Bj basalts change in composition
from south to north [Weigand, 1975; Segalstad, 1979; Ramberg and Larsen,
1978]. The Skien basalt series (> 2000 m thick) is a trap series of
basalts in the far south consisting of ankaramites (~87% normative
nepheline), nephelinites, and basanites. The By lavas are also found in
the Krokskogen and Vestfold lava plateaus in the central and southern
parts of the Oslo Rift, respectively. The Vestfold By basalt is ~130 m
thick with 10-15 flows of mildly undersaturated alkali olivine basalts
and ankaramites with ~2.5% normative Ne. At Krokskogen the Bj basalt
consists of a single aphyric flow of quartz tholeiite. From the By unit
we selected six samples: one ankaramite and one nephelinite from Skien,
two ankaramites from Vestfold, and two tholeiite samples from Krokskogen.
The two tholeiite samples are separated by ~20 km in the field. The
difference in major element chemistry between these three groups of
basaltic rocks is clearly shown in an Naj0 + K0 versus Si0) diagram
(Fig. 3.11).

Above Bj there are at least 26 rhomb porphyry units (Rp1-Rp2g)
alternating with occasional basaltic and felsic lavas. They are often

up to 100 m or more thick, quite extensive, and commonly composed of a
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Fig. 3.11. (Naj0 +K90) - SiOp diagram for the Oslo Rift By basalts
[after Weigand, 1975]. Hawaii dividing line after MacDonald
and Katsura [1964]. Additional data for the Skien basalts may

be found in Segalstad [1979].
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smaller number of individual flows. The units can be distinguished
mainly by the amount, shape, and size of phenocrysts (anorthoclase-
plagioclase). The rhomb porphyries are of broadly trachyandesitic to
latitic composition and appear to define a unique rock group on a
worldwide scale occurring in the Oslo Rift, East Africa, and Antarctica
(Ross Island) [Ramberg, 1976]. Chemically they are very homogeneous,
both in major and trace elements [Ramberg and Larsen, 1978]. Two
rhombporphyry samples from the Krokskogen lava plateau have been selected:
one sample from the lowest unit (Rpy) and one from about the middle of the
series (Rpy1)e

The Vestfold and Krokskogen lava plateaus and the Skien basalt
area represent mainly the stratigraphically lower part of the volcanic
sequence whereas the cauldrons indicated on Fig. 3.10 include higher
parts of the volcanic series. The cauldrons contain predominantly
basalts (B3), presumably representing the central volcanic stage, and
felsic volcanics (trachytes and alkali rhyolites), representing the
subsidence and caldera ﬁilling stage. A sample from the trachyte unit
T; in Vestfold has been selected. This unit wedges out to the south
and is thickest in the north, close to the Hillestad cauldron. Oftedahl
and Petersen [1978] conclude that it flowed out of the Hillestad volcano
before or during the caldera formation.

The plutonic rocks are found in three batholithic complexes
and a large number of subvolcanic necks (Oslo—essexites). The
subvolcanic necks make up only ~ 0.3% of surface area of plutonic rocks
but contain rocks of generally ultramafic and alkali- and tholeiitic-

gabbro composition. The emplacement of two major composite batholiths
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consisting of monzonitic, syenitic, and granitic rocks has partly
obliterated many of the earlier features of the volcanic series. The
northern batholith (the Nordmarka-Hurdalen batholith) is largely syenitic,
whereas the southern Larvik-Skrim batholith is dominantly monzonitic.
Rocks of monzonitic composition (kjels8sites, larvikites) make up ~ 37%
of the plutonic series. Barth [1945] suggested that the more evolved
plutonic rocks are related to the kjels8sites and larvikites through
fractional crystallization of feldspar + clinopyroxene * amphibole to
form the principal rock series: kjels8site + larvikite + nordmarkite
(28%) + ekerite (16%) with larvikite + lardalite (1.3%) as a subordinate
branch. One sample from each of the three major rock types in the southern
Larvik—-Skrim batholith have been selected.

The two composite batholiths are completely separated from the
Finnemarka-Drammen batholith, which consists nearly entirely of biotite
granite, by Cambro-Silurian sediments and underlying Precambrian gneisses.
The biotite granites make up about 17% of the plutonic rocks and they
are not supposed to be related to the other magmatic rocks. One sample
from the Drammen granite which is the largest biotite granite in the

Oslo Rift has been selected.

3.3.2. Mixing equations

A major problem in the interpretation of variations in initial
Sr, Pb, and Nd data has been to decide whether the variations are due to
long-term heterogeneities in the mantle sources or recent mixing of crustal
and mantle material. Measurements of young basaltic rocks from oceanic
and continental regions have shown that €yq and €g, are strongly

correlated for samples with €g, < +10 [DePaolo and Wasserburg, 1976b;
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0'Nions et al., 1977]. This correlation (called the Mantle Array)
appears to be characteristic of mantle reservoirs and may provide a
reference line against which effects due to crust-mantle mixing processes
can be evaluated and separated from the variations due to longterm mantle
heterogeneity (Fig. 3.12). The shape of a data array caused by recent
mixing depends on the 144x5q/865r ratios of the end members. If we mix

two reservoirs A and B in various proportions then the mixing curve is

given by
€ € Sgp = BB
Nd Nd A-B Sr Sr
e = Ksr/Nd . (3.4)
€nd ~ eNd €sr T fsr
where
(865r/144Nd)A (Sr/Nd) 4
KA-B = = (3.5)
Sr/Nd (sesr/144Nd)B (Sr/Nd) g

and the subscripts refer to the values of the endmembers [DePaolo and
Wasserburg, 1979b]. The mass fraction of A (Xp,) in the mixture may be
calculated from
A (144 144 - B
XA eNd( NdA/ NdB) + (1 XA) ENd

eNd = (3.6)
144yq /144 -
X, (F7%Nd,/***Ndp) + (1 - X))

where X, = MA/MA,+ Mg and My,Mp are the masses of A and B in the mixture,
respectively. Similarly for Sr we have that
A (86 86 - B
X, egp (O0Sr,/®Psry) + (1 - X,) egy

“sr T 86<. /86 Sy
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Fig. 3.12. The figure shows a hypothetical example where a magma is
derived from the mantle with eyq and €g,. on the Mantle
Array, and then contaminated with typical continental crustal
material which is expected to have negative eyg and positive
€gy while the majority of basaltic magmas are expected to
have positive eyq and negative €g,. Mixing lines for different
values of Kgr/ng, the ratio of Sr/Nd in the endmembers, are shown

and the equation used to calculate these mixing lines.
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3.3.3. Results

Trace element and Nd and Sr isotopic data are given in Tables
3.4 and 3.5. The initial eyq and €g, values are given in Table 3.6.
Trace element concentrations and e€-values for possible contaminants
are given in Table 3.7. The initial eyq values on thirteen Oslo Rift
samples are compared with those of various types of modern basalts in
Fig. 3.13. All samples have initial eyg lying in the relatively
narrow range from -1 to +4. These values are distinct from the bulk of
the MOR basalts, ocean island basalts, and island arc rocks, but overlap
with the bulk of continental flood basalts and fill in the gap between
ocean island basalts and continental flood basalts. The Oslo Rift is a
mildly alkaline province with sodic alkaline rocks. The eygq values
are very different from those of potassic alkaline rocks (Fig. 3.13).
From the eyg data we conclude that the source materials of these rocks
must have time integrated REE-patterns that range from approximately
chondritic to slightly LREE-depleted. The strong LREE-enrichment observed
in these alkaline rocks'by Neumann et al. [1977] must therefore result
from fractionation during magmatic processes in Permian time or enrichment
events in the mantle that occurred shortly prior to the time of magma
genesis. It is clear from the eyg data that none of the rocks could
have formed by anatexis of either upper or lower continental crustal
materials as the average crust surrounding the rift had egygq = -10 in
Permian time. This includes felsic rocks as syenite, trachyte, biotite

granite, and peralkaline granite.

3.3.4., Basaltic rocks

The data obtained for the initial Bj volcanism is shown in a
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Table 3.5. Rb-Sr and Sm<Nd isotopic results

Samplea 87Rb/868rb 87Sr/86Src 147Sm/144Ndd 143Nd/144Nde
0B-62-TR 0.0786 0.70358+3 0.0963 0.511723422
§-36-77-TR 0.0523 0.7032943 0.0970 0.511725%22
0B-99-77-TR  0.1733 0.70496+2 0.1106 0.511851+23
0B-101-TR 0.0175 0.7057147 0.0995 0.511813%15
OB-78-TR 0.114 0.70591+3 0.1363 0.511691+19
OB-8B-TR 0.0922 0.7057244 0.1395 0.511688+£16
K-1714-TR 0.255 0.7047243 0.0929 0.511799+16
K-1516-TR 0.518 0.706554 0.1077 0.511778+18
0T-1-TR 2.37 0.71630% 0.1119 0.511638+16
OML-3-TR 0.423 0.7055245 0.0955 0.511843%16
OSN-1-TR 12.4 0.75338+15 0.0987 0.511792%18
OSN-1-CPX 3.069 0.72048%5 = =
OGE-1-TR 37.6 © 0.8493245 0.1389 0.511887+18
OGE-1-AM 5.75 0.7285145 = =
OGD-1-TR 8.72 0.73883+4 0.1010 0.511671+18

OGD-1-PLAG 0.463 0.70730+3 = =

4TR = total rock, CPX - clinopyroxene, AM = amphibole, PLAG = plagioclase.

bUncertainty +1.0%. CNormalized to 86Sr/883r = 0.1194, errors are 2¢
mean. dUncertainty +0.57%. ®Normalized to 150Nd/lasz = 0.2096 for
unspiked runs or 146Nd/l42Nd = 0.636151 for spiked runs, errors are

20 mean.
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Table 3.7. Trace element and isotopic values in possible contaminants

Sample Rb(ppm) Sr(ppm) Nd(ppm) Sm(ppm) aNda eSra
I. Paleozoic shales
1d - Cambrian shale 18 44 32 5.4 -10 +500
4Co - Ordovician shale 231 145 18 3.2 -10 +180
8ab - Silurian shale 131 237 29 5«2 -10 +140
II1. Precambrian basement gneisses
UC - Upper crustP 41 160 34 6.4 -10  +160
LC - Lower crustP 16 160 34 6.4 -10 +60

8e¢-values for an age of 280 m.y.
bThe values are based on the measurement of a composite sample of

quartzo-feldspathic gneisses and the data of Jacobsen and Heier [1978].
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Fig. 3.13. Histogram of initial eyq values for the igneous rocks in
the Oslo rift compared with histograms of eyg values for
young basalt samples and inferred REE pattern of their parental
reservoirs. Also shown is the €yg value measured today of a
composite sample of the Precambrian basement in the 0Oslo Rift
(eyg(0) = -12). Data on continental flood basalts (CFB),
oceanic island basalts, mid-ocean ridge basalts (MORB), island
arcs (ARCS) and continental potassic alkaline rocks from DePaolo
and Wasserburg [1976a,b, 1977], O'Nions et al. [1977], Richard

et al. [1976], and Carter et al. [1978].
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ENd—Esr diagram (Fige. 3.14). Two samples from the Skien basalt
series of ankaramites, nephelinites, and basanites that represent the
earliest volcanism in the rift have eyg = +1.5 and €g ~ -15. They plot
far to the left of the eyg—€g, correlation line. One explanation for
this may be interaction with old lower crustal materials as low-Si0) magmas
seem to have a very strong tendency to interact with the quartz-bearing
crustal rocks [Turi and Taylor, 1976]. However, this would require an
extremely Rb-depleted lower crust with an unusually low Sr/Nd ratio.
Further, the bulk composition of the melanite-nephelinite (S-36-77) is
similar to that of melillitite magmas [Segalstad, 1979] and it seems
unlikely that it is contaminated significantly with continental crustal
material. Alternatively these rocks may be derived from some special
mantle reservoir. Menzies and Murthy [1979] have shown that kaersutite
megacrysts also plot far to the left of the mantle array and they suggest
these megacrysts may be derived from special metosomatized mantle source
regions. Thus these strongly undersaturated magmas may be derived from
a metozomatized mantle.

Two ankaramite samples from the subsequent alkali-olivine basalt
volcanism further north (Vestfold) have eyg = +3 and €gy ~ +5 to +20.
These represent the most primitive Bj basalts since they have the highest
mg values and Ni concentrations. This was followed by tholeiitic volcanism
in the northern part of the rift (Krokskogen) and two samples give eyg =
-0.7 and €g, ~ +18. They thus plot on a trend typical for some conti-
nental tholeiitic flood basalts [DePaolo and Wasserburg, 1977]. This
trend extrapolates back to the correlation line at eyg = 0 and egp = O
and thus indicates a chondritic source with respect to the REE elements.

This trend has been interpreted by DePaolo and Wasserburg [1977] to be due
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Figure 3.14. eng—€gy diagram for the initial basaltic

volcanism (By) in the Oslo Rift. The Mantle Array [DePaolo and

Wasserburg, 1976b, O'Nions et al., 1977] is also shown.
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to contamination of tholeiitic magmas to varying degree at shallow
levels in the crust.

The Bj samples show a relatively small range in eyg from -0.7 to
+3.5. The €g, values on the same samples show a much larger range from
-15 to +33. The data plot on both sides of the eyg-€g, correlation
line and show no immediate relation to ite. Although we have only two
eNd—€sr data points for each of the groups of By basalts shown in
Fig. 3.12, the data plotted in an eyg—€g, diagram (Fig. 3.14) suggest
that each of these groups are derived from distinct source reservoirs or

mixtures of source reservoirse.

3.3.5. Intermediate and felsic rocks

The intermediate magmas in the rift can be derived by fractional
crystallization from alkali-basalts as the Vestfold ankaramites at pressures
between about 7 and 10 kb, that is in the lower part of the crust [Neumann,
1979]. This is supported by the end values which for both groups of
samples lie in the range from +3 to +4; however, intermediate magmas have
€gy ® =7 to -5 while the‘Vestfold alkali basalts show a range from +1
to +21 (Table 3.6). The felsic rocks have somewhat lower gygq (+3 to -1)
and higher e€gy (0 to +33) than the intermediate rocks. They all plot to the
right of the Mantle Array and this suggests that small amounts of crustal
contamination may be important in the genesis of these rocks. The composi-
tion of the local Precambrian basement in Permian time was eyg =~ —10
and €g, = +160. The paloeozoic shales also had eyg * —10 in Permian
time but they had highly variable eg, from +140 to +500. Variable
contamination with these contaminants could probably in part account for

the great variety of differentiation trends observed from major and
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Fig. 3.15. ENd~€gr diagram for the intermediate and felsic
volcanic and plutonic rocks. The figure also shows the Bj

basalts and the Mantle Array.
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trace element studies of these rocks [Neumann, 1976, 1978]. 1If crustal
contamination is the reason for the variability in the Sr and Nd isotopic
composition for the intermediate and felsic rocks, then the uncontaminated
parent magmas must have had eyq > +4 and egp < -10. To show the

effects of contamination we have chosen a composition that plots on the
Mantle Array for a hypothetical uncontaminated magma. The positions of
various contaminants are shown in an eyg—€g, diagram (Fig. 3.16).

Mixing curves calculated from equations 3.4 to 3.7 between the
hypothetical uncontaminated magma and the shale 1d are shown. The lower
mixing curve represents mixing between larvikite and the 1d (KSr/Nd = 7.3)
and the upper mixing curve represents mixing between ekerite and 1d
(Kgr/Ng ® 0.44). Similar mixing curves may be calculated with the other
contaminants and will shift the €gy-value of the contaminant. As shown
in Fige. 3.16 the field of the intermediate and felsic rocks may be ex—
plained as mixtures between differentiation products of an uncontaminated
magma with eyg = +4.4, €gp = —12, and variable amounts of the

contaminants shown.

3.3.6. Discussion

The large variability in eyg and €g, values presented here show
that current magma models for this rift zone are oversimplifications. It
appears that the intermediate rocks in the Oslo Rift must have been derived
from a mantle source with eyq > +4. The depleted oceanic mantle would be
expected to have egyg = +8.8 in Permian time. Thus the most voluminous
magmas in the rift must in part have been derived from a depleted mantle
source. The reason that we never see a value of gygq = +8 could be due

to the fact that the source represents a mixture of a deep mantle plume
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Fig. 3.16. Mixing curves calculated using data from Table 3.7 for
possible contaminating crustal rocks (LC, UC, 1d, 8ab, 4Ca).
Tick marks give weight percentage of the crustal rock in the
mixture. The field of the intermediate felsic rocks is indicated
in the diagram. Black squares represent estimates of average
lower crust (LC) and average upper crust (UC) based on data from
the local Precambrian basement (Table 3.7). The solid line
represents the Mantle Array. The average compositions of
MORB (mid-ocean ridge basalts), OIB (ocean island basalts), and
CFB (continental flood basalts) are also shown. The lower mixing
curve represents mixing between larvikite and the Cambrian shale
1d (Kgy/Ng ® 7+3). The upper mixing curve represents mixing between
ekerite and 1d (Kgp/Ng ® 0.44). Similar mixing curves may be
calculated with the other contaminant but are omitted from the
figure for clarity. The uncontaminated magma is assumed to plot
on the mantle array and have eygq = +4.4 and e€g,. = -12. As
shown the field of the intermediate and felsic rocks may be
explained as mixtures between differentiation products of such a

magma and variable amounts of the contaminants shown.
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(eng = 0) and the upper depleted mantle (eyq = +8.8) as in
the model of Wasserburg and DePaolo [1979] or due to large amounts of
crustal contamination even in the intermediate magmas. Crustal con-
tamination appears to have the largest effect on the €g, and eyg
values in the most differentiated rocks. The possibility that much of
the variation in the isotopic parameters is due to crustal contamination
makes it difficult to put detailed constraints on the mantle sources of
these rocks. However, the data suggest that three different sources
should be considered: (1) one that is the source of alkali-olivine basalts
and intermediate to felsic rocks that represents a mixture of depleted
and undepleted mantle, (2) one that is the source of nephelinites and
ankaramites of the Skien area that may represent metasomatized depleted
mantle (a large fraction of depleted mantle must be involved since the
rocks have e€gy = =15 to -12), (3) one that is the source of the
tholeiitic basalts which must be derived from essentially undepleted
mantle. Essentially all rocks in this rift show strong LREE-enrichment
(£Sm/Nd = —0,5), 1t is clear, however, that none of the samples could
be derived from a mantlé with an ancient LREE enrichment. Carter et al.
[1979] have shown that many of the basalts erupted during the opening of
the North Atlantic ~ 60 m.y. ago have €y4,€gy values similar
to those of the depleted oceanic mantle. They claimed that there was no
evidence for undepleted sources under the continent at that time. In
contrast, the Oslo Rift appears to show evidence for both depleted and
undepleted sources underneath the North Atlantic continent in Permian
time. A major problem in studies like this is to sort out effects from
crustal contamination from those due to variations or mixing in the

mantle source regions.
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3.4. LOFOTEN-VESTERALEN

The purpose of this study is to discuss constraints on the time
of crust formation in Lofoten-Vester&len, Norway, and parent—daughter
fractionation of SmNd, Rb-Sr, and U-Pb during the subsequent granulite
facies metamorphism. This region exposes an unusually deep section
through the continental crust. Taylor [1975] proposed that some of the
oldest terrestrial rocks occur in this area. The geologically oldest
rocks in Lofoten-Vester8len are migmatitic granulite and amphibolite
facies gneisses of generally intermediate composition [Griffin, Taylor,
Hakkinen, Heier, Iden, Krogh, Malm, Olsen, Ormaasen, and Tveten, 1978].
The migmatite complex occur over large areas of the islands of Langdy,
Hinndy, and Moskenesdy. The migmatites are interpreted by Griffin
et al. [1978] as having formed by in situ partial melting of volcanic
rocks, accompanied by folding and boudinage, but without significant
injection of any juvenile igneous component. Heier [1964] and Heier and
Adams [1965] demonstrated for the first time that granulite facies rocks
from this area are usually depleted in Rb and U.

A Rb-Sr whole-rock study by Heier and Compston [1969a]
demonstrated a complex thermal history with events at ~ 2.8 AE and
~ 1.8 AE. Green, Brunfelt, and Heier [1969, 1972] showed that adjacent
amphibolite facies gneisses have REE distribution patterns similar to
the granulite facies gneisses, and Heier and Thoresen [1971] in a more
extensive study of both major and trace elements in these rocks
demonstrated that the granulite facies rocks have been depleted in Rb,
U, and Th relative to the amphibolite facies rocks. Taylor [1975]

reported a Pb-Pb two-stage model whole rock "isochron” age of 3.41%0.07
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AE and a Rb-Sr whole-rock "isochron" of 2.25%f0.15 AE with a high
initial 87sr/86sr of 0.7126 for the migmatites at Vikan on the island
of Langdy. He interpreted the inferred Pb-Pb age as the time of
migmatite formation and the Rb-Sr age as the time of a granulite facies
metamorphism resulting in Rb-depletion and argued that the U-Pb system
was not disturbed during granulite facies metamorphism. From previous
studies [Heier and Compston, 1969a; Griffin et al., 1978] it seems firmly
established that a period of granulite facies metamorphism took place
~ 1.8 AE ago and that the granulite facies assemblages were superimposed

on rocks that had already been migmatized.

3.4.1. Present results

The Sm—-Nd data are shown in Fig. 3.17. It is clear from
Fig. 3.17 that all the data do not define an isochron. All the Langdy
(granulite facies) and Hinndy (amphibolite facies) data, excluding GS-5,
define a good linear array in the Sm—-Nd isochron diagram. GS-5 is a
petrographically untypical sample from Vikan (see Appendix 1). These
five samples represent méjor lithologic units on Langdy and Hinndy
and have a rather small range of 1479y /144Nd ratios from ~ 0.07 to 0.09.
Therefore a best fit slope gives a rather imprecise age of 2.60*0.36 AE
and an initial ratio Iyg = 0.50847%20 that is within error of the
CHUR evolution line.

As shown in Table 3.8 these five samples have very consistent
ngUR model ages of 2.5-2.6 AE with a mean model age of 2.58 AE. Since
this is true for both amphibolite and granulite facies samples that

represent major lithologies in the area, it follows that Sm-Nd did not

fractionate during the much-later granulite facies metmorphism. If we
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Fig. 3.17. Sm-Nd systematics of Lofoten-Vester@len migmatites
compared to a ngUR = 2.6 AE reference isochron. Samples that
were fractionated from a chondritic reservoir at this time should
be within error of this line. Deviations from the reference
isochron are clearly significant. For the Hinndy data the errors
are of the same size as the symbol used. The five samples that
plot close to the 2.6 reference isochron all represent major
lithologies on Langdy and Hinndy. The Langdy sample that plots
distinctly off from this reference isochron indicates that younger
lithic components also occur in these rocks. The Moseknesdy

migmatites give ng = 1.97£0.04 AE appear to be distinctly
UR

younger than the Langdy and Hinndy migmatites.
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look at the TSr model ages in Table 3.8 it is clear that none of the
R
TST model ages for the granulite facies samples agree with their TNd

UR CHUR
model ages. Two granulite samples give geologically impossible ages.
For the two amphibolite facies samples there is, however, a relatively
good agreement between the TNd and TST model ages. This demonstrates

CHUR UR

that the Rb-Sr total rock system was seriously disturbed during the much
later granulite facies metamorphism. The mean ngUR model age of 2.58 AE
is considered to provide the best estimate for the original time of
formation of the protoliths of the Langdy and Hinndy migmatites.

The sample TL-39 from Moskenesdy appears to be distinctly
younger as it gives T™Nd = 1,97%0.04 AE. This sample has a TST

CHUR UR

model age of 2.89%0.08 AE. However, the low measured 875r/86sr ratio
of 0.70674 makes this particularly sensitive to the assumptions involved
in calculating the model age. The sample plots within error of a Rb-Sr
total rock isochron giving T = 1.78%0.03 AE and Ig, = 0.703743
reported by Heier and Compston [1969a] for the Lofoten granulites. This
isochron included samples of the Moskenespy granulites. It has been
suggested that the Moskenesdy granulites are as old as the Langdy
and Hinndy migmatites but that they have been updated during the 1.8 AE
event by essentially complete removal of radiogenic Sr [Heier and
Compston, 196%9a; Griffin et al., 1978; Griffin and Heier, 1969]. The
distinctly younger TNd  model age indicates, however, that the protoliths

of the Moskenesdy migmatites are distinctly younger and not related to

the Langdy and Hinndy migmatites.

3.4.2. Discussion of previous results

Taylor [1975] obtained a fairly good linear array of data points
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in a Rb-Sr evolution diagram for the migmatites at Vikan; some
scatter about the best-fit line, however, suggests a disturbed Rb-Sr
system. Three additional analyses from the same locality are
presented in Table 3.8. Two of these plot far from Taylor's Rb-Sr
"isochron."” Further, all the data from Vikan in Table 3.8 and Taylor's
data plot to the left of a Tgé = 2.6 AE reference isochron which suggests
Rb—depletion significantly later than the time of formation of the protoliths
of the migmatites. This is still true for reference isochrons with any
other reasonable choice of 875r/86sr in the mantle at this time. There-
fore the high initial Sr values indicated are due to Rb loss rather than
remelting of older crust. This means that for all samples which have a
higher Rb/Sr ratio than that of UR we get TS; > 2.6 AE. Taylor excluded
three data points from the Pb-Pb two-stage model "isochron" regression
analysis and even then the analytical errors had to be expanded by a
factor of seven for all the data to be within error of the best fit line.
Thus the Pb-Pb and Rb-Sr data by Taylor [1975] and our Rb-Sr data for the
migmatites at Vikan display significant scatter and neither age nor
initial Sr or Pb isotopic ratios can be precisely determined from these
data.

Although there is no evidence for Rb or U depletion in the
amphibolite-facies migmatites, previously published Rb-Sr data [Heier
and Compston, 1969a; Griffin et al., 1978] imply that the Rb-Sr whole
rock systems have been significantly disturbed but still indicate an age
of ~ 2.5 AE. The two amphibolite facies samples in Table 3.8 gives TEE

model ages of 2.48 and 2.56 AE that are very close to their nguiges

of 2.59 AE and 2.61 AE. A Pb-Pb two-stage model total rock isochron for



130
the amphibolite facies migmatites also give a similar result of
2.69%0.07 AE [Griffin et al., 1978].

The major Sm/Nd fractionation most likely occurs during the
formation of the protoliths of the migmatites. However, large fraction-
ations of Rb/Sr and U/Pb are expected both during the formation of the
protoliths of the migmatites and during the subsequent migmatization.
The fact that all three decay systems give similar ages for the amphibolite
facies migmatites implies that the timespan between these two events
must have been short, on the order of less than 0.1-0.2 AE. Therefore,
this stage can for practical purposes be ignored in the following model

calculations.

3.4.3. U/Pb and Rb/Sr fractionation during granulite facies metamorphism

Taylor interpreted the linear Pb isotope array for the Vikan
migmatites to give an age of 3.41 AE with a u of 11.2 in the stage prior
to this time and argued that the U-Pb system had essentially been left
undisturbed from that time up to the present. For such a model his
Pb-Pb data require p's of 5 to 8 in the last stage for most of the
samples and a total range of 3 to 12.

The average measured p—values of the granulite facies rocks
in this area calculated from the U-Pb data of Heier and Thoresen [1971]
is 2.0. Such low measured u-values are also typical of other granulite
facies terrains [Gray and Oversby, 1972; Moorbath et al., 1969]. This
shows that if Taylor's samples were at all representative of this rock
complex it is not possible to explain the large range in measured
206pp/204ph and 207ppb/204pph values in terms of his model. This interpre-

tation is therefore rejected. Instead the TE&UR model age obtained
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from the Sm—-Nd data is used and it will be shown that the Pb and Sr
isotope data can then be well explained in terms of a model, with the
time of formation of these crustal rocks at Ty = 2.6 AE and the time of
granulite facies metamorphism at Ty = 1.8 AE.
A pj value for time interval from Ty to Ty (stage 1) can then be
calculated and a uy value for the time interval Ty to O (stage 2) from

the following equation (a = 206pp/204ph and g = 207pp/204pp).

AT AT AT
o = op(T) +ugle ¥ —e M+ e M-1) (3.8)
u1 A'T AT U A'T
By = By(Ty,) + (e *-e W4 (e M-1) (3.9)
137.8 137.8

where the subscript m denotes the ratio measured in the rock today. The
uq values calculated from Taylor's Pb data are in the range from 2 to

38 with an average of ~ 13. The highest values are found in the granitic
rocks. Most of the calculated uj values are in the range from 1 to 4,
the total range is from 0.4 to 14 and the average is 3.0. The U/Pb
fractionation factor at Ty is then given by Fy/pp = up/u; and we
calculate an average Fy/pp ~ 0.25, which compares well with the average
ug/up of ~ 0.33 (G = granulite facies, A = amphibolite facies)
calculated from the U-Pb data of Heier and Thoresen [1971] for these
migmatites. The very low p—-values of the granulite facies gneisses
today, indicated both by these calculations and the U-Pb data of Heier
and Thoresen [1971], imply that their Pb isotope composition has changed
much less since 1.8 AE than in the time interval from 2.6 to 1.8 AE when

the p-values averaged ~ 13. Thus the isochron that was produced in the
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time interval from 2.6 to 1.8 AE has generally been preserved and has
only been slightly shifted to the right in a a—B diagram. This inter—
pretation of the Pb data is shown in Fig. 3.18. The dashed line in this
figure is the T = 3.41 AE two-stage model Pb-Pb isochron of Taylor.
Similarly, we can calculate an average Rb/Sr fractionation
factor Fpp/gr = (Rb/St)9/(Rb/Sr)] at Ty of ~ 0.46 from the equation
AT AT
(87Sr/86Sr)m = ISr(TX) + (87Rb/86Sr)1(e Rb x _ o Rb M)
UR (3.10)

AT
+ (IgB/%98r) (e B0 ¥ ~ 1)

where (87Rb/86Sr)2 is the ratio measured today. We may compare the
Rb-depletion indicated by the model calculations with that indicated
by concentration data on the granulite facies relative to the amphibolite
facies migmatites. From the concentration data of Heier and Thoresen,
we obtain (K/Rb),/(K/Rb)g ~ 0.47. It thus appears that both concentration
data and isotopic data are well explained by assuming a bulk loss of U
and Rb from the granulite facies gneisses. If this model is approximately
correct, then the isotoﬁic data require this loss to have occurred at
~ 1.8 AE. This is one of the rather rare cases where granulite facies
metamorphism postdates rock formation by as much as 0.8 AE.

Note also that the average Fy/pp and Fpp/gr calculated
from the isotopic data discussed above vary systematically with the

mineralogy or major element composition of the gneisses at Vikan:

Fy/pb FRb/St
Granitic granulites 0.15 07
Granodioritic-Tonalitic granulites 0.4 0.25

Dioritic granulites 0.5 0.15
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Fig. 3.18. Lead isotopic data on total rocks from Vikan [Taylor, 1975].
The parameters for the growth curve shown are given in the text.
The Sm—-Nd data indicate that the protoliths of the Vikan migmatites
formed 2.6 AE ago. Note that none of the total rock leads are
less radiogenic than expected for this age. Two reference isochrons
are shown. If the protoliths formed at 2.6 AE with initial lead
on the growth curve and lost all their U during the granulite
facies metamorphism at T = 1.8 AE then all the total rocks should
plot on the line labeled T = 2.6-1.8 AE. If they instead evolved
from 2.6 to present without any disturbance of the U-Pb system,
they should all plot on the line labeled T = 2.6-0 AE. Most of
the samples plot in the wedge between these two reference lines.
This is expected if they were depleted in U relative to Pb at T =
1.8 AE. Only two points plot to the right of this line and this
requires that U was enriched relative to Pb at T = 1.8 AE for
these samples in terms of an episodic model. The three least
radiogenic samples plot on the T = 2.6-0 reference line giving
further evidence that 2.6 AE is the time of formation of the
protoliths. The dashed line shows Taylor's [1975] two-stage model
Pb-Pb "isochron" that gives T = 3.41 AE and requires a very

high p-value of 11.2 in the stage from 4.45 AE to 3.41 AE.
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This most likely reflects the difference in mineralogic changes with

major element composition for the amphibolite-granulite transition.

3.4.4. Conclusions

The results strongly suggest that total rock Rb—-Sr and Pb-Pb
data have to be interpreted with great care for granulite facies gneisses.
Complex Rb-Sr and U-Pb systematics displayed by granulite facies gneisses
may, however, be resolved by ages obtained with independent methods and
can be used to trace U/Pb and Rb/Sr fractionation during high—grade
metamorphism. For migmatite complexes TESUR model ages appear to provide
the best time constraints for the formation of the protoliths as the
dominating REE-fractionation will be associated with this event rather
than with subsequent metamorphic events. For the Vester&len amphibolite
facies migmatites Sm-Nd, Rb-Sr, and Pb-Pb give model ages of ~ 2.6 AE.
However, for the granulite facies migmatites only the Sm—Nd system gives
this age while the Rb-Sr and U-Pb total rock systems do not provide any
precise age information. If a granulite facies metamorphism occurred
long after the time of crust formation, then in general we may expect
TSr > TNd , except in more basic rocks where the measured Rb/Sr ratio
UR CHUR
may be lower than that of UR.

It is concluded that the interpretation presented by Taylor [1975]
for a very ancient crustal component in the Archean terrane of
Vesterflen is not valid. Instead this terrane appears to be part of
the worldwide crustal forming event at 2.6 AE. The possibility that
very ancient crustal segments may really be present in other areas of

the Fennoscandian Shield must remain the subject of future investigations.

The approach used in this work suggests that Sm—Nd model ages
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as well as total rock isochrons may be very valuable in identifying
time equivalent lithic units in complex metamorphic terranes. The
coordinated use of different isotopic systems which have different
susceptibilities to metamorphism gives a much deeper insight into both

the times and mechanisms of chemical fractionation.

3.5, THE NORWEGIAN GARNET PERIDOTITES

Nd isotopic data suggest that the continental crust has been
mainly derived by partial melting of undepleted mantle through time.

The mass transfer from a deep-seated undepleted reservoir may occur
through rising diapirs as discussed in Chapter 2.2. At shallow levels
in the mantle the diapirs may intersect the solidus and be partially
melted and the melt partly separated. The separated melt is added to
the continental crust and the depleted residue is added to the depleted
upper mantle. However, a minor amount of the residual fraction of these
diapirs may be welded onto the base of the continental crust or occasionally
(during collisions) overthrust. The peridotite massifs observed in
orogenic belts are candidates for this residual material. These massifs
consist mainly of lherzolite, harzburgite, and dunite, but also contain
"magmatic” layers that may represent high pressure cumulates.

New Nd and Sr isotopic data on the oldest known terrestrial
garnet peridotite massifs that occur in Norway are presented here.
Eclogite facies assemblages of two types occur within the "Basal Gneiss
Complex” of southern Norway [Eskola, 1921], namely eclogites associated
with peridotite bodies, and eclogites directly enclosed in amphibolite
to high pressure granulite facies gneisses (often termed "country rock”

eclogites). Rb-Sr whole-rock isochron studies and U-Pb on zircons
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[Pidgeon and R8heim, 1972; Lappin et al., 1979] give ages of the
country rocks of 1.5-1.7 AE. K-Ar and Rb-Sr mineral analyses generally
give consistent ages around 0.4 AE [Brueckner, 1972]. The distribution
of eclogitic rocks is shown in Fig. 3.19.

Eclogite facies assemblages of the first type comprise rare
lenses (up to ~ 100 meters) of garnet lherzolite, garnet wehrlite,
garnet websterite, and rarely bimineralic eclogite within garnet free
peridotite or dunite bodies. These ultramafic rocks are unusually fresh
and only minor serpentinization occurs. There are three large (1-4 km)
masses of dunite-peridotite at Otrédy, Tafjord, and Almklovdalen and one
small at Sandvik that contain layers and lenses of garnet periodotite
and garnet pyroxenite. It has been argued [Carswell 1968a, 1968b] that
such assemblages were probably developed in the upper mantle prior to
the tectonic emplacement of these peridotite bodies into their present
position. Clinopyroxenes from these garnet—-peridotites have been reported
to have some of the lowest 875r/806Sr ratios ever measured on terrestrial
rocks ~ 0.7010 to 0.7029 .[Brueckner, 1974].

Clinopyroxene and garnet from a garnet-websterite layer of the
Almklovdalen peridotite give a 1.12% spread in 14354/144Nd (Table 3.9)
and this yields an age of 1477%7 m.y. and an initial 143Nq/144N4 =
0.509879%17 (initial eygq = -0.9%0.2). The peridotite massif is
emplaced into country rocks of 1.5-1.7 AE age that were later metamorphosed
under eclogite facies conditions. The mineral isochron of the garnet
websterite most likely date the eclogite facies metamorphism. Garnet
lherzolites have £S®/Nd in the range from +0.2 to +0.4 and have clearly

been depleted in LREE. However, the initial eyq value of ~ 0 suggests
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Fig. 3.19. Simplified geologic map of the Basal Gneiss Complex of
southwestern Norway showing distribution of ultramafic rocks

(circle) and country rock eclogites (x's) [Brueckner, 1977].
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that this LREE depletion occurred simultaneously with the main crust
forming event in this area. The measured 875r/86sr on the garnet
websterite is very primitive (0.7017). The initial eg, value is -15
which suggests that a Rb depletion occurred at least 2.4 AE ago in
this peridotite massif. Brueckner [1974] reported a measured 87sr/86sr =
0.7011 on clinopyroxene from a garnet wherlite of the same locality.
The more precise data obtained here on the same clinopyroxene mineral
separate (Ah-6) give 875r/865r = 0.701980%38 and do not confirm the
extremely low value of Brueckner [1974]. The Nd and Sr isotope data
suggest that the peridotites massif may represent residual material that

has been involved in several stages of continental crust formation.
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CHAPTER 4. BOUNDARY CONDITIONS FOR THE MODELS

The parameters involved for both models described in chapter 2 are
the initial and final concentrations and isotopic compositions for each
reservoir j, the solid/melt distribution coefficients, and the mass of
reservoir j as a function of time. All these parameters need not be
specified and in the following the parameters believed to be the best
known will be used to make estimates of others.

The total mass of the mantle and the crust is 403.4 x 1022 grams.
In both models the depleted mantle is taken to include the basaltic part
of the oceanic crust since it is derived from the depleted mantle and is
subducted back to the depleted mantle at short time scale (< 0.2 AE). The
total mass of the continental crust (2.256 x 1027 grams) is taken as the
total amount of continental materials including Layer 1 of the oceanic
crust which is considered to be mainly sediments derived from weathering

of continental crust.

4.1, BULK EARTH VALUES

The bulk earth (reservoir 1) values used for the Rb-Sr, Sm-Nd, and
U-Th-Pb systems are given in Table 4.l. The values for Sm-Nd are those
for average chondrites presented in chapter 3. The new bulk earth values
for U-Th-Pb in Table 4.1 were derived from the data in Table 4.2. Model
calculations for Rb-Sr and SmNd systems are insensitive to the choice of
age of the earth in the neighborhood of 4.5 AE. A value of 4.55 AE which
is the age of the oldest meteorites is used here. Pb isotope models are,
however, very sensitive to the choice of age of the earth because of the

short half-life of 235u. The age of the earth determined from the single
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Table 4.2. Average Pb isotope values for various reservoirs in the earth

206pt 207py 208p1,

o = B: 'Y=
204pp 204pp 204py
Continental crust@ 18.86 15.62 38.83
Depleted mantleP 18.12 15.46 37.66
Bulk earth® 18.55 15,55 38.34

8Doe and Zartman [1979]. These are their average values for a present-
day orogene. They are very similar to the average values for oceanic
sediments, manganese nodules, California metamorphics, and continental
sediments (Mesozoic/Cenozoic) given by Stacey and Kramers [1975].
bAverage value for mid-ocean ridge tholeiites [Stacey and Kramers, 1975].
CBulk earth values are the intersections of the geochrons with the tielines
between the continental crust and the depleted mantle. The age of the

earth is assumed to be 4.43 AE.
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stage Pb growth curve is 4.43 AE [Doe and Stacey, 1974] which is ~ 0.1 AE
younger than the age of the oldest meteorites. The only detailed study
of initial Pb on early archean rocks give 4.47*0.05 AE for the age of
the earth and confirm this value [Gancarz and Wasserburg, 1977]. This
young model age of the earth will be used here and could be due to either
core formation at this time or late accretion of the earth.

The silicate portion of the earth is assumed to be initially
chemically homogeneous and the core is assumed to have insignificant
amounts of the lithophile elements considered here. The concentrations
of these elements in the silicate portion of the earth are thus 1.48
times their concentrations in the total earth. It is known that the
earth is depleted in volatile elements relative to chondrites [Gast,
1960]. However, the ratios of refractory elements in the earth appear
to be equal to those in chondrites both from isotopic studies [DePaolo
and Wasserburg, 1976a] and chemical studies [Sun and Nesbitt, 1977]. It
has been concluded elsewhere that the concentrations of the refractory
lithophile elements Ca, Al, U, Th, Ba, Sr, and REE in the mantle are
about 2.0*0.5 those in ordinary chondrites [Frey and Green, 1974;

Loubet et al., 1975; Sun and Nesbitt, 1977]. A value two times ordinary
chondrites will thus be used for the refractory lithophile elements in
the crust plus mantle. Estimates for the Rb and K concentrations in the
silicate portion of the earth can then be estimated from the bulk earth
Rb/Sr ratio of 0.029 [DePaolo and Wasserburg, 1976b] and the bulk earth
K/U ratio. Previous estimates of the K/U ratio of the earth [Heier and
Rogers, 1963; Wasserburg et al., 1964] were based mainly on upper crustal

rocks and are very close to 104, This is most likely a lower limit since
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Table 4.3. Concentrations of trace elements

Bulk earth Continental
(crust + mantle) crust
(ppm) (ppm)
K > 260 15000
Rb 0.63 33
Sr 22 370
Ba 7.6 500
Sm 0.406 5
Nd 1.26 26
U 0.026 0:7
Th 0.0982 2.8
204pp 0.002382 0.093b

For sources of K, Rb, Sr, Sm, Nd, and U data
see Appendix 3.

8Based on U = 0.026 ppm and the bulk earth
values in Table 3.

braylor [1977].
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lower crustal granulites have (K/U) > 10* [Lambert and Heier, 1968b].
Estimates of the concentrations of K, U, Ba, Rb, Sr, Sm, and Nd in the

crust plus mantle are given in Table 4.3.

4.2, THE CONTINENTAL CRUST

Estimates of the € and f-values are given in Table 4.4. The
e-values for 206pp/204py  207p1,/204ph, and 208ph/204ph are denoted
€q> €g and ey respectively. In general the continental crust is
chemically exceedingly heterogeneous. Most of the € and f values show a
large range and good average values are difficult to obtain. A notable
exception may be the £5m/Nd yalue of -0.4%0.1 for the continental
crust. As discussed in Table 4.2 average crustal values for Pb isotopes
also appear to be relatively well defined.

Extensive work has established that the upper crustal composition
is close to that of grandiorite [Poldervaart, 1955; Shaw et al., 1967;
Eade and Fahrig, 1971]. It is well known from the heatflow data that the
upper crustal concentrations of K, U, and Th cannot extend to a depth of
more than 10-15 km, so tﬁat the lower crust must be depleted in these
elements [Heier, 1965, 1973]. This has led to the hypothesis that the
lower crust is made up of dry granulite facies rocks and related igneous
rocks since they show the necessary depletions in U and Th [Heier, 1965]
and they also show Rb depletions and generally low Rb/Sr ratios [Heier,
1964]. Extensive geochemical studies of granulite facies rocks with
particular emphasis on the distribution of heat producing elements have
been carried out in Australia and Norway [Heier and Adams, 1965; Lambert
and Heier, 1967, 1968a,b; Heier and Thoresen, 1971]. Lambert and Heier

[1968b] used estimates of the heat producing elements in upper and lower
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crustal materials together with constraints from heatflow to calculate
concentration profiles of K, U, and Th through the continental crust.
They estimated total crust concentrations of K = 1.5 wt % and U = 0.7 ppm
for Precambrian shields. A set of average concentrations in the
continental crust for the elements of interest here is given in Table 4.3.
Since the average composition of the continental crust may be somewhat
differentiated relative to primary mantle derived basalts, it is likely
that large amounts of ultramafic cumulates from primary melts are
retained in the mantle. Thus the D-values in the equations in chapter 2
are not necessarily equilibrium distribution coefficients. They may
rather be effective distribution coefficients between the final melt

added to the crust and the residue and cumulates retained in the mantle.

4.3. THE DEPLETED MANTLE

In contrast to the continental crust the isotopic composition of
normal mid-ocean ridge basalts appear to be rather uniform and well-
defined average values have been obtained (Table 4.4). Note also that
fRb/ST = —0,9 and is cloée to its limit of -1. Therefore the strongest
constraint on any model must come from the Rb-Sr data on the depleted
mantle. No attempts have been made to estimate the f-values directly
for U-Th-Pb or the concentrations of the elements of interest in the

depleted mantle. These parameters will be calculated in the next chapter.
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Table 4.4. Ranges of parameters based on directly observed values

Depleted Depleted
Continental crust mantle mantle
(today) (today) (0.5 AE ago)
£Rb/ST +1 to +10 -0.9%0.1 -0.9
_0005
Egy +60 to +250 -27%5 -19.3
£5m/Nd -0.4%0.1 +0.22%0.08 ~ 40.2
—0 007
ENd =10 to -25 +10%2 +7.8
Bq +167 -230 =
88 +45 -58 -
€y +128 =177 -

The values for Rb-Sr and Sm—-Nd are the estimates given in
Appendix 3, where the estimates for the depleted mantle 0.5 AE
ago are based on data from the Bay of Islands Complex. The
e-values for the U-Th-Pb system are calculated from the data

in Table 4.2.
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CHAPTER 5. RESULTS OF MODEL CALCULATIONS

5.1. MODEL I

The parameters of this model will now be evaluated for Rb-Sr,
Sm-Nd, and U-Th-Pb by first only considering estimates from observed
e-values and f-values for Sm—Nd and Rb-Sr (Table 4.4) using equation
(2.26). These parameters are more directly known than the concentrations
in the various reservoirs. The enrichment factor for Rb-Sr in the depleted
mantle is estimated to be fRP/ST = —g,9 and the mean eg,. value is ~27
These values give a reliable estimate of the mean age of the depleted
mantle today (£ = 1.8 AE) which must also be the mean age of the
continental crust. If the rate of production of crust was constant over
4.5 AE, then t = T /2 = 2.3 AE. As t is much less than 2.3 AE this
shows that if Model I is valid, the rate of crustal and mantle formation
was much greater in the time subsequent to 1.8 AE as compared to the
rate between 1.8 AE and 4.55 AE. It is of interest to note that for a
uniform rate of crustal formation, we calculate T, = 3.6 AE the age of
the oldest known terrestfial rocks. This model suggests a low initial
rate of crustal formation. A self-consistent set of the remaining f and
€ values for Rb-Sr and Sm—-Nd may then be estimated using this mean age
of 1.8 AE as discussed in detail in Appendix 3.

Assuming that the Bay of Islands data are a proper representation
of the MORB source of 0.5 AE ago (Table 4.4), we may calculate the various
model parameters at that time. For Rb-Sr using f%b/sr = -0.9 from
Table 5.1 and the observed €Sr,2 = -19.3, we obtain t = 1.3 AE at
0.5 AE ago. Similarly for Sm—Nd using the observed €Nd,2 T +7.8 and

the parameters in Table 5.1 we get € = 1.4 AE. Equation (2.27) gives
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the variation of the mean age with time. Since dE/dT =

1 - £(dloM/dt) < 1, it follows that T (today) - £ (0.5 AE ago)

< 0.5. For Rb/Sr this difference is 0.5 implying dM/dt = O for the

last 500 m.y. For Sm/Nd this difference is 0.4 implying (d1lmM/dt) =
0.11 AE"L for the last 500 m.y. which is half of the average growth rate
of the crust [(1/T,) = 0.22 AET1]. However, if the mean age measured
0.5 AE ago was 1.5 AE instead of 1.3 or 1.4 AE, then (dM/dt) for the
last 0.5 AE would be equal to the average growth rate of the crust. Thus
the value for (dM/dt) during the last 0.5 AE is very sensitive to

small differences in the mean ages. No firm conclusion can be drawn but
the data suggest that the average growth rate of the continents and the
rate of differentiation of the mantle for the last 0.5 AE is much less
than the average value over the history of the earth.

The concentrations of Rb, Sr, Nd, and Sm and the masses of the
various reservoirs will now be estimated. The concentrations used for
the undepleted mantle and the crust are those from Table 4.3, except for
the Rb concentration in the crust which will be calculated in the
following. These parameters are given in Table 5.1. Mass and species
conservation leads to the following equation that relates the masses of
reservoirs 2 and 3 to the f-values of 2 and 3 and the concentrations of

the stable isotope in 1 and 3.

My (T) £5/8(x) ¢4 1(1)

= (5.1)
My(T) + My(1)  [£]/8(n) - £3/8(0)] ¢, 5(0)

This equation holds for any model as long as reservoirs 2-and 3

are derived from the reference reservoir l. For Model I the left-hand
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side of equation (5.1) must be equal to the degree of melting
F = M3(1)/[Mp(1)+M3(1)]. The degree of melting must be the same
for all species so (5.1) gives us a relation between the f-values for
the Rb/Sr and the Sm/Nd system. From the values of fgm/Nd, fgm/Nd,
CNd,l’ and CNd,3 in Table 5.1, it follows that F = 0.0174. The mass of
the total continental crust is 2.256 x 1023 gram which implies that the
mass of the depleted mantle today is 127 x 1025 gram. This corresponds
to approximately the upper 650 km of the mantle or ~ 1/3 of the mass of
the mantle. As noted previously the values of f%b/sr and CRb,3 are not
well known. We therefore use equation (5.1), the values of f%b/sr,
Csr,1, and Cgr o from Table 5.1, and F = 0.0174 as estimated above to
calculate f§b/Sr = 2,18 and CRb,3 = 33.7. This gives sSr,B(O) =
+65.5 if T = 1.8 AE.

The constraints F = 0.0174 and T = 1.8 AE obtained from the
Rb-Sr and Sm—Nd data will now be used for the U-Th-Pb system. The decay
constants are sufficiently large, however, so the integral Ij(T)
(equation 2.24) does not have the same value as T. The simplest model
is to assume a uniform growth of the crust over the past 3.6 AE. We
then get values of 2.19 AE, 8.62 AE, and 1.91 AE for I(1) for 206py,
207pp, and 208pb, respectively. These values are used with (2.24).
Using €42 = -230 (Table 4.4) then gives gU/Pb = _0,134, This value of
fU/Pb then implies 86’2 = =50 which is in good agreement with the
measured average value of -58 (Table 4.4), Using €y,2 = =177 gives
£Th/Pb = —0,199. A complete set of selfconsistent parameters can now be

obtained using F = 0.0174 following the same principles as outlined

above. The results are given in Table 5.1. Using the bulk earth
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Table 5.1. Self-consistent sets of parameters for the models

Depleted mantle (2) Continental crust (3)

Model I Model I1 Model I Model II
Rb 0.044 0.041 33.7 29.4
Sr 15.8 14.5 370 370
£Rb/ ST -0.9 -0.9 +2.18 +1.78
Egy -27 -27 +65.5 +53.4
Sm 0.32 0.29 5.0 5.0
Nd 0.82 0.74 26 26
£5m/Nd +0.225 +0.281 -0.4 -0.4
eNd +10 +10 -17.8 -14.3
U 0.00964 - 0.949 -
Th 0.0336 - 3.73 -
204py, 0.00102 - 0.0792 -
£U/Pb -0.134 - +0.0975 -
£Th/Pb ~0.199 - +0.145 -
By -230 - +167 -
eg -50 - +36 -
ey -177 - +129 -
ty,3(AE) 1.8 1.5 1.8 1.5

M;(grams) 127.4x10%%  110.5x1025 2.256x102%  2.256x1023
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concentration of 204Pb from Table 4.3 crustal concentrations of U,Th
and 204py (Table 5.1) are obtained that are in reasonable agreement with
the observed average values given in Table 4.3.

The possibility that undifferentiated material is being mixed with
the depleted mantle by the mechanism described by equations (2.29) to (2.33)
will now be considered. In this case BF = M3(T)/(M2(T)+M3(T)).
From the value of f%b/sr = -0.9 from Table 5.1 we get from (2.35) that
B > 0.9, This means that the amount of undifferentiated material that
may be mixed with the depleted mantle is less than 10%. Considering only
the surface area covered by continents and oceans today, we would expect
B = 0.42 using the surface areas given by Ronov and Yaroshevskiy [1976].
This suggests that if Model I is valid there must be some mechanism for
efficient addition to continents of melt fractions from undifferentiated
material that differentiates beneath oceans.

As discussed in chapter 2 the case with B < 1 is analogous to
refluxing of crust to depleted mantle in a generalized version of
Model I. This shows that only 10% of the total amount of material added

to the crust may have been subducted back to the depleted mantle.

5.2. MODEL II

We now evaluate the present-day parameters for this model. As
for Model I we again start out with the most reliable values given in
Table 4.4. Substituting ESr,Z = =27 and f%b/sr = -0.9 into equation
(2.63) gives ERb/Sr = 1.8 AE. As discussed in detail in Appendix 3
for this model we get M3(T,)/Mp(0) = 0.020%0.003 and this gives Mp(T,) =
110.5 x 1025 gram which is 28% of the mantle. Using this value in

equation (5.1) together with Cyd,1 = 1.26 ppm, Cyq,3 = 26 ppm, and
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£§7/8d = -0.4 gives £57/Nd = 40,281 and thus agy yy = ~0.248. From
equation (2.63) it now follows that ESm/Nd = 1l.44 AE which together with
f§m/Nd = =-0.4 gives eNd,3 = -14.3. Similarly using equation (5.1)
for Rb-Sr with £§P/5T = -0.9, [M3(T )/M,(0)] = 0.02, Cgr,1 = 22 ppm, and
CSr,3 = 370 ppm, we get f§b/Sr = +1.78, CRb,3 = 29.4 ppm, and since
ERb/Sr = 1.8 AE it also follows that €gr,3 = 538

A selfconsistent set of f and e-values for Model II is now
determined and is given in Table 5.1. From the values fg/s and fg/s
for Sm/Nd and Rb/Sr together with [M3(T,)/Mp(0)] = 0.02 we can by using
(2.51) and (2.52) determine all the d-values. Since Dgp > 0 it follows
from the value calculated for dgy = 135.5 that F < 0.0076. Choosing
Drp = 0.0025 gives F = 0.005. From the calculated d-values listed in
Appendix 3 and the concentrations of the undepleted reservoir we may now
calculate the concentrations of these elements in the depleted reservoir.
The complete set of self-consistent parameters for Model II for Rb, Sr,
Sm, and Nd is given in Table 5.1l. The parameters for Rb imply that the
concentation of Rb in new additions to the crust has changed from 86 ppm
initially to 6 ppm today giving an average concentration today of ~ 30
ppm. This large change of Rb concentration in the crust over geologic
time does not appear supportable from the existing data. The magnitude
of this time dependence is not changed by any choice of parameters so
long as fRB/ST for the depleted mantle is close to its lower limit of -1.

Attention is now turned to what the data can tell us about the

time-evolution of the continental crust. The simplest growth model

]

would be (dM3/dt) = constant over the history of the earth. Using this

assumption we get ESm/Nd = EM,3 = -0.09 AE from equation (2.66) with
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T = 4.5 AE and Ogm/Nd = -0.248 so since ESm/Nd = 1.44 AE it follows

that EM,B ~ 1,5 AE. However, since EM,3 < ERb/Sr = 1.8 AE < (T /2)

this would require that the crust started to form late. The longest
time compatible with a uniform growth may be determined from equations
(2.71) and (2.72). For Rb-Sr we get 2.7 AE and for Sm—Nd we get 3.0 AE
for the longest time compatible with a constant growth rate of the crust
using the f and € values for reservoir 2 given in Table 4.4. These are
both unrealistically low values so we must conclude that a uniform
growth rate can hardly explain the data. Since the mean mass age of the
crust is substantially less than (Ty/2) = 2.3 AE for this model too, it
is clear that the dominant parts of the continents have formed late in

the earth's history.
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CHAPTER 6. DISCUSSION AND CONCLUSIONS

6.1. MANTLE-CRUST TRANSPORT MODELS

The basic transport equations for the unidirectional earth
differentiation models shown in Fig. 2.1 give simple results when solved
for arbitrary mass growth curves Mj(T) for the continental crust

(j = 3) and the depleted mantle (j = 2). The solution for Model I is:

Q% (1) £17°
ex (T) = dM (T)
y

T
dyi of Hj(E)exp[k('r—E)]dE

N_ (1)
where Q*(1) = IOéA _Eal and fF/s is the enrichment factor which is
d Ny 1(D) h|
b

constant for all time, The mean age 2; i of stable isotopes is equal
H

to the mean age of the mass of j; Zﬁ IT [Mﬁ(g)/h%(r)]d& . For
o

»J
: ; -1 T/s
longlived t X . * ., =Q% * =
onglived isotopes ( > 4.5 AE) Ed,J Qd fj Eﬁ’j and Qd. constant.
Knowledge of EE ., and fF/s at a single time fixes 2h .. The mean age
sJ J sJ

shows the relationship (df/dt) = 1 - Z(dlnMB/dT) so if M,(1) and f;/s are
Ea * are known.
known, then iM,j and Ed,j(T)
For Model II which has continuous fractionation in the source

reservoir, the concentrations are functions of time and we get

3,200 = oo T ££/5 (5 exp [A(1-0) lag

£2/° (x)
ed,3(™) = €§ (D f;ls(T)

M2<r)] (4,-4))

r/s
£, (0 = [MZ(O)
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]

£/% (0 X _[ M, (1) ](-ds)

fg/s('r) M, (0)

Define z;/s = ‘rT [f;/S(E)/f;/S(T)]dE,then for long-lived isotopes we
o
* = o% £I/8 Ed T ¢
have ed,j(T) Qd fj (1) tr/s where ir/s is the time required to
generate €* ., with the present wvalue of f?/s. Note that £ depends
d,j 5 r/s

on the parent-daughter system and is in general different from'zh 3"
9

The difference is given by

(4_ - d)

T
Tess ~ A M A H@ J MO M) - My(©)]a

for small [(dr - ds)/MZ(o)]' Decay systems with small (dr - ds) may be
used to estimate . These simple
Ty,3 =5

expressions may be used to calculate earth

models with great facility without requiring a computer calculation.

6.2. THE Nd EVOLUTION QURVE FOR THE EARTH

The old CHUR curve was shown to be a good representation of the
terrestrial values, although there are clear discrepancies. Consider
therefore the data on Archean rocks where the claim has been made that
most of the data fit the CHUR curve. All available Archean data are
shown in Fig. 6.1. The small shifts in the CHUR evolution curve reported
here do not alter the basic conclusions by other workers that the isotopic
composition of Nd in a variety of crustal rocks follows the evolution of
a reservoir with chondritic Sm/Nd. However, the more refined results

reported here make it evident that more stringent tests are needed. The
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Fig. 6.1, Fractional deviations in parts in 104 of initial
1435q/144Nd of Archean rocks, from evolution in the CHUR reservoir.
Data for Stillwater, Great Dyke, Louis Lake batholith, Preissac Lacorne
batholith, Fiskenaesset anorthosite, and Amitsoq gneiss from DePaolo
and Wasserburg [1976a,b, 1979]; Duffer dacite and Uivak gneiss from
McCulloch [1979]; Rhodesian Greenstones, Lewisian granulite and
amphibolite facies gneisses, Onweracht volcanics, and Isua volcanics,

from Hamilton et al. [1977, 1978, 1979a,b].



160

1INV
INOWV1 O
HO3L11vO O

SANOLSN3IIHO
NVIS3IAOHY 7

dALVMTIILS M

MYAIN Emmuqzmxm_uw H
C14344nd i

DO LY H%Eu«ém%zo B
<:m_% %

NVISIM3T

AQ 19

NV
SINO1

dIHSNMOL OYNNW -
dNHOOV JVSSI3dd N

Fig. 6.1

2+

b+

9+



161
data on the Lewisian rocks (2.9 AE) and the Isua volcanics (3.8 AE) now
plot ~2.5 e-units above the curve. These positive eygq values
indicate the presence of a depleted layer in the mantle throughout the
Archean. Such a layer may represent the early evolution of the source
of the present—day mid-ocean ridge basalts which today have eygq = +10.
This implies that the source of the Isua volcanics was residual mantle
material that was involved in crust-forming events at least 4.2 AE ago.
Most of the other data are still within error of the CHUR curve; however,
they are subject to rather large uncertainties. The only precise data
point is for the Stillwater [DePaolo and Wasserburg, 1979] which plots
distinctly below the curve. The apparent deviations from the CHUR curve
in this time region are rather large and comparable with the modern
variations considering the shortened time scale. For a detailed
understanding of the evolution of the Archean mantle, it will be necessary
to obtain much more precise initial values and ages for Archean samples
than are currently available.

Note that it is not possible to define the present-day 143Ng/144N4q
in chondrites uniquely due to variability of their Sm/Nd ratio. It is
possible that this is a sampling problem and that all planets formed with
exactly the same values. Alternatively, bulk planets could be fractionated
by 1 to 2% from the solar Sm/Nd ratio. It is well established that
end(0) = +10 for mid-ocean ridge basalts which clearly must sample a
depleted mantle (DM). The only major enriched reservoir in the earth is
the continental crust (CC) which has €yq =~ —18 and is complementary to
the depleted mantle. The bulk earth value has to be somewhere in between

these two values. A logical choice is eyg(0) = O for the bulk earth.
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Currently we would assign some special significance to young rocks that
cluster in the range between A and B on Fig. 6.2, namely that they are
derived from a chondritic undifferentiated reservoir. However, if

aNg(O) = +2 as shown schematically in Fig. 6.2, then undifferentiated
mantle materials would have this value and basalts with a value of

end(0) = 0 would then be assumed to represent mixtures of magmas

derived from depleted mantle and old continental crust. If many
terrestrial samples plotted precisely on a curve close or identical to

the CHUR curve back through time, then this would be strong evidence

that these rocks were derived through time from undifferentiated mantle
materials. As discussed previously at present the terrestrial data do

not precisely define a curve back through time. This makes it difficult
to decide whether the data are sufficient evidence for an undifferentiated
reservoir in the earth or whether the terrestrial data that roughly

follow the CHUR curve represent mixtures of depleted mantle and old
continental crust back through time. In the absence of a very well-defined
curve based on terrestrial samples the CHUR curve will be used as an
approximation to the bulk earth. For typical continental crustal rocks
with £5m/Nd -0.4, the new model parameters will only cause small changes

in the previously published TNd  model ages.
CHUR

6.3. THE MANTLE ARRAY

It is of special interest here to look in detail at the data base
for present—day MORB. Fig. 6.3 shows existing data for normal and
chemically anomalous MOR tholeiites. The data for anomalous MORB [0'Nions
et al., 1977; Richard et al., 1976] are mainly from the geochemical

transition zone south of the Azores and have trace element and isotopic
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Fig. 6.2. Hypothetical evolution of 14344/144Nd for the earth (8)
and CHUR. DM represents the average eNd(O) value for depleted
mantle as determined from mid-ocean ridge basalts, and CC the
average €yg(0) value for the continental crust. T is the time
of condensation and Tp the time of accretion. The figure shows
the hypothetical case where the bulk earth gets a 1l.77% higher
Sm/Nd ratio than that of CHUR during accretion. This results in
an e€yq(0) value of +2 for the bulk earth today. As discussed in
the text if this is the case then it may change our interpretation

of data that follows the CHUR curve.
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characteristics intermediate between the Azores platform and normal
ridge tholeiites [White and Shilling, 1978]. One sample [0'Nions et al.,
1977] is from the geochemical gradient observed along the Reykjanes
Ridge south of Iceland [Schilling, 1973; Sun et al., 1975]. The data
for normal MORB spread out along the Mantle Array as shown in Fig. 6.3
and the data cannot be explained as samples of different reservoirs
with different f values formed at one time since they do not follow the
steep part of any constant time curve. The diagram rather indicates
that the source of the normal MORB formed as residue after melting over
a time interval from ~ 2.3 AE to 1.5 AE ago with a relatively constant
degree of melting of F = 0.025 to 0.04 to form the continents. The MORB
may of course represent an arbitrary degree of melting which is not
directly related to the values of F given here. The average MORB
represented by the cross in Fig. 6.1 indicates that the mean value for
the time of differentiation is 1.9 AE for the MORB source today. The
anomalous MORB are displaced toward somewhat lower e-values along the
Mantle Array. Younger differentiation ages are thus indicated for the
source of anomalous MORB in the range from 1.7 to 1.0 AE ago. The oceanic
island magmas mainly cluster around €ygq = +6 but spread out along the
correlation line to €yg ~ 0 and this may indicate even younger
differentiation ages for their sources. It is concluded that while it
is possible to explain the MORB data alone by partial melting of a
reservoir formed in a unique event, it is not possible to explain the
anomalous MORB or the Mantle Array by such a single stage model. It is
possible that one may have a variety of depleted mantle reservoirs formed

at different times due to partial melting events with relatively constant
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Figure 6.3. €gg—€gy diagram showing data for young MOR tholeiites
and the 505 m.y. 0ld Bay of Islands pyroxene gabbros. Constant
time of differentiation curves for a single stage model are shown
for a range of ages from 1 to 2.5 AE and were calculated using
the partial melting model discussed in Appendix 2. Constant
degree of melting curves are also shown. Typical values for the
Bay of Islands source are inferred to be eyg = +7.8 and eg, =
-19.3 identical to the values for one of the pyroxene gabbros
(BMD-2A). This corresponds to F = 0.03 and a time of differentiation
of 1.35 AE prior to the time of crystallization which corresponds
to an isolation of the source 1.85 AE ago. The expected value for
the Bay of Islands source if sampled today is shown by the open
square and is close to the average value for modern MOR tholeiites

(cross).
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degree of melting. The set of all such reservoirs would if sampled today
plot on a line. One may thus get the Mantle Array by having layers of
different times of differentiation and with the degree of melting in the
range from ~ 0.02 to 0.04 as indicated in Fig. 6.3. Today this would
give the isotopic characteristics of basalts which lie on the correlation
line. Mixtures of such reservoirs formed at different times would then
also always lie on the correlation line. The simplest choice is to have
only two reservoirs and the samples with isotopic characteristics
intermediate between these two reservoirs would be blends of these two
sources. The simplest choice of endmembers is the endpoints of the
Mantle Array. Thus the source of normal MORB for the LIL depleted
endmember and the origin (CHUR,UR) as the undepleted endmember is chosen.
The age of the undepleted reservoir is 4.55 AE; while the age of the
depleted reservoir is probably on the order of 3.6 AE as discussed in
chapter 5 and its mean age is ~ 1.8 AE.

Interpretation of the Mantle Array as a mixing line is basically
in agreement with the interpretations by Schilling [1973], Sun et al.
[1975], and White and Schilling [1978] that anomalous MORB magmas are
derived by mantle plume mixing with a LIL depleted asthenosphere. It is
concluded that the Mantle Array may be most simply explained as a result
of mixing of the MORB source and an undifferentiated mantle source [DePaolo
and Wasserburg, 1976b; Hawkesworth et al., 1978; DePaolo and Wasserburg,
1979a; DePaolo, 1979]. This is not compatible with most of the Pb isotope
data array on oceanic islands [for a review, see Tatsumoto, 1978] since
this data array does not pass through the bulk earth values. Many of the

oceanic islands have 206pb/204ph ratios that are much more radiogenic
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than the bulk earth. Thus for lead an old enriched component of the
mantle also appears to be involved. This may be true also for Sr and
Nd, however the ratios of Sr/Nd and Sr/Pb in the various components
may be such that for Nd and Sr the mixture is dominated by contribution

from depleted and undepleted mantle.

6.4. MIXING IN THE DEPLETED MANTLE

The average £Sm/Nd yalye for the depleted mantle is +0.22 so
we should see a range of e€yq values from O to +20 for depleted mantle
formed over a timespan of 3.6 AE if no mixing occurred in the depleted
mantle. Instead the normal oceanic mantle shows a rather limited range
today from +8 to +12 implying relatively rapid mixing in the depleted
mantle. The average £Sm/Nd = 40,12 for the upper oceanic crust and is
+0.42 for the lower oceanic crust. If large blocks of the oceanic crust
made up of these different materials were preserved then heterogeneities
of ~ 4 eyg—units should develop on a timescale of 0.5 AE unless these
units get well mixed after being subducted back to the oceanic mantle.
As the total range in ENa today is ~ 4€ units and the Bay of Islands

£Sm/Nd a1ye for

Complex gives an €y value consistent with the mean
the MORB source, it is therefore inferred that rapid mixing must have
occurred in the oceanic mantle for at least the last 1.0 AE.

If mixing has been going on continuously in the depleted mantle,
then the degree of homogenieity in various radiogenic isotopes will depend
on the decay constants. Daughter products of long-lived isotopes should
all be homogenized to the same degree. However, variations in an isotope

as 207py produced from 235y would have been erased to a much larger

degree since these could only have been produced early in the earth's
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history. The fact that the oceanic lead isotope array [Tatsumoto,
1978] has a shallower slope than the bulk earth-MORB tieline in a

207pp/204pp-206py,/204ph, diagram may be due to this.

6.5, MANTLE AND CRUST DIFFERENTIATION

The results from Models I and II (Table 5.1) are first compared.
The mean age of the crust is 1.8 AE for Model I and 1.5 AE for Model II
so a young mean age of the crust is confirmed by both models. Similarly
both models indicate that the rate of growth over the last 0.5 AE is much
less than the average rate of growth. Therefore, most of the crust
probably formed in the time interval from ~ 0.5 AE to ~ 3 AE ago. The Pb
isotope data are also consistent with a relatively uniform growth of the
crust over the past 3.6 AE. Both models also require the depleted mantle
complementary to the continental crust to make up about 1/3 of the mantle
which corresponds approximately to the upper 650 km of the mantle. This
does not seem to be compatible with whole mantle convection as discussed
by Hager and O'Connell [1979], but is more in agreement with convection
in discrete layers as discussed by Richter [1979]. The present day € and
f values and the concentration in each reservoir are fairly similar for
both models as shown in Table 5.1l. Insofar as the mantle consists of an
undepleted reservoir and a depleted reservoir that is complementary to
the crust, the above conclusions are basically model independent. Model I
indicates a larger degree of melting (1.77%) than Model II (0.5%). At
the present time both of these values seem to be plausible estimates of
the average degree of melting through time. The major difference in the
results for the two models is in the composition of new additions to

continental crust. Model I predicts that eyq = €gr = O for new
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additions to the continental crust and Model II predicts that the
gy and €yg of new additions are those of the source of mid-ocean
ridge basalts. The fact that island arcs have bulk composition and REE
abundances similar to average continental crust and that they usually are
found at or near continental margins has led to the hypothesis that the
continents grow by accreting island arcs along their margins [Taylor and
White, 1965; Ringwood, 1975]. 1If this is the case then the Nd isotopic
studies reported by DePaolo and Wasserburg [1977] and Hawkesworth et al.
[1977] show that new continental material should have end—values similar
to MORB and are thus derived from depleted mantle. This mechanism for
continental growth is thus described by Model II. However, this model
cannot explain why typically most continental crustal materials have
end ® O throughout the earth's history. While values of € = 0 may be
obtained at early times for both models, it is not possible to continue
production of such materials in more recent geologic time for Model II.

In Model I the concentrations of stable isotopes in new
additions to the crust are the same for all time; however, in Model II the
concentrations may decrease by over a factor of 10 for highly incompatible
elements as K, Rb, Ba, and U. There is no evidence for such drastic
changes with time. It is therefore concluded that Model I best describes
crust and mantle evolution. Some additions to the continents during the
last 1.5 AE have eyg > O [DePaolo and Wasserburg, 1976a,b] so some new
additions to the crust may follow Model II. A modified version of Model I
where it is allowed for mixing of undepleted mantle with depleted mantle
shows that this contribution must be less than 10%. This model also

shows that less than 10% of the total continental crust has been refluxed
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back to the depleted mantle. It is concluded that Nd,Sr and Pb isotope
data are broadly consistent with a unidirectional transport model to form
the earth crust by partial melting of the mantle throughout the earth's
history.

Considering the young mean ages derived for the continents there
is very little evidence of crust forming very early in the earth's history.
Search for old crustal rocks by direct dating has established a low
abundance of ~ 3.6 AE old crustal rocks and the apparent absence of much
older rocks at the surface of the earth. An alternative way of looking for
0ld crust is to look at the residue in the mantle after crust formation.
If the pre-3.6 AE old crust were buried in the lower crust, then we would
still expect to see it in the isotopic systematics of the depleted mantle.
The depleted mantle gives a young mean age of ~ 1.8 AE and this implies
either that very little early crust ever formed or that the early crust
was destroyed by rapid refluxing into the mantle in the period from 4.5
AE to 3.6 AE ago. If the latter is the case then this would have caused
early degassing of the earth's AR as suggested by 40ar/36Ar ratios in
the mantle [Ozima, 1975]. The detailed history of this time period must
be derived from data for 40K and 235U and perhaps also 244py and the

extinct 1291,
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Sm-Nd data for the Archean granulite and amphibolite facies migmatites of Langgy and Hinngy in Vesteralen
are presented which indicate that their protoliths formed ~2.6 AE ago. Rubidium and U loss during a granulite
facies metamorphism at ~1.8 AE caused serious disturbance of total-rock U-Pb and Rb-Sr systems. Therefore these
systems do not provide any precise age information for the granulite facies migmatites. For the amphibolite facies
migmatites of Vesteralen both Sm-Nd, Rb-Sr and Pb-Pb total-rock systems give model ages of ~2.6 AE. The results
on both granulite and amphibolite facies rocks are thus in agreement. Previous interpretations based on Pb-Pb data,

which indicated an age of 3.41 AE for the Archean terrane of Vesterglen, are not valid.
One Sm-Nd model age from the granulite facies migmatites at Moskenesgy in Lofoten indicates that the proto-
liths of these migmatites formed ~2.0 AE ago and are thus not related to the Vesteralen migmatites.

1. Introduction

In this report we discuss constraints on the time of
crust formation in Lofoten-Vesterglen, Norway, and
parent-daughter fractionation of Sm-Nd, Rb-Sr and
U-Pb during the subsequent granulite facies metamor-
phism. This region exposes an unusually deep section
through the continental crust. Taylor [1] proposed
that some of the oldest terrestrial rocks occur in this
area. The geologically oldest rocks in Lofoten-
Vesteralen are migmatitic granulite and amphibolite
facies gneisses of generally intermediate composition
[8]. The migmatite complex occur over large areas of
the islands of Langgy, Hinndy and Moskenesgy. The
migmatites are interpreted by Griffin et al. [8] as
having formed by in-situ partial melting of volcanic
rocks, accompanied by folding and boudinage, but
without significant injection of any juvenile igneous
component. Heier [2] and Heier and Adams [3]

Division of Geological and Planetary Sciences, Contribution
No. 3094 (274).

demonstrated for the first time that granulite facies
rocks from this area are usually depleted in Rb and U.
A Rb-Sr whole-rock study by Heier and Compston
[4] demonstrated a complex thermal history with
events at ~2.8 AE and ~1.8 AE. Green et al. [5,6]
showed that adjacent amphibolite facies gneisses have
REE distribution patterns similar to the granulite
facies gneisses, and Heier and Thoresen [7] in a more
extensive study of both major and trace elements in
these rocks demonstrated that the granulite facies
rocks have been depleted in Rb, U and Th relative
to the amphibolite facies rocks. Taylor [1] reported a
Pb-Pb two-stage model whole-rock “isochron” age of
3.41 £0.07 AE and a Rb-Sr whole-rock “isochron”
of 2.30 £ 0.15 AE with a high initial 3’Sr/®¢Sr of
0.7126 for the migmatites at Vikan on the island of
Langgy. He interpreted the inferred Pb-Pb age as the
time of migmatite formation and the Rb-Sr age as the
time of a granulite facies metamorphism resulting in
Rb depletion and argued that the U-Pb system was not
disturbed during granulite facies metamorphism. In an
attempt to resolve this conflict, we analyzed these
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rocks for Sm and Nd isotopes since the limited avail-
able data indicated that the REE did not fractionate
during the granulite facies metamorphism. From pre-
vious studies [4,8] it seems firmly established that a
period of granulite facies metamorphism took place
~1.8 AE ago and that the granulite facies assemblages
were superimposed on rocks that had already been
migmatized.

2. Approach

The notation with f and € values (Table 2) and the
approach follows that of DePaolo and Wasserburg
[9,10]. We assume that the major REE fractionation
for crustal rocks occurs during their derivation from a
mantle reservoir. The mantle reservoir used as a refer-
ence for the Sm-Nd system (CHUR) has a nominal
chondritic Sm/Nd ratio today with (1#7Sm/
144Nd)2yyur = 0.1936 and '*3*Nd/***Nd ratio today
of IX4yRr(0)=0.511836 [9]. !*3*Nd/***Nd in CHUR
at any time T in the past is given by:

147Sm 0
144Nd)

where Agp, is the '47Sm decay constant. The reference
reservoir for Rb-Sr (UR) has (37Rb/2¢Sr){r = 0.0839
and the value of 87Sr/6Sr in UR at any time T in the
past is given by:

87Rb 0o
(D = 550 - (5)
I/UR
where I8R(0) = 0.7045 is the value of 87Sr/®¢Sr in
UR today [10] and ARy is the ®’Rb decay constant.
These reference reservoirs may be representative of
the bulk earth.

Model ages Toay g and ToR can be calculated rela-
tive to these reference reservoirs and date the time in
the past at which '**Nd/!***Nd and 87Sr/®%Sr ratios
in the samples were identical to those in the reference
reservoirs CHUR and UR, respectively. The model
ages are given by:

Ron(D = s - (riing)_ @n7-1)

(EARET 1)

1
TIC\Il(-l{UR=7\_
Sm
- [1 4+ 1CAur(0) — (*°Nd/'**Nd), }
(147Sm/144Nd)%HUR _ (147Sm/144Nd)m

Rir(0) — (*"Sr/*°SD) J
(87Rb/86Sr)%R _— (87Rb/86sr)m

where the subscript m denotes the ratio measured in
the rock today. All Archean rocks that have been mea-
sured so far have initial '*>*Nd/***Nd ratios very close
to CHUR [9-11,19], strongly suggesting that TESUR
model ages should be a reliable measure of the time of
formation of continental crustal rocks. The approach
outlined above have been used by McCulloch and
Wasserburg [12] to ascertain the times at which new
segments of continental crust were formed. They
showed that for Canadian Shield composites

TOSur = TS5 for samples ranging in age from ~1.0
to 2.7 AE.

Deviations of 1 to 2 parts in 10* from CHUR may
well still exist for the Archean mantle sources. The
lunar data [16] clearly shows that planetary differ-
entiation processes exist that could have caused large
deviations from CHUR in the sources of old terrestrial
rocks. However, the terrestrial data suggest that the
earth did not undergo an early differentiation event
which caused large variations of the Sm/Nd ratio in
the earth’s early mantle. For small Sm/Nd fractiona-
tions relative to CHUR the ngUR model ages are very
sensitive to uncertainties in the parameters used for
the mantle sources. However, for the large Sm/Nd
fractionations reported here an error of one part in
10% in IN9 ;1 (0) will make an error of ~0.08 AE in
the ngUR model age. Typically most quartzo-feld-
spathic continental crustal rocks show a marked LREE
enrichment with respect to chondrites and a small
range of Sm/Nd ratios [12]. This implies that this is a
primary characteristic of continental crustal rocks and
not due to later metamorphism or remelting of crustal
materials. For Thyg ages to represent the time of
formation of the protoliths of metamorphic rocks
requires that the '*7Sm/***Nd and '**Nd/***Nd
ratios do not change during later metamorphic events.
Since Sm and Nd will undoubtedly be redistributed be-
tween minerals during recrystallization sufficiently
large samples representative of the mineralogic mode
are needed.

As an alternative to the TgﬁUR model age approach,
Sm-Nd data can be considered in terms of the con-
ventional isochron diagram with the usual assumptions

Xln[1+



for such an approach. The initial ratio that may be ob-
tained this way will place constraints upon the pre-
history of the reservoir from which the crustal rocks
were generated. However, due to the small range of
Sm/Nd ratios in the rocks we analyzed this will be
very critically dependent on the assumption that all
the samples have a common age and initial *43Nd/
144 Nd

Rather than rely on the total-rock isochron
approach we will emphasize comparison of T r and
TCHUR model ages for samples of various metamorphlc
grade. The major difference between the Rb-Sr system
and Sm-Nd system is that for most continental crustal
rocks be/Sr >> 0 while me/Nd < 0. It is also well
known that Rb and Sr may migrate on a whole-rock
scale during metamorphism and commonly, meta-
morphic rocks do not therefore behave as simple
closed systems Thus disagreement between TCHUR
and TCHUR model ages may be used to indicate redis-
tribution of Rb and Sr on a whole-rock scale.

For the evolution of 2°°Pb/2%4Pb = o and 2°7Pb/
204pp = B in the mantle we use [13,14]:

o(T) = ay(Tx) + (e TE — &)

Bi(T) = B(Tg) +

?\TE }\
1378 T)

where A=0.155125 AE™! and \' = 0.98485 AE™!
the decay constants for 238U and 235U, respectively,
Tg = 4.45 AE, i = 9.4, g (Tg) = 9.307 and By (Tg) =
10.294.

3. Samples

The Langgy and Hinngy migmatites are extremely
heterogeneous on the outcrop scale. The migmatites at
Vakan, Langgy, are granodioritic to granitic in com-
position and markedly more silicic than the rest of
the Langdy and Hinngy migmatites which are tonalitic
to granodioritic [8]. We have selected three samples
from Vikan. The samples GS-5 and GS-23 are two of
the samples analyzed by Taylor [1] for Pb isotopes.
GS-23 is a granitic granulite that plots on Taylor’s
Pb-Pb “isochron”. GS-5 is a dioritic granulite and is
one of the three samples that plotied distinctly off
the Pb-Pb “isochron”. V-9 is a granodioritic granulite
collected by us at Vikan in the same general locality
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as sampled by Taylor. GS-5 is a petrographically un-
typical sample from this locality while GS-23 and V-9
represent the major lithologies occurring at Vikan.
V-34 is a tonalitic garnet granulite from Myhre, north-
west Langgy and this is the most common rock type at
this locality. AM-6 (tonalitic gneiss) is a typical sample
of the heterogeneous amphibolite facies migmatites on
Hinngy. The Hinngy migmatites grades into a large,
heterogeneous body of granodioritic to granitic com-
position called the Gullesfjord granitic gneiss. GUG-2
is a representative sample from this body. The
Moskenes@gy migmatites are more basic in composition
(dioritic to monzonitic) and more homogeneous than
those of Langgy and Hinngy [8]. TL-39 is a monzonitic
granulite sample from Reine at Moskenesgy.

4. Experimental procedures and results

Samples GS-23, GS-5 and TL-39 were obtained in
finely powdered form from the Mineralogical-Geolog-
ical Museum in Oslo. The remaining samples were
collected by us. Since the rocks have a metamorphic
overprint we have used large (5—10 kg) samples be-
lieved to be representative of the mode. Typically large
portions of these samples were split into ~5-g chips.
Approximately 200—300 g of representative chips with
fresh surfaces were then finely powdered in a stainless
steel mortar. The homogeneity of the powders were
checked by repeat dissolution of GS-5. The results for
dissolution A (~80 mg) and B (~1.5 g) are in excellent
agreement (Table 1).

Detailed descriptions of the chemical and mass
spectrometric procedures are given by Papanastassiou
and Wasserburg [15] for Rb and Sr, and by
Papanastassiou et al. [16] for Sm and Nd. Errors given
for the '*3Nd/***Nd and 87Sr/®¢Sr are 2 0 mean of
about 200—300 ratios for Nd and 100—200 ratios for
Sr. Neodymium, Sm, Rb and Sr concentrations were
obtained by isotope dilution techniques by total
spiking of the samples. Small (<1%) aliquots of each
sample were used for establishing the concentrations
of Rb, Sr, Sm and Nd in a single mass spectrometer
run. The remaining aliquot was then spiked optimally.
The 2 o mean errors given for the Togyg and Toy
ages only allow for analytical errors and do not include
uncertainties in the parameters used for the mantle
sources. Table 1 summarizes the data for the samples
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TABLE 1

Analytical results

Sample St (ppm) Nd (ppm) 87Rb/86Sr 2 875r/865; 147gm /144Ng b 143Ngd/144Nd ¢
GS-5A 573 28.8 0.03681 0.70890 + 8 0.10327 0.510410 + 23
GS-5Bd 28.7 0.10345 0.510418 = 23
GS-23 142 37.0 2.015 0.79026 £ 6 0.08602 0.509961 * 16
V-9 479 18.6 0.2800 0.72276 £ 3 0.09075 0.510042 = 19
V-34 557 264 0.1997 0.70969 £ 6 0.07084 0.509731 + 24
GUG-2 142 79.5 4.244 0.85847 £ 7 0.09146 0.510037 = 14
AM-6 541 22.7 0.6621 0.72528 £3 0.07354 0.509719 = 14
TL-39 1147 474 0.1361 0.70674 £ 4 0.10739 0.510679 + 22

a Uncertainty +0.4%.

b Uncertainty #0.1%.

¢ Normalized to 1#6Nd/142Nd = 0.636151.

d Repeat dissolution of finely powdered sample.

TABLE 2

Evolutionary parameters and model ages for Nd and Sr

Sample a fRojse®  esi(0)¢ fommNa©  eng(0) TURMAB) 4 TEHyR(AE) @
L Langgy (granulite facies)

GS-5A (dioritic granulite) -0.5613 +62.5+ 1.1 —0.4666 -279+0.5 -7.06+0.11 2.39 £ 0.04
GS-5Bb ' —0.4657 -27.7%0.5 2.39£0.04
GS-23 (granitic granulite) +23.02 +12173+0.8 —0.5557 -36.6 0.3 3.13 £0.02 2.64 £ 0.02
V-9 (granodioritic granulite) +2.337 +259.2+04 -0.5313 -35.1x04 6.41+0.05 2.64 £ 0.03
V-34 (tonalitic granulite) +1.380 +73.7+£0.8 —0.6341 —41.120.5 3.15+0.06 2.60 £ 0.03

II. Hinngy (amphibolite facies)

GUG-2 (granitic gneiss) +49.58 +2185.5+0.8 -0.5276 -35.1:03 2.61+0.01 267 +0.02
AM-6 (tonalitic gneiss) +6.892 +295.0+ 04 -0.6201 —414+03 2.54 £ 0.02 267+ 0.02

III. Moskenesdy (granulite facies)
TL-39 (monzonitic granulite) +0.6222 +31.8£0.6 —-0.4453 -226+04 3.02+0.08 2.04 £ 0.04

2 GS-23, GS-5 and V-9 are from Vikan [8, location 1], southwest Langgy; V-34 from Myhre, northwest Langgy; GUG-2 from the
west side of Gullesfjord; AM-6 from Kringlen quarry northwest Hinngy; and TL-39 from Reine [8, location 2].

b Repeat dissolution of finely powdered sample.

€ Deviations from the reference reservoirs UR and CHUR given as fry /s = [(Rb/Sr)gn/(Rb/Sr)UR—l , €sr(0) = [(87Sr/86Sr)m/
I[SfR(O) —-1]1 X 104»me/Nd = [(Sm/Nd) ry/(Sm/Nd)cHyR — 1] and eng(0) = [(14 Nd/144Nd)m/ICﬂUR(0) —1] X 104.

d Decay constants A(147Sm) = 0.00654 AE-1;A(87Rb) = 0.0139 AE-1,

from Lofoten-Vester8len used to calculate T and sured fgm/Ng Values are ~—0.45 to —0.63 (Table 2).
T‘sj"R model ages. Table 2 gives the f and € values and This is consistent with previously published REE
the model ages. patterns for these rocks [5,6]. It is clear from Fig. 1

that all the data do not define an isochron. All the
Langgy (granulite facies) and Hinngy (amphibolite
facies) data, excluding GS-5, define a good linear
5.1. Present results array in the Sm-Nd evolution diagram. These five
The Sm-Nd data are shown in Fig. 1. All the samples represent major lithological units on Langgy
samples show strong LREE enrichment as the mea- and Hinngy and have a rather small range of '*7Sm/

5. Discussion
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Fig. 1. Sm-Nd systematics of Lofoten-Vesteralen migmatites
compared to a TgfIUR = 2.64 AE reference isochron. Samples
that were fractionated from a chondritic reservoir at this time
should be within error of this line. Deviations from the refer-
ence isochron are clearly significant. For the Hinngy data the
errors are of the same size as the symbol used. The five
samples that plot close to the 2.64-AE reference isochron all
represent major lithologies on Langgy and Hinngy. The
Langg@y sample that plots distinctly off from this reference
isochron indicates that younger lithic components also occur
in these rocks. The Moskenesgy migmatites give T(Eq}‘-jIUR =
2.04 £ 0.04 AE appear to be distinctly younger than the
Langgy and Hinngy migmatites.

144Nd ratios from ~0.07 to 0.09. Therefore a best

fit slope gives a rather imprecise age of 2.60 + 0.36 AE
and an initial ratio /g = 0.50847 £ 20 that is within
error of the CHUR evolution line.

As shown in Table 2 these five samples have very
consistent Togyr model ages of 2.6—2.7 AE with a
mean model age of 2.64 AE. Since this is true for both
amphibolite and granulite facies samples that represent
major lithologies in the area, it follows that Sm-Nd
did not fractionate during the much later granulite
facies metamorphism. If we look at the TS’R model
ages in Table 2, it is clear that none of the Tlsj’R model
ages for the granulite facies samples agree with their
ngUR model ages. Two granulite samples give geolog-
ically impossible ages. For the two amphibolite facies
samples there is, however, a relatively good agreement
between the Toyyg and T model ages. This demon-
strates that the Rb-Sr total rock system was seriously
disturbed during the much later granulite facies meta-
morphism. We consider the mean T&?UR model age of
2.64 AE to provide the best estimate for the original

time of formation of the protoliths of the Langgy and
Hinngy migmatites.

The dioritic granulite sample GS-5 from Vikan at
Langgy plots distinctly off from the reference isochron
in Fig. 1 and has a T8 model age of 2.39 + 0.04 AE.
For samples strongly depleted in Rb, with Rb/Sr ratios
lower than that of UR, it is possible to get negative
TS’R model ages. An example is the dioritic sample
which has TEI'R =—-7.06 £0.11 AE; so, with the pres-
ently low Rb/Sr ratio of this sample it would not
develop the measured 87/86 ratio before ~7 AE in the
future. This implies that for some time in the past this
sample had a much higher Rb/Sr ratio. GS-5 is a
petrographically untypical sample from Vikan (P.N.
Taylor, personal communication). It is one of the
samples that plotted distinctly off from Taylor’s
Pb-Pb two-stage model isochron for this locality. It is
thus distinctly different in both Sm-Nd, Rb-Sr and
U-Pb systematics from other samples at this locality.
Therefore, there are lithic components in the migma-
tites at Vikan that are either somewhat younger than
the typical migmatites or have been disturbed with
respect to all three decay systems during the ~1.8 AE
granulite facies metamorphism.

Sample TL-39 from Moskenesgy appears to be
distinctly younger as it gives Topyr = 2.04 + 0.04 AE.
This sample has a T model age of 3.02 + 0.08 AE.
However, the low measured 87Sr/®¢Sr ratio of 0.70674
makes this particularly sensitive to the assumptions
involved in calculating the model age. The sample
plots within error of a Rb-Sr total-rock isochron
giving 7=1.78 £ 0.03 AE and /5, =0.7037 + 3
reported by Heier and Compston [4] for the Lofoten
granulites. This isochron included samples of the
Moskenesgy granulites. It has been suggested that the
Moskenesg@y granulites are as old as the Langgy and
Hinngy migmatites but that they have been updated
during the 1.8-AE event by essentially complete
removal of radiogenic Sr [4,8,20]. The distinctly
younger ngUR model age indicates, however, that
the protoliths of the Moskenesgy migmatites are dis-
tinctly younger and not related to the Langgy and
Hinngy migmatites.

The difficulty of identifying correlative lithologic
units in such complex terranes is well known. There is
always a danger that either the field observations or
the isotopic data are interpreted erroneously. We
believe that preceding arguments are sufficient to
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demonstrate that the protoliths of the major portions
of the migmatites on Lang@y and Hinngy formed
~2.6 AE ago and that distinctly younger ages are indi-
cated for GS-5 and TL-39.

5.2. Comparison with and discussion of previous results

Taylor [1] obtained a fairly good linear array of
data points in a Rb-Sr evolution diagram for the
migmatites at Vikan; some scatter about the best-fit
line, however, suggests a disturbed Rb-Sr system. We
present three additional analyses from the same local-
ity in Table 1. Two of these plot far from Taylor’s
Rb-Sr “isochron”. Further, all the data from Vikan
in Table 1 and Taylor’s data plot to the left of a
T = 2.64 AE reference isochron which suggests
Rb depletion significantly later than the time of for-
mation of the protoliths of the migmatites. This is
still true for reference isochrons with any other reason-
able choice of 87Sr/2®Sr in the mantle at this time.
Therefore the high initial Sr values indicated are due
to Rb loss rather than remelting of older crust. This
means that for all samples which have higher Rb/Sr
ratio than that of UR we get T{S‘J’R >2.64 AE. Taylor
excluded three data points from the Pb-Pb two-stage
model “isochron” regression analysis and even then
the analytical errors had to be expanded by a factor
of seven for all the data to be within error of the best
fit line. Thus the Pb-Pb and Rb-Sr data by Taylor [1]
and our Rb-Sr data for the migmatités at Vikan display
significant scatter and neither age nor initial Sr or Pb
isotopic ratios can be precisely determined from these
data.

Although there is no evidence for Rb or U deple-
tion in the amphibolite-facies migmatites, previously
published Rb-Sr data [4,8] imply that the Rb-Sr
whole-rock systems have been significantly disturbed
but still indicate an age of ~2.5 AE. The two amphi-
bolite facies samples in Table 1 give T[SJ'R model ages
of 2.54 and 2.61 AE that are slightly lower than their
ngUR ages of 2.67 AE. A Pb-Pb two-stage model
total-rock isochron for the amphibolite facies migma-
tites also gives a similar result of 2.69 + 0.07 AE [8].

The major Sm/Nd fractionation most likely occurs
during the formation of the protoliths of the migma-
tites. However, large fractionations of Rb/Sr and U/Pb
are expected both during the formation of the proto-
liths of the migmatites and during the subsequent

migmatization. The fact that all three decay systems
give similar ages for the amphibolite facies migmatites
imply that the timespan between these two events
must have been short, on the order of less than
0.1-0.2 AE. Therefore, this stage can for practical
purposes be ignored in the following model calcula-
tions.

Taylor interpreted the linear Pb isotope array for
the Vikan migmatites to give an age of 3.41 AE with
a p of 11.2 in the stage prior to this time and argued
that the U-Pb system had essentially been left undis-
turbed from that time up to the present. For such a
model his Pb-Pb data require u’s of 5—8 in the last
stage for most of the samples and a total range of
3-12.

The average measured u-values of the granulite
facies rocks in this area calculated from the U-Pb data
of Heier and Thoresen [7] is 2.0. Such low measured
p-values are also typical of other granulite facies
terrains [17,18]. This shows that if Taylor’s samples
were at all representative of this rock complex it is not
possible to explain the large range in measured « and
f values in terms of his model. We therefore reject this
interpretation. Instead we use the ngUR model age
obtained from the Sm-Nd data and will show that the
Pb and Sr isotope data can then be well explained in
terms of a model, with the time of formation of these
crustal rocks at Ty = 2.64 AE and the time of granulite
facies metamorphism at Ty = 1.8 AE.

We can then calculate a u, value for time interval
from T, to Ty (stage 1) and a p, value for the time
interval Ty to O (stage 2) from the following equa-
tions:

am = oy(Ty) + Ml(eATx — eATM) + u;(e}‘TM s

My
137.8

(ex’Tx _ ex’TM)

ﬁm = 3I(Tx) +

b (e)" ™ _ 1)
137.8

where the subscript m denotes the ratio measured in
the rock today. The u; values calculated from Taylor’s
Pb data are in the range from 2 to 38 with an average
of ~13. The highest values are found in the granitic
rocks. Most of the calculated u, values are in the range
from 1 to 4, the total range is from 0.4 to 14 and the
average is 3.0. The U/Pb fractionation factor at Ty is
then given by Fypp = t2/1; and we calculate an aver-
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age Fypp ~0.25, which compares well with the aver-
age Ug/ua of ~0.33 (G = granulite facies, A = amphi-
bolite facies) calculated from the U-Pb data of Heier
and Thoresen [7] for these migmatites. The very low
u-values of the granulite facies gneisses today, indicated
both by these calculations and the U-Pb data of Heier
and Thoresen [7], imply that their Pb isotope composi-
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Fig. 2. Lead isotopic data on total rocks.from Vikan [1]. The
parameters for the growth curve shown are given in the text.
The Sm-Nd data indicate that the protoliths of the Vikan
migmatites formed 2.64 AE ago. We note that none of the
total-rock leads are less radiogenic than expected for this age.
Two reference isochrons are shown. If the protoliths formed
at 2.64 AE with initial lead on the growth curve and lost all
their U during the granulite facies metamorphism at T =

1.8 AE then all the total rocks should plot on the line labeled
T =2.64 — 1.80 AE. If they instead evolved from 2.64 to
present without any disturbance of the U-Pb system they
should all plot on the line labeled T = 2.64 — 0 AE. Most of
the samples plot in the wedge between these two reference
lines. This is expected if they were depleted in U relative to
Pbat T=1.8 AE. Only two points plot to the right of this
line and this requires that U was enriched relative to Pb at

T = 1.8 AE for these samples in terms of our episodic model.
The three least radiogenic samples plot on the T'= 2.64 — 0
reference line giving further evidence that 2.64 AE is the
time of formation of the protoliths. The dashed line shows
Taylor’s [1] two-stage model Pb-Pb “isochron” that gives

T =3.41 AE and requires a very high p-value of 11.2 in the
stage from 4.45 AE to 3.41 AE.

tion has changed much less since 1.8 AE than in the
time interval from 2.64 to 1.8 AE when the u-values
averaged ~13. Thus the isochron that was produced
in the time interval from 2.64 to 1.8 AE has generally
been preserved and has only been slightly shifted to
the right in a o-f diagram. Our interpretation of the
Pb data is shown in Fig. 2. The dashed line in this
figure is the 7= 3.41 AE two-stage model Pb-Pb iso-
chron of Taylor.

Similarly, we can calculate an average Rb/Sr frac-
tionation factor Frysy = (Rb/Sr),/(Rb/Sr), at Tyy of
~0.46 from the equation:

(®7St/*6S1)m = IJR(Ty) + (*"Rb/*°Sr), (e*RbTx — eAROTM)
* (87Rb/86sr)2(e}\RbTM _ 1)

where (87Rb/86Sr), is the ratio measured today. We
may compare the Rb depletion indicated by the model
calculations with that indicated by concentration data
on the granulite facies relative to the amphibolite

facies migmatites. From the concentration data of
Heier and Thoresen, we obtain (K/Rb),/(K/Rb)g
~0.47. It thus appears that both concentration data
and isotopic data are well explained by assuming a

bulk loss of U and Rb from the granulite facies gneisses.
If this model is approximately correct, then the iso-
topic data require this loss to have occurred at ~1.8 AE.
This is one of the rather rare cases where granulite
facies metamorphism postdates rock formation by as
much as 0.8 AE.

We further note that the average Fypy and Fry/sr
calculated from the isotopic data discussed above vary
systematically with the mineralogy or major element
composition of the gneisses at Vikan:

Fy/pp FRro/sr
granitic granulites 0.15 0.7
granodioritic-tonalitic granulites 0.4 0.25
dioritic granulites 0.5 0.15

This most likely reflects the difference in mineralogic
changes with major element composition for the
amphibolite-granulite transition.

6. Conclusions
Our results strongly suggest that total-rock Rb-Sr

and Pb-Pb data have to be interpreted with great care
for granulite facies gneisses. Complex Rb-Sr and U-Pb
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systematics displayed by granulite facies gneisses may,
however, be resolved by ages obtained with indepen-
dent methods and can be used to trace U/Pb and Rb/Sr
fractionation during high-grade metamorphism. For
migmatite complexes ngUR model ages appear to
provide the best time constraints for the formation of
the protoliths as the dominating REE fractionation
will be associated with this event rather than with sub-
sequent metamorphic events. For the Vesteralen
amphibolite facies migmatites both Sm-Nd, Rb-Sr and
Pb-Pb give model ages of ~2.6 AE. However, for the
granulite facies migmatites only the Sm-Nd system
gives this age while the Rb-Sr and U-Pb total-rock
systems do not provide any precise age information.

If a granulite facies metamorphism occurred long

after the time of crust formation, then in general we
may expect TISJ'R > Tgwa, except in more basic rocks
where the measured Rb/Sr ratio may be lower than
that of UR.

We conclude that the interpretation presented by
Taylor [1] for a very ancient crustal component in the
Archean terrane of Vesterdlen is not valid. Instead this
terrane appears to be part of the worldwide crustal
forming event at 2.6 AE. The possibility that very
ancient crustal segments may really be present in other
areas of the Fennoscandian Shield must remain the
subject of future investigations.

The approach used in this work suggests that Sm-Nd
model ages as well as total-rock isochrons may be very
valuable in identifying time equivalent lithic units in
complex metamorphic terranes. The coordinated use
of different isotopic systems which have different
susceptibilities to metamorphism gives a much deeper
insight into both the times and mechanisms of chemi-
cal fractionation.
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Two Sm-Nd internal isochrons for pyroxene gabbros of the Bay of Islands Ophiolite Complex give
well-defined ages of 508 + 6 m.y. and 501 + 13 m.y. with initial '“*Nd/'"*““Nd of eng = +7.7 ¥ 0.1 and eng
= +7.5 ¥ 0.2, respectively. Total rock samples from pillow basalts, sheeted dikes, trondhjemites, horn-
blende gabbros, pyroxene gabbros, and an orthopyroxenite layer from the harzburgite give initial eng4 in
the range from +6.5 to +8.1 with an average value of +7.6. The initial *’Sr/®*Sr obtained on a pyroxene-
gabbro is eg, = ~19.3 + 0.3, which is typical of oceanic samples. However, the initial *’Sr/*S¢ within the
different phases of the complex is found to be highly variable (~52 ¢ units) and shows the effect of sea
water alteration. The ey values demoanstrate a clear oceanic affinity for the Bay of Islands complex and
support earlier interpretations made on the basis of structure and geochemistry. The magnitudes of the
initial eng values (+7.6) are somewhat smaller than for typical present-day midocean ridge basalts
(MORB) (+10). This is most likely due to differential evolution over the past 0.5 aecon of the oceanic
mantle relative to the bulk earth. The observed shift is quantitatively what should be expected for a
simple single-stage evolution. For 2 model with a single differentiation event ai time T, to produce the
depleted mantle, both Sm-Nd and Rb-Sr data for MORB and the Bay of Islands Complex give Tp = 1.8
acons. This age is, however, interpreted as the mean age of the MORB source and does not refer to a
unique event. The total time for producing this source by a uniform process would be of the order of 3.6
acons. The Nd isotopic signature of oceanic crust is clearly present in this Paleozoic ophiolite and suggests
that typical high-eng4 reservoirs are sources of oceanic crust through the Phanerozoic. This implies rela-
tively rapid turnover between oceanic crust and mantle sources and a good mixing of oceanic mantle for
the past 1.0 acon, including contributions from recycled continental materials. These data indicate that the
major distinction between oceanic basalts and continental basaits observed in recent rocks is also pre-
served through the Phanerozoic. These isotopic differences clearly imply a long time distinction between
the magma sources of these basalt types. It should be possible to apply the distinctive enq4 values of oce-

anic crust and mantle to identify old obducted oceanic segments on continental blocks.

INTRODUCTION

There is a considerable amount of Nd, Sr, and Pb isotopic
data available on both old and young continental crustal
rocks. These data have contributed significantly to our under-
standing of the evolution of the continental crust. For the oce-
anic crust, only very young samples have been measured be-
cause the present-day oceanic crust is geologically very young
(= 0.18 acon) (1 acon = 1 AE = 10° years) in comparison with
the continental crust (0-3.8 acon). Remnants of oceanic type
crust appear to be present within the continental crust back
through the Phanerozoic, although they are in places difficult
to recognize. Very little is known, however, about oceanic
magma genesis in the Precambrian, and clear evidence for
preserved Precambrian oceanic crust is at present lacking.

Constraints on the evolution of oceanic crust and mantle
are provided by available Rb-Sr, U-Th-Pb, and Sm-Nd data
on young oceanic basalts. It is well known that Rb/Sr ratios
in many midocean ridge basalts (MORB) are too low to sup-
port their *’Sr/*Sr ratios [Tatsumoto et al., 1965]. Assuming
that Rb/Sr ratios of MORB are not less than those for their
source regions, it follows that the mantle source for MORB
has been depleted in Rb in relation to Sr [Tatsumoto et al.,
1965; Gast, 1968). Gast [1968] proposed that MORB are deriv-
atives of a mantle which has been left as a residue from pre-
vious partial melting in the mantle.

DePaolo and Wasserburg [1976a, b, 1979¢] showed that con-
tinental flood basalts (CFB) are derived from reservoirs which"

have condritic Sm/Nd ratios and that MORB were derived
from ancient reservoirs which are distinct from those of the
continental basalts and characterized by higher Sm/Nd. De-
Paolo and Wasserburg [19765] and O’Nions er al. [1977] also
showed that for young volcanic rocks with ¥Sr/*Sr ratios less
than ~0.705 there is a strong correlation between initial
'“Nd/'“Nd and initial *’Sr/*Sr. The correlation is broadly
consistent with known solid/liquid distribution coefficients
which indicate that a residue after partial meiting would be
expected to have had its Sm/Nd ratio increased and its Rb/Sr
ratio decreased. However, such a strong correlation was not
expected.

The timing of the fractionation events in the MORB
sources is of considerable current interest. The data have been
interpreted in terms of a single mantle fractionation event. Pb-
Pb two-stage model isochrons [Church and Tatsumoto, 1975,
Sun and Jahn, 1975] and Rb-Sr ‘mantle isochrons’ (Brooks et
al., 1976 a, b} have been used to infer differentiation ages of
the order of 1.5-1.8 aeons, while Sm-Nd model ages for
primitive oceanic tholeiites suggest a differentiation age of
~1.1 acons for the MORB source [Carison et al, 1978]. How-
ever, the data do not exactly fit a two-stage model, so multi-
stage models or continuous fractionation models have also
been favored [O’Nions et al., 1978b).

All the above cited data were obtained on young oceanic
basalts. There is at present no isotopic study available on an-
cient oceanic crust. Most geologists now agree upon an oce-
anic origin for the ophiolites found in many mountain belts.
Ophiolites are believed to be pieces of oceanic crust and
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Fig. 1. Idealized stratigraphy of the Blow-Me-Down massif after

Salisbury and Christensen (1978]. The sample numbers show the loca-
tion of samples in the stratigraphy.

mantle emplaced on the continent during the early stages of
orogenesis resulting from plate collision. Studies of thickness,
structure, seismic wave velocities, and geochemistry of ophiol-
ite suites indicate a close analogy between ophiolites and oce-
anic crust and mantle formed at midocean ridges (for a re-
view, see Coleman [1977]). Spreading plate margins occur also
in small ocean basins, and these are of considerable impor-
tance as proposed origins of ophiolite complexes [Dewey and
Bird, 1971; Karson and Dewey, 1978]. We have therefore car-
ried out 2 Nd and Sr isotopic study of an early Paleozoic oph-
iolite, the Bay of Islands Complex, in order to (1) characterize
the source of the magmas which formed this ophiolite, (2) de-
termine if these magmas were derived from a mastle reservoir
similar to that of MORB, (3) determine the age by the internal
Sm-Nd mineral isochron method and establish whether or not
a Sm-Nd whole rock isochron exists for the complex, and (4)
discuss the evolution of the oceanic mantle through time and
attempt to understand the significance of proposed differenti-
ation ages of the MORB source.

THE BLOW-ME-DOWN MASSIF OF THE BAY OF ISLANDS
COMPLEX

Geology

The Bay of Islands Complex (~750 km?) is the best pre-
served of the early Paleozoic ophiolites in the Appalachians. It
is located on the western coastline of Newfoundland and con-
sists of four isolated massifs. The Blow-Me-Down massif is
structurally the least complicated and is stratigraphically
nearly complete (Figure 1). The geology of the Blow-Me-
Down massif has been described by Smith [1958], Williams
and Malpas [1972), Williams [1973), and Salisbury and Chris-

tensen (1978). Salisbury and Christensen [1978] showed that the
seismic velocity structure of the massif is indistinguishable
from that of normal oceanic crust. The Bay of Islands Ophiol-
ite Complex is widely believed to represent a section of nor-
mal oceanic crust and upper mantle. However, some other
‘ophiolitic’ compiexes in Newfoundland are thought to repre-
sent the foundation of island arc complexes, seamounts, and
oceanic fracture zones [ Williams and Talkington, 1977, Wil-
liams and Stevens, 1974; Karson and Dewey, 1978].

In the Blow-Me-Down massif the ultramafic rocks are
dominantly harzburgitic; however, a considerable thickness of
spinel lherzolite occurs at the base of the northernmost massif
(Table Mountain). Both types clearly display tectonite fabrics
thought to have developed by solid state deformation in the
mantle. The tectonite fabric both cuts and is cut by numerous
orthopyroxenite and dunite veins that probably crystallized
from liquids trapped in the harzburgite during its ascent as a
plastic mass from below a spreading center. The harzburgite is
thought to represent depleted upper mantle peridotite pro-
duced by partial melting of lherzolite and subsequent removal
of the basaltic liquid [/rvine and Findlay, 1972; Malpas, 1978].
The spinel lherzolite may represent this source lherzolite or
may be partially melted mantle material with incomplete lig-
uid extraction. Overlying the harzburgites are dunites and felds-
pathic dunites with cumulate textures. Cumulate gabbros lie
above the ultramafic rocks, and an interbanded zone of
anorthosites, troctolites, and feldspathic dunites separates
these two rock types. The gabbros are clearly eariched in
cumulate plagioclase. The crystallization sequence of the gab-
bros is olivine followed by olivine + plagioclase and olivine +
plagioclase + clinopyroxene. In the upper parts of the gabbro,
late differentiates of trondhjemite occur. Dolerite dikes in-
crease in quantity at the top of the gabbro, and higher up they
become ‘sheeted’ (100% dikes) and feed the overlying pillow
lavas. The sheeted dike complex and the pillow lavas reach a
total thickness of about 2.5 km where they are overlain by
sediments. There is a rapid downward increase in metamor-
phic grade from zeolite through prehnite-pumpeilyite to
greenschist facies, suggesting ocean floor metamorphism un-
der a high geothermal gradient [Einarson, 1975; Salisbury and
Christensen, 1978).

Samples

Samples were collected by one of us (S.B.J.) during the
summer of 1978 along the same general profile used by Salis-
bury and Christensen [1978]. Sample BOI-62B was obtained
from N. Christensen. The Blow-Me-Down massif shows little
evidence for postemplacement metamorphism, and good ex-
posures with minimal weathering occur at all structural levels.
Care was taken to obtain large samples free of weathering, but
the alteration features characteristic of ophiolites could not be
avoided. Above the pyroxene gabbro, all rocks are strongly al-
tered to zeolite, greenschist, or amphibolite facies owing to
preemplacement metamorphism, although relict igneous tex-
tures are common. Rocks with only minor alteration were
found within the pyroxene and olivine gabbro units. The ul-
tramafic rocks are serpentinized throughout the section, but
care was taken to obtain samples with minimal serpentiniza-
tion.

The stratigraphic position of the samples is shown in Figure
1. BMD-18A and BMD-3 are harzburgites where the primary
assemblage appears to have been 77% olivine, 20% ortho-
pyroxene, and 3% chrome spinel. About 50% of the olivine is
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altered to serpentine, and ~50% of the orthopyroxene is al-
tered to bastite. BMD-17 is a sample from a 10-cm-thick layer
of 1- to 3-cm-sized orthopyroxene crystals which occurs be-
tween ~10-cm-thick layers of dunite within the harzburgite.
The cumulate gabbro sampies BMD-2A, BOI-62B, and BMD-7
were selected for their freshness and preservation of primary
magmatic minerals. They all have ~50% plagioclase, 20-30%
clinopyroxene, and variable amounts of olivine, brown and
green primary hornbiende. and rare orthopyroxene. BOI-62B
is the only gabbro sample where orthopyroxene is 2 major
phase (~20%). BMD-2A shows only very minor saussuritiza-
tion of plagioclase and rare aiteration of olivine to serpentine.
BOI-62B and BMD-7 show minor saussuritization of plagio-
clase, some secondary amphibole, and minor alteration of oli-
vine to serpentine. BMD-8 is a metagabbro with green horn-
blende, epidote, and plagioclase, and BMD-14 is a
trondhjemite from the upper part of the metagabbro. Both
samples have strongly saussuritized plagioclase. BMD-12A is
from the sheeted dike complex and has ~45% secondary green
amphibole, 50% plagioclase, and <1% of relict clinopyroxene.
The plagioclase is brownish, cloudy, and saussuritized. Chlo-
rite and blue-green amphibole also occur, but the relict sub-
ophitic texture shows the original dike rock was a dolerite.
BMD-10 is a fine-grained greenschist facies metadolerite from
the upper brecciated part of the sheeted dike complex.
BMD-24 is a fine-grained pillowed metabasalt with a highly
altered brownish groundmass with relict clinopyroxene and
highly altered clinopyroxene and plagiociase phenocrysts. Ze-
olites and calcite occur in separate clusters in the groundmass
and within amygdules.

EXPERIMENTAL PROCEDURES AND DATA
REPRESENTATION

Mineral separates were obtained magnetically and purified
by handpicking. The plagiociase separates are better than 99%
pure. The clinopyroxene separate for BMD-2A contains
~20% plagioclase and ~80% clinopyroxene due to the fine-
scale intergrowth of plagioclase and pyroxene. For BMD-7
the clinopyroxene separate was free of plagioclase; however, it
contains some primary green amphibole. Whole rock samples
of ~20 g were crushed, and I- to 3-g splits were dissolved in
HF and HCIO,. Sample BMD-18A had an insoluble residue
of chrome spinel. Detailed descriptions of procedures are
given by Papanastassiou and Wasserburg (1973] and by Papa-
nastassiou et al. [1977). Errors given for '*Nd/'*“Nd and *'Sr/
%Sr are 2¢ mean of 200-300 ratios for Nd and 100-200 ratios
for Sr. K, Ba, Rb, Sr, Sm, and Nd concentrations were ob-
tained by isotope dilution techniques. Small (<1%) aliquots of
each sample were used to establish the approximate concen-
trations of these elements and the remaining solution was then
spiked optimally to determine precise concentrations and iso-
topic compositions. Typically, an aliquot containing ~100- to
200-mg sample was processed through the ion exchange col-
umns a single time with a blank of 25 pg for Nd and 100 pg
for Sr. For sample BMD-18A an aliquot containing 500 mg of
sample was split into two aliquots, which were separately
passed through the first ion exchange column. The rare earth
element (REE) fractions from these two aliquots were then to-
gether passed through the second column for separation of Nd
and Sm. The estimated blank for this procedure is 50 pg for
Nd. For this sample a blank correction was made correspond-
ing to 0.4 ¢ units for '*Nd/'“Nd and 1.0% to the ’Sm/'“Nd
ratio.

Tables 1 and 3 summarize the analytical data. Excellent

reproducibility is shown by repeat runs for BOI-62B and
BMD-7 in Table 3. The nonradiogenic isotopes were mea-
sured in every experiment and found to be in excellent agree-
ment with those of DePaolo and Wasserburg [1976a].

The initial "*Nd/'“Nd and *’Sr/*Sr ratios of a rock of age
T are expressed as fractional deviations in parts in 10* (called
€ units) from the values in a uniform mantle reference reser-
voir at time 7 and denoted by eng and €5, respectively. The
notation with [ and e values follows that of DePaolo and Was-
serburg [1976a. b. 1977]. The mantle reservoir used as a refer-
ence for the Sm-Nd system (CHUR) has a nominal chondritic
Sm/Nd ratio with ('’Sm/'"“Nd)cyur® = 0.1936 and '*Nd/
'“Nd ratio today of /cuye™® (0) = 0.511836 [DePaolo and
Wasserburg, 1976a). The ratio '*Nd/'““Nd in CHUR at any
time 7 in the past is given by

147Sm) 0((\5"-— l) (1)

Icuur™ () = Tenur™ (0) = (W‘ ——

where Ag, = 0.00654 aeon™'. The reference reservoir for Rb-Sr
(UR) is taken to have ("Rb/*Sr)yx” = 0.0827, and the vaiue
of ¥Sr/*Sr in UR at any time T in the past is given by

: 87 0
Loa®(T) = Ia®(0) - (—5-"-) (@7 1) @

St Jur
where I,z5(0) = 0.7045 is the value in UR today [DePaolo
and Wasserburg, 19765] and Agp = 0.0142 acon™". These refer-
ence reservoirs may be representative of the bulk earth.

The '’Sm/'“Nd and *Rb/*Sr ratios are expressed as en-
richment factors in relation to CHUR and UR and are de-
noted f3™/M and [R*/5, respectively, where

e [_(Sm/Nd) l
= [(Sm/Nd)c,.u.

(Rb/Sn)w _ |
(Rb/Sr)yr

3

[RO/SE =

and M denotes the measured value. We emphasize the fact
that the precise values for the bulk earth are not well known,
although the estimates given above are widely used. However,
it seems unlikely that the value of Jcyyg™4(0) which we are us-
ing is more than 2-3 ¢ units different from the true value [De-
Paolo and Wasserburg, 1976a, b). This will not significantly al-
ter the following discussion, although it might change
substantial details of interpretation.

DISCUSSION OF RESULTS FOR THE BAY OF
ISLANDS COMPLEX

LIL Element Patterns

From the major element chemistry it is clear that the Bay of
Islands Ophiolite Complex is tholeiitic [Malpas, 1978]. It is
therefore of interest to compare the trace element data for the
Bay of Islands Ophiolite (Table 1) with those of a variety of
oceanic and continental tholeiitic basalts (Table 2) to see
whether these data indicate an oceanic affinity independent of
inferences based on geologic structure or isotopic ratios. It has
been known for over a decade that midocean ridge tholeiites
have very distinctive large ion lithophile (LIL) element de-
pleted patterns [Tatsumoto et al., 1965; Engel et al, 1965].
However, a recent study of incompatible element variations
along the Mid-Atlantic ridge [White and Schilling, 1978)] has
shown that tholeiites from certain ridge segments are anoma-
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TABLE 3. Rb-Srand Sm-Nd Isotopic Results

Sample* "Rb/%Srt /g “ISm/'““Nd§ “Nd/'“Nd]|
BMD-24-TR 0.01964 0.70448 = 2 0.19329 0.512222 % 16
BMD-10-TR 0.02754 0.70519 = 3 0.20301 0.512283 = 25
BMD-12A-TR 0.01678 0.70523 =2 0.20212 0.512277 £ 25
BMD-14-TR 0.04224 0.70649 = 4 0.17763 0.512142 £ 26
BMD-8-TR 0.01243 0.70561 =3 021014 0.512284 = 25
0.21014 0.512258 £ 13

BMD-2A-TR 0.001511 0.70254 + 5 0.26722 0.512472 £ 28
BMD-2A-CPX 0.002670 0.70258 + 4 0.27995 0.512516 % 15
BMD-2A-PLAG 0.000666 0.70255 £ 2 0.18236 0.512191 + 34
BOI-62B-TR-A 0.003029 0.70317 x4 0.27363 0.512435 £ 20
0.27363 0.512433 14

BOI-62B-TR-B 0.27340 0.512445 = 24
BMD-7-CPX 0.01720 0.70285 + 3 0.30765 0.512588 + 23
0.30765 0.512594 = 33

BMD-7-PLAG 0.004035 0.70275 + 2 0.09914 0.511906 = 25
0.09914 0.511908 + 20

BMD-17-TR 0.5856 0.70804 + 4 0.18653 0.512190 = 40
BMD-18A-TR 5.485 0.7313 2 0.16973 0.51192 = 60

*TR is total rock, CPX is clinopyroxene, PLAG is plagioclase, and OPX is orthopyroxene.

tUncertainty, +1.0%.

$Normalized to *Sr/**Sr = 0.1194; errors are 20 mean.

§Maximum uncerainty, +0.1%.

|{Normalized to '*Nd/'“*Nd = 0.636151; errors are 2¢ mean.

lous in that they show strong LIL element enrichment and re-
semble tholeiites from oceanic islands or continents. These oc-
currences are presumably rare, and it is reasonable to assume
that the LIL-depleted patterns are characteristic of the pre-
dominant oceanic tholeiites. The extent to which this trace
element chemistry is characteristic throughout geologic time
remains a fundamental question. The pillow basalt BMD-24
has concentration levels and a K/Rb ratio that compare well
with normal midocean ridge tholeiites; however, its K/Ba ra-
tio is lower than that of typical MORB. The dolerite samples
BMD-10 and BMD-12A have somewhat higher concentra-
tions and high K/Ba ratios typical of MORB. Alteration of
ocean floor basalts generally leads to an increase in the con-
centration of K, Rb, and Ba and the K/Ba ratio {Hart et al.,
1974]. Therefore even considering the altered nature of these
samples, we conclude that they show an affinity with normal
midocean ridge tholeiites. The LIL element patterns also are
distinctly different from those of oceanic island, island arc,
and continental tholeiites but similar to those of tholeiites
from marginal basins.

Rare earth patterns from the Bay of Islands Complex have
been reported by Malpas [1978], and our Sm and Nd concen-
trations and the implied fractionation patterns are compatible
with these. There is a clear similarity of the REE pattern of
the pillow lavas with the light rare earth element (LREE)-de-
pleted patterns of normal midocean ridge basalts. The dole-
rites have a somewhat lower REE abundance and stronger
LREE depletion than the pillow lavas. The gabbros have very
low Rb and REE concentrations and show strong LREE de-
pletion and positive Eu anomalies. This is consistent with the
interpretation that they are plagioclase-enriched cumulates.

Analyses of other ophiolites show the same pattern of REE,
K. Rb, Sr, and Ba contents (Allégre et al., 1973; Montigny et
al., 1973; Kay and Senechal, 1976] for basalts, dolerites, and
gabbros as those of the Bay of Islands Complex. Allégre et al.
[1973] have shown that these typical REE patterns for the pil-
low lavas, dolerites, and cumulate gabbros of ophiolites can
be modeled by closed system fractional crystallization using
the observed cumulate assemblages in the gabbros.

The harzburgites show extremely low contents of in-

compatible elements (Table 1). The concentrations of Nd and
Sm are a factor of ~500 lower than chondritic abundances
and a factor of ~10* lower than in the dolerites and basalts.
These low concentrations support the hypothesis that the
harzburgite is the residual mantle remaining after extraction
of midocean ridge basalt magmas, aithough owing to the ser-
pentinized nature of these samples, details of the inter-
pretation are not clear. Available data on harzburgites from
other ophiolites show that they also have very low REE con-
centrations [Allégre et al., 1973; Montigny et al., 1973; Kay and
Senechal, 1976]. However, their Sm and Nd concentrations
are lower by only a factor of ~300 in relation to overlying ba-
salts and dolerites. In all cases, however, very efficient extrac-
tion of LIL elements from the source of midocean ridge ba-
saits is indicated.

For the interpretation of Nd and Sr isotopic data on mid-
ocean ridge (MOR) basalts and ophiolites it is of importance
to have good estimates of fR*5" and f5™/™¢ in their sources.
The average values for the oceanic crust may presumably be
taken as the average value for the present-day MORB source.
The average of individual ophiolites may be taken as esti-
mates for their sources. This should be a good approximation,
since the harzburgite residue left in the mantle after produc-
tion of MOR tholeiite magmas contains insignificant amounts
of LIL elements as discussed above. Oceanic gabbros and
ophiolitic gabbros give an average f**5" = ~0.95 + 0.05 [Kay
et al., 1970; Spooner et al., 1977] (see Table 4). The average
value for unaltered normal MORB is f**5" = —0.8 + 0.1. The
average Sr concentration is about 100 ppm in both the upper
(basalt and dolerite) and the lower (gabbro) oceanic crust,
which as a final result gives an average value for oceanic crust
of fR*/S* = —0.9*%!,. From the data in Table 4 this / value
also seems to apply to the Bay of Islands Complex. The aver-
age of 30 normal MORB gives /™ = +0.12 and Nd = 6.5
ppm [Kay et al, 1970; O’Nions et al., 1977; Carison et al,
1978], and the average of 6 oceanic gabbros {Masuda and Ji-
biki, 1973; Kay et al., 1970] gives /N = 4+0.42 and Nd = 3.3
ppm. Similar estimates are indicated from data on ophiolites
[Montigny et al., 1973; Kay and Senechal, 1976]. The average
for the Bay of Islands Complex appears to be /3™/N = +0.2
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Fig. 2. Sm-Nd evolution diagram showing the mineral isochron
determined for the pyroxene gabbro sample BMD-2A.

from the data in Table 4 and the REE patterns of Malpas
[1978]. Assuming that the lower half of the oceanic crust is
made of gabbro, this gives 5/ = +0.22 and (Sr/Nd) = 22
for the average oceanic crust.

Age and Initial Nd and Sr

We have attempted to determine the crystailization age us-
ing the '’Sm-'*Nd method on two unaitered gabbro samples
BMD-2A and BMD-7. The difficuity of obtaining precise
dates on old terrestrial mafic and ultramafic rocks is well
known. Other methods (K-Ar, Rb-Sr, U-Th-Pb) are much
more susceptible to element redistribution subsequent to the
time of crystallization and in many cases give a metamorphic
age or intermediate ages of doubtful meaning rather than the
time of crystallization. Using these methods, it is often neces-
sary to use minor phases and/or associated differentiated
rocks whose relationship to the mafic/ultramafic rocks is diffi-
cult to establish unequivocally. However, with the Sm-Nd
method it is possible to determine directly the crystallization
age of major mafic/ultramafic igneous rocks. Sufficiently large
differences in Sm/Nd ratios exist between plagioclase and py-
roxene, which are the most common phases in gabbroic rocks,
such that the Sm-Nd system can be used to obtain precise ages
for most gabbroic rocks. The success of this approach has
been shown for anhydrous systems in meteoritic and lunar
basic rocks [Lugmair, 1974; Lugmair et al., 1976; Papanas-
tassiou et al., 1977] and in a hydrous environment in a terres-
trial gabbro [DePaolo and Wasserburg, 1979b]. A successful
total rock approach has, been reported by Hamilton et al
[1977).

The Sm-Nd data for BMD-2A are given in Table 3 and
Figure 2. The plagioclase separate shows '“’Sm/'*“Nd = 0.18,
much lower than that of the total rock (0.27). The pyroxene
separate contained 20% plagioclase and therefore has an Sm/
Nd ratio only slightly higher than the total rock. The data de-

fine an age of 508 + 6 m.y. and initial '*Nd/'“Nd of eny =
+7.7 ¥ 0.1 but only show a relatively small range in '*Nd/
'“Nd of ~6 € units. The small uncertainty given by a York
[1966] fit is due to the fact that the three data points are cen-
tered on the isochron to within 0.1 € units. The total rock
points have higher concentration of Nd than both the pyrox-
ene and plagioclase, so it seems unlikely that the line is a two-
component mixing line. To confirm this age, we analyzed a
second pyroxene gabbro. The Sm-Nd data 6n BMD-7 are
shown in Table 3 and Figure 3. The plagiociase and the py-
roxene show a much larger spread in '“"Sm/'“Nd (0.099-
0.31) than that of BMD-2A. BMD-7 yields an age of 501 = 13
m.y. and an initial exg = 7.5 F 0.2. The uncertainties represent
our best estimates and correspond to the maximum change in
the slope of the isochron allowed by the lo uncertainties of
the duplicate analyses of both data points. The large range of
~14 € units permits this precise age determination. The con-
cordant Sm/Nd ages for the two pyroxene gabbros strongly
indicate that this is the time of crystallization. Insofar as the
mobility of Sm and Nd during metamorphism and weathering
is negligible, and since the data were obtained on primary
magmatic phases, these ages are interpreted to be the crystalli-
zation age of the gabbro at the time of its emplacement in the
oceanic crust. A nominal age of 505 m.y. is assigned to both
samples. We have relied on an internal isochron, since ages
obtained by total rock isochrons depend on the assumption
that all the rocks had the same initial isotopic composition
and age. This would not be expected to be a problem for min-
erals from a single total rock sample. The internal isochron
has the disadvantage that later metamorphism is more likely
to cause isotopic equilibration on the scale of minerals than
on the scale of total rocks. We therefore also compare data
from several other total rock samples with the internal isoch-
ron (Table 3 and Figure 4). One two-pyroxene gabbro plots
off the isochron by ~ 1.1 € units and must represent a distinctly
different age or initial value. The other samples plot on the
mineral isochron. The harzburgite BMD-18A is compatible
with the mineral isochron, but the '*Nd/'*“Nd ratio is much
less precise, since it was measured on | ng of Nd and no firm
conclusion can be drawn other than that it is not grossly aber-
rant.
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TABLE 4. Evolutionary Parameters for Nd and St

,Sm/Nd

Sample* [aRsse £se N
4 Pillow Lavas
BMD-24-TR =0.7625 +6.2+03 -0.0016 +7.6+03
Sheeted Dikes
BMD-10-TR ~0.6670 +154+04 +0.0486 +8.1x05
BMD-12A-TR -0.7971 +17.1 £0.3 +0.0440 +8.1+0.5
Trondhjemite
BMD-14 -0.4892 +32.5£0.6 -0.0825 +7.0+0.5
Gabbros
BMD-8 -0.8497 +23.0+04 +0.0854 +7.7x£0.5
+72+03
BMD-2A-TR -0.9817 -19.6 £0.7 +0.3803 +7.7 £ 0.6
BMD-2A-CPX -0.9677 -19.1 206 - +0.4460 +7.7+03
BMD-2A-PLAG -0.9919 -193+03 -0.0581 +7.7+0.7
BOI-62B-TR-A -0.9634 -10.7 £ 0.6 +0.4134 +6.5+04
+6.5+0.3
BOI-62B-TR-B +0.4122 +6.7 £ 0.5
BMD-7-CPX -0.7920 -16.7+04 +0.5891 +73+04
coe s oes +74+0.6
BMD-7-PLAG -0.9512 -16.8 £0.3 -0.4879 +75+0.5
+7.5+04
Harzburgite
BMD-17-TR +6.057 =09 £0.6 =0.0365 +74+0.8
BMD-18A-TR +65.32 -171.6 £ 16.0 -0.1333 +32 117
e values calculated for an age of 505 m.y.
*See Table 3 footnotes.

The eng4 values for all samples are given for a nominal age
of 505 m.y. in Table 4. We obtain initial €n4 in the range from
+7.0 to +8.1 for metagabbro, trondhjemite, and metadolerite
samples. The pillow basalt sample has a '“’Sm/'““Nd ratio
which is very near to chondritic, so the initial value for this
sample relative to the CHUR evolution line can be estab-
lished as enq = +7.6 £ 0.3, essentially independent of its age.
The orthopyroxenite layer (BMD-17) from the harzburgite
has a similar value of €54 = +7.4 = 0.8. This indicates that the
harzburgite is cogenetic with the remaining part of the ophiol-
ite and supports the hypothesis that the harzburgite represents
residual mantle remaining from the partial melting which pro-
duced the rest of the ophiolite. If we assume the same age for
BOI-62B, we obtain a distinctly lower initial value of €y, =
+6.5 £ 0.4. The observed inhomogeneity in initial Nd in this
complex obviously makes precise age determinations by
whole rock measurements difficult. Although field and petro-
logic evidence may suggest that all the samples appear to be
differentiation products of the same magma, the data require
that the parent magma was isotopically inhomogeneous owing
to contamination or that the complex is the result of multiple
injection from mantle sources with variable Nd isotopic com-
position. The total rock Sm-Nd method has been used to ob-
tain ages often over a broad geologic scale and including dis-
tinctive lithic units [Hamilton et al., 1977, 1978, 1979; Zindler
et al., 1978}, although it is evident that the assumption of uni-
form initial isotopic composition does not apply even within a
single profile through a well-defined complex as the Bay of Is-
lands. Some caution using this approach may be necessary.

The Rb-Sr data are also shown in Table 3, and the ¢, val-
ues are given for a nominal age of 505 m.y. in Table 4. The
data for the gabbros, dolerites, and pillow basalts are shown
in Figure 5. They all have very low ¥Rb/*Sr ratios (<0.02)
and would not have changed their *Sr/*Sr due to in situ
decay of ’Rb by any substantial amount. It is clear that the
different total rock samples show a wide scatter on the Rb-Sr
evolution diagram. Samples of minerals and total rock from

the fresh gabbro BMD-2A give measured *'Sr/*Sr ratios
which are all the same within error. The clinopyroxene has
the highest ¥Rb/*Sr ratio of 0.0027. The total evolution in
¥Sr/*Sr for this phase in 505 m.y. is 0.3 ¢ units, so an estimate
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Fig. 4. Sm-Nd evolution diagram showing the data for whole rock
samples of pillow basalt, sheeted dikes, trondhjemite, gabbros, and an
orthopyroxenite layer in the harzburgite. The 508-m.y. mineral isoch-
ron for BMD-2A is shown for reference. All the data do not fit the
isochron. Note that BOI-62B does not lie on the mineral isochron and
indicates a distinctive initial value. The data point for the ortho-
pyroxenite BMD-17 indicates that the harzburgite is cogenetic with
the upper mafic part of the ophiolite.
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Fig. 5. Rb-Sr evolution diagram showing the mineral and total
rock data for samples from the Blow-Me-Down massif. Reference
lines with slopes corresponding to the Sm/Nd age are shown. Note
the wide range in initial *’Sr/**St for different sampies and the im-
plied range in initial strontium.

of the age cannot be obtained from these data. The initial
¥Sr/%Sr value is 0.70254 + 2, or €5, = —19.3 + 0.3. For BMD-7
both clinopyroxene and plagioclase give the same initial
¥7Sr/%Sr ratios of 0.70272 £ 2, or €s, = —16.8 + 0.3. Since the
minerals would have different susceptibilities to Sr migration
and have the same ¢, this is good evidence that we are mea-
suring the Sr isotope composition of these rocks at the time of
crystallization. The two-pyroxene gabbro BOI-62B also has a
very low *Rb/*Sr ratio of ~0.003 and gives an initial *’Sr/
®Sr of 0.70315 + 4. This is higher than that of BMD-2A and
BMD-7, and since the sample shows only minor signs of aiter-
ation, we take this to indicate a significantly different initial Sr
value from the two other samples. The difference in *’Sr/*Sr
cannot be due to an age difference. It appears that the three
pyroxene gabbros show significant differences in initial Sr.
BOI-62B also shows a significantly different initial Nd from
those of BMD-7 and BMD-2A.

Sr analyses were carried out aiso on samples of metagabbro,
trondhjemite, metadolerite, and pillow basalt which had obvi-
ously been subject to hydrothermal metamorphism. These
samples give a wide spread in €g, from +6.2 to +32.5, which is
very different from the tightly clustered €4 data. We note that
the ¢, values in general show an increase with the degree of
metamorphism and alteration. This further demonstrates the
much larger mobility of Rb-Sr compared to Sm and Nd dur-
ing hydrothermal and metamorphic processes, as has been
evident from previous studies. This is most likely due to the
lower solubility of REE in aqueous solutions and the differ-
ence in diffusivity in the solid phases, as compared to Rb-Sr.

The harzburgite BMD-18A has both a high *Rb/*Sr ratio
and *Sr/™Sr ratio for an ultramafic rock (Table 3). The *'Sr/
%Sr ratio for this sample is less precise than for other samples,
since it was measured on only 20 ng of Sr. It yields a Ty,
model age of 414 + 6 m.y., and, following the discussion of
Tsaai model ages by Wasserburg and Papanastassiou [1975].
this demonstrates that this sample has been disturbed sub-

sequent to this time. Rb-Sr data for harzburgites from alpine
peridotites and ophiolites by other workers show that primary
minerals have much lower Rb/Sr ratios (Menzies and Murthy,
[1978] and that secondary phases often have high Rb/Sr
ratios [Brueckner, 1975]. The high Rb/Sr ratio measured in
BMD-18A may thus be related to serpentinization of the
sample. The serpentinization of harzburgites in ophiolites is
known to occur after their emplacement on the continents
[Wenner and Taylor, 1973}, so the younger age is plausible.
The relatively fresh orthopyroxenite BMD-17 aiso has a rela-
tively high Rb/Sr ratio, but it is only one tenth of that in the
harzburgite.

Strontium [sotope Contamination

Isotopic studies of ocean floor basalts and of the Troodos
ophiolite have clearly demonstrated that *’Sr/*Sr in altered
samples generally has been increased owing to interaction
with seawater [Dasch et al., 1973; Hart et al., 1974; Spooner et
al., 1977]. Changes in *'Sr/*Sr by seawater interaction have,
however, not been observed to be accompanied by significant
changes in '"*Nd/'““Nd ratios [O’Nions et al, 1977, 1978a].
Present-day oceans appear to be large, well-mixed reservoirs
of Sr with ¥Sr/%Sr = 0.7091 % I, or €,(0) = +65.3 £ 1.4
[Papanastassiou et al, 1970; Hildreth and Henderson, 1971),
and a Sr concentration of 7.9 ppm (Holland, 1978] and are
thus isotopically distinct from oceanic basalts. The '*Nd/
'%4Nd ratio in seawater show a large range from eng(0) = —1 to
—14 [DePaolo and Wasserburg, 1977; O’Nions et al, 1978a;
Piepgras et al., 1979}, which is also distinct from oceanic basalt
values. The concentration of Nd in seawater is only 3 X 10~
ppm [Hégdahl et al., 1968] and is the reason why changes in
"INd/'““Nd ratios have not been observed in altered ocean
floor basalts.

Rocks from the Bay of Islands ophiolite have a range of 1.6
€ units in initial Nd, while the initial €5, values show a range of
52 € units. The initial magmatic *’Sr/*Sr is in the range €5, =
=19.3 to —10.7 on fresh gabbro samples. Higher ¢, values are
associated with hydrothermally metamorphosed samples.
Since there is a general increase in the €5, value with the de-
gree of alteration, we attribute these higher values to con-
tamination by seawater. The magnitude of the &g, shifts is sim-
ilar to that observed in the much younger Troodos ophiolite
[Spooner et al., 1977).

The amount of seawater needed for the observed e, shift
may be calculated. The volumetric water/rock ratio (= W/R)
is given by

8
Z . &.” Stp P
R € — €5, Stsw

S

where B denotes the unaltered sample and SW denotes sea-
water. We use €5,° = —19.3 and €;,°" = +72 (estimated for
Cambrian seawater; [Veizer and Compston, 1974]) and p = 3
g/cm®. This model assumes 100% efficiency in Sr exchange
and therefore gives a minimum water/rock ratio. The buik
seawater rock ratio for the metagabbro is thus at least ~130:1
and for the pillow basalt at least ~23:1.

Using the above mentioned parameters for Sr and assuming
that Cambrian seawater has eyy = —5, we can calculate the
mixing curve between an uncontaminated rock (Nd = 8 ppm
and Sr = 120 ppm) and seawater. The shape of the mixing
curve depends on the parameter K, ,ng® ™% = (St/Nd), 0 /(ST/
Nd)uwwer = 5.7 X 107*. The mixing line in the €x,-€5, diagram
is horizontal almost until it reaches the seawater value for e,
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(Figure 7). The water/rock ratios shown on the mixing line in
Figure 7 assume 100% efficiency of exchange for Nd and Sr.
In this case the ey, value cannot change significantly before
the water/rock ratio is ~10°.

Oxygen and Sr isotope data and Fe,0,/FeQO* ratios to-
gether with other geological evidence strongly suggest that the
pervasive hydrothermal metamorphism observed in the pillow

lavas and sheeted dikes of ophiolites occurred in a sub-sea-
floor geothermal system at a spreading center (Spooner et al.,
1974, 1977]. The Bay of Islands data indicate that similar geo-
thermal systems may have been active in Cambrian ocean
ridges. The upper oceanic crust (pillow lavas and sheeted
dikes) seems to have been a sink for Sr from seawater
throughout the Phanerozoic. This can result in recycling of
continental Sr into the mantle in subducted oceanic slabs. Nd
and Sr isotopic studies of some young island arc tholeiites and
dacites {DePaolo and Wasserburg, 1977, Hawkesworth et al.,
1977] suggest that they may be derived from altered oceanic
crust, since they plot to the right of the MORB field in an ey,
€5, diagram, as do altered oceanic basalts. The data presented
here suggest that this may be a characteristic of island arc
rocks back to Cambnian times if they were derived by melting
subducted oceanic slabs.

Observed €y — €5, and Their Correlation

We show a histogram of ¢y, for young oceanic and conti-
nental basalts and for the Bay of Islands Complex in Figure 6.
The initial enq values for the Bay of Islands samples are in the
range from +6.5 to +8.1, lie slightly lower than those for typi-
cal present-day midocean ridge tholeiites, and are thus clearly
distinct from CFB. The Nd isotopic affinity with oceanic ba-
salts can be easily seen. Richard et al. [1978] have reported eng
(0) and s, (0) values for some young ophiolitic gabbros that
also indicate their oceanic nature.

We now examine how the Bay of Islands ophiolite data plot
on the exy — €, correlation diagram to determine whether the
regularities observed for young oceanic samples also apply to
old samples. Previous studies have shown that ey4 and €, cor-
relate well, especially for ocean ridge and oceanic island ba-
salts. This regularity does not appear to be valid for island
arcs owing to Sr contamination by seawater [DePaolo and
Wasserburg, 1976b, 1977, Hawkesworth et al., 1977). Mid-
ocean ridge basalts have the highest €., and lowest ¢g, and a
restricted range of values. Ocean islands have somewhat lower
€ng and higher €. The correlation is also valid for selected
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Fig. 7. An eng = eg, diagram showing the data for the Bay of Islands samples. The cross represents average modern
MOR tholeiites. The line through this cross and eng = €5, = 0 represents the main correlation in young basaltic rocks (eng
= —0.37¢g,), which is called the Mantle Array. The fields of young MOR tholeiites, island are tholeiites, and ocean island
basalts are shown. The &yq and e, values of the unaltered pyroxene gabbros plot on the Mantle Array and show that
mantle sources of the early Paleozoic follow a pattern similar to that found in present-day mantle sources. The large dis-
persion in ¢5, and an almost constant engy is due to interaction with Cambrian scawater. A mixing curve between seawater
and the inferred composition of uncontaminated samples is given with the tick marks giving the volumetric water ( W/R)
to rock ratio and show that W/R > 10° before ey, values are affected.
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continental basalts. The CFB have ey, in the neighborhood of
zero but tend to spread out to very high ¢s, values and nega-
tive en4 resulting from crustal contamination [DePaolo and
Wasserburg, 1976b, 1979a). Figure 7 shows the fieids of various
types of young basaltic rocks. The data for the pyroxene gab-
bros plot in the upper part of the oceanic island field and near
the lower end of the MORB field. The field of island arc tho-
letites also includes these data points. However, the structure
and geochemistry of the Bay of [slands Complex strongly sug-
gest that it formed at a chemically normal midocean ridge.
Total rock samples of pillow basalts, dolerites, hornblende
gabbros, and trondhjemites have high eg, values and plot to
the right of the island arc field owing to submarine hydro-
thermal metamorphism. This behavior of Bay of Islands sam-
ples with shifts to the right is similar to that found for altered
ocean floor basalts [O'Nions et al., 1977, 1978a]. We conclude
from the data presented here that the primary magmatic eng
and e, for the Bay of Islands Complex lie on the correlation
line for youang volcanic rocks and exhibit clear oceanic affin-
ity. It follows that the mantle sources of early Paleozoic oce-
anic rocks follow a pattern similar to that found in young oce-
anic rocks. However, typical ey and e, values for young
normal ndge segments are +10 and —27, respectively (Figures
6 and 7). Therefore enq values for the Bay of Islands Complex
are displaced down along the correlation line by ~2-3 € units
from typical present-day MORB. We conclude from the data
that the average initial Nd value for the Bay of Islands is exq
= +7.6, and for average initial Sr we assume that ¢, = —19.3
as for BMD-2A, since this value makes it plot on the correla-
tion line. A shift toward lower ey, values and higher e, values
is expected for old oceanic samples, since f3™/™4 > ( and f*>3*
< 0 for the MORB source. However, in order to predict where
the MORB field in Figure 7 should be for old samples, it is
necessary to utilize specific models of mantle evolution.

This 0.5-aeon-old ophiolite has characteristic oceanic enp
values which have been preserved both for altered and unal-
tered samples. This shows that the Nd isotopic signature may
be used as a method to trace remnants of obducted oceanic
crust in the Appalachian-Caledonian mountain chain in
places where later tectonism and metamorphism have de-
stroyed other geologic evidence.

Comparison W::th Previous Age Data

Late Precambrian flood basalt and associated feeder dikes
that intrude Precambrian basement gneisses in northwest
Newfoundland are overlain by arkosic sandstones and Lower
Cambrian shales [ Williams and Stevens, 1969]. They are be-
lieved to have formed during the initial continental rifting
which produced the Proto-Atlantic (Iapetus) Ocean [Bird and
Dewey, 1970]. Stukas and Reynolds [1974a] obtained a “Ar/
®Ar age for these dikes of 615 + 10 m.y., which they inter-
preted as the age of emplacement. All K/Ar ages have been
recalculated with the decay constants Ay = 0.4962 acon™', A, =
0.0581 aeon™', and “K = 0.01167 atomic %. The ophiolites in
Newfoundland occur in allochthonous thrust slices, so a strati-
graphic lower limit to their age is not well defined, but if the
above arguments are correct, they should be younger than 615
m.y. Stratigraphic evidence further indicates that the main
closure of Iapetus was completed by Middle Ordovician [ Wil-
liams and Talkington, 1977]. Tremadocian sediments, associ-
ated with ophiolitic rocks of the Little Port Complex [Wil-
liams, 1973}, indicate a minimum age of ~490 m.y. The Little
Port Complex is a polyphase deformed ophiolitic assemblage

which lies to the west and is in steep structural and igneous
contact with the Bay of Islands Complex [Karson and Dewey,
1978}.

The Bay of Islands Complex was apparently emplaced on
the continent while still at elevated temperatures, since a
metamorphic aureole occurs along the surface of obduction.
Amphiboles from the aureole give a **Ar/°Ar age of 469 + 5
m.y. [Dallmeyer and Williams, 1975) and a “*K/“’Ar age of 463
+ 9 m.y. [Archibald and Farrar, 1976]. Amphiboles from
sheeted dikes and gabbros give a *K—“Ar age of 461 = 12
m.y. and an “Ar/>°Ar age of 467 = 7 m.y. [Archibald and Far-
rar, 1976). These ages (~470 m.y.) were interpreted as the time
of tectonic emplacement (obduction) of the ophiolite. Dated
amphiboles within sheeted dikes and gabbros give argon ages
indistinguishable from those of the metamorphic aureole. The
time of final emplacement is bracketed by the middle Llanvir-
nian age of the youngest autochthonous rocks beneath the
Humber Arm Allochthon and the late Llandeilian age of the
oldest unit of the neoautochthonous Long Point Group which
unconformably overlies the allochton [Bergstrom et al., 1974].
Using the revised Ordovician time scale of Churkin et al
[1977), this corresponds to 455-465 m.y. It appears that the
Bay of Islands ophiolite was providing clastic detritus to grey-
wackes of the Humber Arm Supergroup by the late Arenegian
[Stevens, 1970], which indicates that the initial obduction of
the ophiolite occurred at or before this stratigraphic time. The
470-m.y. age of the metamorphic aureole is currently used as
an important reference point in the calibration of the absolute
Ordovician time scale {Dallmeyer and Williams, 1975; Churkin
et al, 1977

U-Pb data for zircons from a trondhjemite from within the
Blow-Me-Down gabbro have been interpreted to give a time
of crystallization of the complex of 504 + 10 m.y., assuming
that 460 m.y. represents a time of isotopic disturbance [Maz-
tinson, 1976]. The three data points plot on a discordia line be-
tween these two times, but they are all within error of the con-
cordia curve at significantly different times. This is because
the concordia curve is nearly a straight line for this time inter-
val, and it is thus difficult to interpret the U-Pb data. Martin-
son [1975] reports U-Pb data on zircons from a trondhjemite
of the adjacent Little Port Complex which give an age of 508
+ 5 m.y. This was also interpreted as the time of crystalliza-
tion of this complex. The data from this complex define a dis-
cordia between T ~ 0 and T = 510 m.y., with all the data
close to the upper intercept. There is no indication of a 470-
m.y. event in the U-Pb data, although amphiboles from this
complex give K-Ar ages of ~470 m.y. [Archibald and Farrar,
1976]. The U-Pb ages strictly provide only minimum age lim-
its for these complexes. The Sm-Nd internal isochrons on gab-
bros BMD-2A and BMD-7 reported in this work give ages of
508 + 6 m.y. and 501 + 13 m.y. The similarity of the Sm-Nd
and U-Pb ages gives further evidence for interpretation of this
as the original time of crystallization of the oceanic crust now
occurring in the Bay of Islands Complex.

Age data exist for two other ophiolites in Newfoundland.
U-Pb data on zircons from a trondhjemite dike cutting the
Nippers Harbor (Betts Cove) ophiolite define a discordia be-
tween T~ 0 and 7 = 463 + 6 m.y., with all the data close to
the upper intercept [Mattinson, 1975]. Mattinson interpreted
this as the time of formation of the ophiolite. The Betts Cove
ophiolite is overlain by Early Ordovician (Arenigian) sedi-
ments, so unless the Ordovician time scale is drastically re-
vised, this suggests that the rock dated by Mattinson does not
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belong to the ophilite or that the U-Pb system in the zircons
was reset during a later thermal event. A “’Ar/*Ar age of 504
= 5 m.y. was determined by Siukas and Reynolds [1974b] on
large crystals of primary hornblende from the Brighton gab-
bro. which intrudes the Lushs Bight sheeted dikes and pillow
lavas in central Newfoundiand. The age was interpreted with
some caution as the time of primary crystallization.

The precise imes of formation of these ophiolites and their
time of emplacement are important in plate tectonic models
for the Appalachian-Caledonian mountain chain and for es-
tablishing the absolute time scale of the lower Paleozoic.
From the data outlined above. the times of formation of the
Bay of Islands Complex, both as a segment of oceanic crust at
505 m.y. and of obduction at 470 m.y., seem now to be well
established.

MODELS FOR THE EVOLUTION OF THE SOURCE
OF MIDOCEAN RIDGE BASALTS

From the €y, and e, values of midocean ridge basalts it is
clear that the MORB have been derived from a mantle reser-
voir that has suffered depletion of LIL elements and this res-.
ervoir must have existed for long times. The only plausible
long-lived LIL element enriched reservoir that couid be the
complement to the MORB source is the continental crust. The
MORB source is thus likely to have formed as a residue after
previous partial melting events in the mantle that formed part
or all of the continental crust.

Discrete Differentiation Event

For simplicity, let us first consider a model in which a LIL-
depleted and a LIL-enriched reservoir is formed by partial
melting from an uandifferentiated reservoir (CHUR, UR) in a
single differentiation event at time T,,. Then as shown by De-
Paolo and Wasserburg [1976a], at a time T subsequent to the
time of differentiation T, we have to a good approximation

€ng() = Qnaf/*™(Tp - T (5a)
&) = Os /" *(Tpr - 1) (5%)

where
147 1 0.
Ong = Daa "5/ Nl 10 = 24.74 acon™' (5¢)
Tcuur"™(0)
86 0.
Qs = Awo("RD/“Sn)ue® - 107 16.70 acon™" (59)
Iyr*(0)

and [ is the enrichment factor for either the LIL-depleted resi-
due after melting (f,) or the LIL-enriched partial melt (f..).
Using f., as measured for the sample, the time T, calculated
for eng(0) and &5,(0) (at T = 0) corresponds to Tcyuur™ and
Tur® for Sm/Nd and Rb/Sr, respectively, as defined by
McCulloch and Wasserburg [1978]. The [ values for the parent
reservoirs are not measured directly; in particular, for the de-
pleted residue it is necessary to make some estimates of the f,
values to find T, for the MORB source from (5). In the sec-
tion on the LIL element patterns we estimated f,**/3 = —0.9
and f,5®/™¢ = +0.22: For a simple model with a single differ-
entiation event these f, values should be the same for all time
in the LIL-depleted residue. Normal modern MORB have av-
erage €5, = —27 and en4 = +10, 30 by using the above f, values
and (5) we get T, of 1.8 aeons for both Sm/Nd and Rb/Sr. As
1.2 is close to its limit of —1, it is therefore not subject to
substantial error. Since f,**5" > —|, it also follows that T, >

1.6 aeons. Note that we use average values estimated for the
MORB source reservoir for these calculations.Carison et al.
[1978] used /5™™N9 and €y, values for individual MORB sam-
ples and obtained a diversity of 7 &~ model ages (1.0-1.3
aeons). Whether this dispersion reflects real vanation in source
ages or changes in /5™ ™ during magmatic differentiation is
not vet understood. Typical values for the Bay of Islands
source from the data in this paper were inferred o be ¢,, =
+7.6 and €5, = —19.3. Using these values. the age of 0.3 aeon
and the above |, values give T, of 1.9 and 1.8 aeon for Sm/Nd
and Rb/Sr. respectively. The fact that we get nearly the same
value for T, for two different points in time could be taken as
evidence that this time represents a unique differentiation
event. Note, however, that the depleted mantle could also be
produced over a time of the order of 3.6 aeons and have a
mean age of 1.8 acons, and the value of T, calculated does thus
not necessarily define a single event. In discussing whether the
MORB source was in fact produced in a single event, it is nec-
essary to address the problem of whether a single-event model
can explain the dispersion in the data for young MORB sam-
ples and also the mantle array (Figure 9). We will therefore
discuss how x4 and ¢, depend on the times of differentiation
and Rb/Sr and Sm/Nd fractionations in the mantie by as-
suming equilibrium melting.

Modeling of Fractionation Patterns in the
MORB Source and the Timing of
Fractionation Events

It has been shown previously that modeling the relationship
between f®*5 and f3™/™ for melts and residual solid can aid
in the interpretation of Sm-Nd and Rb-Sr isotopic data
[O’Nions et al., 1977; Carter et al., 1978; O’Nions et al., 1978b;
Hawkesworth et al., 1978; DePaolo, 1979).

In the following we discuss the systematics of eyq and e,
values and the f*®/5* and f5®/™ in the residual solid which is
the parent reservoir of the basalts. The residual solid is as-
sumed to be produced after partial melting of an undepieted
mantle reservoir. We assume equilibrium partial meiting. The
relationship between ey, and ¢, in the depleted reservoir de-
pends on the function G:

From (5) and (6) we get
eSI(T)
endT) = Ona(To = TIG (m) @

For melting where complete chemical equilibrium is main-
tained between bulk liquid and all phases present in the solid,
the previous melting history is not relevant if the system re-
mains closed. The bulk distribution coefficient is defined by
D= %- 2z XK, ®
- {
where C, is the concentration in the solid, C,, the concentra-
tion in the liquid, X, the mass fraction of mineral i in residual
solid, and KX, the mineral/melt partition coefficient for mineral
i. The -concentration in the melt relative to that in the initial
total system G, is given by

L S S—
G F+DI1-PH

where F is the mass fraction of the system that is present as

()]
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Fig. 8. Cartoon showing the expected relationships between resid-

ual solid and partial melts in an ey = €5, diagram at T, and 7, years
subsequent to the melting event and for various degrees of melting F.
The line segments of constant F cover a range of times. The inter-
section of a constant 7T curve with a constant £ curve determines the
values of F and T at that point.

melt (Shaw, 1970; Consolmango and Drake, 1976]. The con-
centration in the residual solid is given by

C, D

C F+DU1-H (19)

where D is a function of the degree of melting. Assuming that
the phases always melt in constant proportions, then D is re-
lated to the initial bulk distribution coefficient D, = J, X°K,
where X is the mass fraction of mineral i in the original solid.
Let p; be the mass fraction of mineral i in the melt and P =
2. pK. Then

D, — FP

0 o
D-le Fp, T

; 1-F
L2 PO
Co Do+ F(l-P)
which are equations (12) and (15) of Shaw [1970]. For the re-
sidual solid, (8) and (11) give
Q_DO—PF{&)_ D,— PF .
G 1=-F\G) (1-A[D,-F1-P~P)]

Enrichment factors for liquid and residual solid as a func-
tion of F are then given by

K=
(n

(12)

fosmma o Dona + FL= P _
" Dosm + F(1 = Psp)

(Do.sm = PsmF )N Dong + F(1 = Prg)l _
(Dong = PnaP)[Dosm + F(1 = Psy)]

Equivalent formulas hold for f,.**/5" and f,*®*’5. The func-
tion G is thus determined by formulas for f,**5" and f,S™/™N¢
through the fraction of melt F. Equations analogous to (14)
have been given by DePaolo [1979] for equilibrium melting
and fractional melting in the special case when D, = P.

The limiting slope for the residual solid as F— O is

(d/‘\'msz) B DOSm_I o Do.Nd_I B (/,Sm/Nd)

f Rb/Sc -1 -1 Rb/S
{j.' 5 Dll.Rh = DleSr [’ " F=0

1 (13)

f'Sml Nd

1 (14)

lim

F—=0

(15)

DePaolo [1979] has shown that (15) also holds for modal
equilibrium melting and modal fractional melting. It can in
fact be shown from (10) that (15) holds for any kind of equi-
librium melting.

The relationships between en4 and &, in the residual solid
subsequent to a partial melting event at time T, may be calcu-
lated from (5) and (14). Basalts generated by subsequent meit-
ing of the residue will have en4 and e, values of the residue at
the time of later melting as given by (5) for f,%®/5" and [ 3=/™¢
calculated from (14). A cartoon illustrating various constant
(Tp — T) curves and constant F curves is shown in Figure 8
for the case where Dgy < Ds, =< Dyng < Dsn. For a constant
gree of melting or for asymptotically small amounts of melit-
ing, [,5™/M4 = af **/5* where a is a constant which may be cal-
culated from (14). It follows that

aQng

QSr ESr(n
All reservoirs with the same degree of meiting will thus lie on
a line for all times. The position of the melt on the line will
depend on (T, — T) as given by (5). The area in Figure 8 la-
beled partial melt corresponds to the evolution in time of the
meit removed from the residual solid at T,. This com-
plementary material presumably represents crustal material
formed at that time. For a constant degree of melting the rela-
tionship between the slopes for residual solid and partial melt
is given by

ena(T) = (16)

(dena/des)e _ Dua _ (St/NA).
(dena/des), ~ Ds.  -(St/NQ),

The break in slope at the origin for constant F curves may be
calculated from (17). For various degrees of melting, all reser-
voirs with the same value of (T, — T) will lie on a curve
whose shape depends on the function G in (6). Figure 8 shows
schematically the relationship between lines and curves ex-
pected for different values of F and (T, — 7). If we derive
magmas today from residual mantle reservoirs formed in a
partial melting event T, years ago with a range in degree of
melting between F, and F,, then they should have initial enq
and ¢, which plot on the curve for (T, — 7) = T, and be
bounded by the intersections with the lines labeled F, and F;.
We note that since depleted mantle reservoirs have Sr/Nd ra-
tios close to chondritic, mixing curves between depleted and
undepleted reservoirs would be essentially straight lines be-
tween the end-members. If mixing occurred between these
reservoirs and an undepleted mantle reservoir at the origin,
then magmas derived today may have values anywhere in the
field bounded by the curve T, and the lines F, and F,.

We will now apply the above relations to a specific ex-
ample. For the original unfractionated reference reservoir we
assume a fertile garnet peridotite mineralogy with the initial
mass fractions of the various phases: olivine = 0.55, ortho-
pyroxene = (.15, clinopyroxene = 0.15, and garnet = 0.15.
Various mineralogies have been suggested on the basis of
modeling of geophysical data [4Arens, 1973], the modal abun-
dances in mantle xenoliths [Harris et al., 1967; Jackson and
Wright, 1970; Carter, 1970; Maalde and Aoki, 1977}, and geo-
chemical models [Ringwood, 1975]. Our choice is fairly similar
to the pyrolite model of Ringwood [1975]. The melting propor-
tions of the above phases are assumed to be 0.03, 0.07, 0.45,
and 0.45, respectively, and will leave a residue of harzburgite
after 33% melting. The LIL element distribution are not sen-

an
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Fig. 9. An e€ng = €g, diagram showing data for young MOR tholeiites and the 505-m.y.-old Bay of Islands pyroxene
gabbros. Constant T, curves are shown for a range of ages from | to 2.5 acons (AE) and were calculated using the partial
melting model discussed in the text. Constant degree of melting curves are also shown. Typical values for the Bay of Is-
lands source are inferred t0 be eng = +7.6 and €5, = —19.3, identical to the values for one of the pyroxene gabbros

(BMD-2A). This corresponds to £ = 0.03 and a time (Tp —

T) of 1.35 aeons, which corresponds to an isolation of the

source 1.85 aeons ago. The expected value for the Bay of Islands source, if sampled today, is shown by the open square and
is close to the average value for modern MOR thoieiites (cross).

sitive to the choice of eutectic proportions. The distributions
coefficients used (Table S) were selected, if possible, for basal-
tic systems at temperatures of 1200°-1300°C. The mineralogy
used in the present model gives the following bulk distribution
coefficients: Dy gy = 0.0025, Dos, = 0.033, Dopng = 0.044, and
Dy s = 0.080. The melting proportions used give Py, = 0.006,
Ps, = 0.091, Py =0.12, and P, = 0.21.

The resulting constant F and constant (T, — T) curves are
shown in an ex —€5, diagram together with the data for MOR
tholeiites and the Bay of Islands ophiolite (Figure 9). The cal-
culated constant (T, — T) curves all have an initital siope
given by the line labeled F = 0. This initial slope is much less
than that of the Mantle Array, so it cannot be explained by
asymptotic behavior of the constant (T, = T) curves. With in-
creasing degree of melting the constant (T, — T) curves get
steeper and intersect the Mantle Array. The shape of these
curves is a result of the fact that the bulk distribution coeffi-
cients Dgp, K Dg, € Dyg < Ds,, for our choice of source miner-
alogy. From the distribution coefficients given in Table 5, it
seems likely that the constant (T, — T) curves would have this
shape for the most reasonable choices of source mineralogy if
the major phases are controlling the LIL element fractiona-
tion during partial melting. If minor phases like amphibole,
phlogopite, or apatite are important residual phases, then this
is not necessarily true (Table 5), and the Mantle Array could
possibly be due to asymptotic behavior of the constant
(To — T) curves. However, then this would require that the
initial mineralogy melted always should have constant pro-
portions of these minor phases to satisfy (15). We feel that at
present there is insufficient evidence for this and conclude that
the shape of the constant (T, — T) curves in Figure 9 is cor-
rect. We also note that the degree of melting assigned to each
point on a constant (T, — T) curve will be much more model
dependent than the shape of the curve, since the steep part is

due to the fact that as f**/5* approaches its lower limit of —1,
the position of the curve is not model dependent.

The data points for pyroxene gabbros from the Bay of Is-
lands Complex are shown in Figure 9. As discussed pre-
viously, the gabbro with the lowest ¢, value is thought to have
the typical value of euq and €, for the Bay of Islands source.
Using the time grid on Figure 9, this corresponds to an inter-
section of a curve with (T, — T) = 1.35 acons and a line with
F = 0.03. The source may thus have been derived from a layer
segregated 1.35 acons prior to the formation of the 0.5-aeon-
old Bay of Islands Complex, which corresponds to an isola-
tion of the source 1.85 aeons ago. This is again consistent with
the T, value obtained previously for young MORB. This
single-stage model allows us to evaluate the position of the
Bay of Islands source if it had evolved up to the present in-
stead of being partially melted ~500 m.y. ago. This dis-
placement is shown by the arrow in Figure 9 and indicates
that the Bay of Islands source would have had ey, ~ 10.5 and
€s, ~—27 if it had evolved up to today in this single-stage
model

TABLE 5. Mineral/Melt Partition Coefficients

Rb Sr Nd Sm
Clinopyroxene 0.003 0.12 0.17 0.26
Garnet 0.01 0.08 0.087 0.217
Orthopyroxene 0.003 0.02 0.013 0.022
Olivine 0.0002 0.0002 0.007 0.010
Amphibole 0.045 0.188 0.19 0.34
Phlogopite 3.0 0.081 0.03 0.03
Apatite oo 26 20

Sources are Griffin and Murthy [1969], Philpotts and Schnetzier
{1970}, Schnetzier and Philpotts [1970}, Hart and Brooks [1974], Shi-
mizu [1974], Grutzeck et al. [1975), Shimizu and Kushiro [1975), Weill
and McKay [1975), McKay and Weill [1976], and Beswick and Carmi-
chael [1978].
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It is of special interest here to look in detail at the data base
for present day MORB. Figure 9 shows existing data for nor-
mal and chemically anomalous MOR tholeittes. The data for
anomalous MORB [O’Nions et al., 1977; Richard et al., 1976)
are mainly from the geochemical transition zcne south of the
Azores and have trace element and isotopic characteristics in-
termediate between the Azores platform and normal ndge
tholeiites { White and Schilling, 1978]. One sample [O’Nions et
al., 1977] is from the geochemical gradient observed along the
Reykjanes Ridge south of Iceland [Schilling, 1973; Sun et al.,
1975]. The data for normal MORB spread out along the
Mantle Array as shown in Figure 9, and the data cannot be
explained as samples of different reservoirs with different f,
values formed at one time, since they do not follow the steep
part of any constant (T, — T) curve. The diagram rather in-
dicates that the source of the normal MORB formed as resi-
due after melting over a time interval from ~2.3 to 1.5 aeons
ago with a relatively constant degree of melting of F = 0.025-
0.40 to form the continents. The MORB may, of course, repre-
sent an arbitrary degree of meiting which is not directly re-
lated to the values of F given here. The average MORB repre-
sented by the cross in Figure 9, indicates that the mean value
of T, is 1.9 aeons for the MORB source today. The anomalous
MORB are displaced toward somewhat lower ¢ values along
the Mantle Array. Younger differentiation ages are thus in-
dicated for the source of anomalous MORB in the range from
1.7 to 1.0 acons ago. The oceanic island magmas mainly clus-
ter around en, = +6 but spread out along the correlation line
t0 €ng ~ 0, and this may indicate even younger differentia-
tion ages for their sources. We conclude that while it is possible
to explain the MORB data alone by partial meiting of a reser-
voir formed in a unique event, it is not possible to explain the
anomalous MORB or the Mantle Array by such a one-stage
model. It is possible that one may have a variety of depleted
mantle reservoirs formed at different times owing to partial
melting events with relatively constant degree of melting. The
set of all such reservoirs would, if sampled today, plot on a
line. One may thus get the Mantle Array by having layers of
different T, and with F in the range from ~ 0.02 to 0.04 as in-
dicated in Figure 9. Today this would give the isotopic char-
acteristics of basalts which lie on the correlation line. Mixtures
of such reservoirs formed at different times would then also
always lie on the correlation line. The simplest choice is to
have only two reservoirs, the samples with isotopic character-
istics intermediate between these two reservoirs being blends
of these two sources. The simplest choice of end-members is
the endpoints of the Mantle Array. We thus choose the source
of normal MORB for the LIL-depleted end-member and the
origin (CHUR, UR) as the undepleted end-member. This
model must still explain the scatter around the Mantle Array
which is not addressed here. The age of the undepleted reser-
voir is 4.55 aeons, while the age of the depleted reservoir is
probably of the order of 3.6 aeons, as discussed previously, and
its mean age is ~1.8 acons. Interpretation of the Mantle Ar-
ray as a mixing line is basically in agreement with the inter-
pretations by Schilling [1973), Sun et al. [1975], and White and
Schilling [1978] that anomalous MORB magmas are derived
by mantle plume mixing with a LIL-depleted asthenosphere.
We conclude that the Mantle Array may be most simply ex-
plained as a result of mixing of the MORB source and an un-
differentiated mantle source [DePaolo and Wasserburg, 1976b;
Hawkesworth et al., 1978; DePaolo and Wasserburg, 1979a;
DePanlo. 1979].

Significance of Differentiation Ages
for the MORB Source

Single-stage Rb-Sr and Sm-Nd differentiation ages for the
MORB source give ~1.8 aeons. This is similar to differenti-
ation ages derived from mantle isochrons [Sun and Hanson,
1975; Sun and Jahn, 1975; Brooks et al., 1976a, b; Church and
Tatsumoto, 1975; Tatsumoto, 1978] for both MORB and ocean
island basalts. This would suggest that the widespread forma-
tion of continental crust ~1.8 acons ago is coincident with the
formation of the MORB source reservoir. We believe that a
single differentiation event cannot explain the ey and €, data
for MORB and the Mantle Array and that the range in ob-
served values is most likely due to mixing of depleted mantle
with undepleted mantle. The continental crust is also known
to have formed in many events, with the most important oc-
curring at ~0, 0.5, 1.0, 1.8, 2.6, and 3.6 acons ago. Each crust-
forming event must also have produced a complementary de-
pleted mantle reservoir. The average /,5™™¢ value for the de-
pleted mantle is +0.22, so we should see a range of exq values
from 0 to +20 for depleted mantle formed over a time span of
3.6 aeons if no mixing occurred in the depleted mantle. Instead,
the normal oceanic mantle shows a rather limited range from
+8 to +12, implying relatively rapid mixing in the depleted
mantle. The average /5™ is +0.12 for the upper oceanic
crust and is +0.42 for the lower oceanic crust. If large blocks
of the oceanic crust made up of these different materials were
preserved, then heterogeneities of ~4 €y4 units should develop
on a time scale of 0.5 aeon unless these units get well mixed
after being subducted back to the oceanic mantle. As the total
range in €y4 today is ~4 € units and the Bay of Islands Com-
plex gives an ey, value consistent with the mean f,3*™¢ value
for the MORB source, we therefore infer that rapid mixing
must have occurred in the oceanic mantle for at least the last
1.0 acon. The reason that we get consistent differentiation ages
for the MORB source from two decay systems using its aver-
age ¢ and [ values is thus likely to be due to the oceanic
mantle having been relatively well mixed through time rather
than having it formed in a discrete event. The mantle iso-
chrons referred to above are thus interpreted as mixing lines
between undepleted mantle and depleted mantle of mean age
~1.8 aeons. This times does not refer to any differentiation
event, and the time scale of formation of this reservoir must
be of the order of 3.6 acons, which is compatible with the evi-
dence from ages of continental crustal rocks. In a companion
paper on mean ages of mantle and crustal reservoirs (Jacobsen
and Wasserburg, 1979] we will discuss models where the conti-
nental crust and a complementary depleted mantle reservoir
are built gradually throughout the history of the earth.

CONCLUSIONS

The time of crystallization of the Bay of Islands Complex
has been determined as 508 + 6 m.y. and 501 £ 13 m.y. by
two Sm-Nd mineral isochrons on the pyroxene gabbros from
the Blow-Me-Down massif. This time refers to the time of
crystallization as a part of the lapetus oceanic crust. This age
agrees with a previously determined age by U-Pb on zircons
from a trondhjemite and demonstrates the usefulness of the
Sm/Nd technique for dating gabbroic rocks in ophiolites. The
time of obduction of the Bay of Islands Complex is deter-
mined by previously published K-Ar ages as 470 m.y.

The oceanic nature of the complex was previously demon-
strated by its structure and petrology. The LIL element pat-
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terns and isotopic data presented here are clearly in agree-
ment with this interpretation. The origin of many early
Paleozoic greenstone sequences. gabbros, and ultramafics is
uncertain owing to the fact that later metamorphism and tec-
tonism have obliterated evidence for their oceanic or conti-
nental nature. It appears that the distinctive enq values of oce-
anic crust may now be used o identify ancient obducted
oceanic lithosphere.

A small range of initial Nd of exy = +6.5 to +8.1 is ob-
served for different rocks within the complex including an or-
thopyroxenite layer from the harzburgite, whereas the initial
Sr on the same samplies show a large range of ¢, from —19 to
+33. The observed change in ¢nq from +7.6 to +10 for the
oceanic mantle over the last 0.5 aeon is quantitatively ex-
pectable for a simple single-stage model of mantle evolution.
The large range observed in €, values cannot be explained by
mantle evolution. The wide range in €5, with an almost con-
stant eyq is due to major interaction with seawater and thus
show that the early Paleozoic ocean floors were also important
sinks for radiogenic crustal Sr.

Modeling of the Rb-Sr and Sm-Nd fractionation patterns in
the source of MORB strongly suggests that the data array can-
not be explained by a single differentiation event to form the
depleted mantle but instead most likely requires mixing of de-
pleted and undepleted mantle sources. Singie-stage differenti-
ation ages for the source of MORB are identical for modern
MORB and the Bay of Islands Complex and give ~1.8 acons.
This is similar to previously proposed differentiation ages de-
rived from mantle isochrons. This age is, however, interpreted
as the mean age of the MORB source and does not refer to a
unique event. The total time for producing this source by a
uniform process would be of the order of 3.6 aeons.

Normal MORB today show a limited range of exq from +8
to +12. This limited range and the consistent results for the
0.5-acon-old Bay of Islands Complex must imply relatively
rapid mixing in the source of the MORB for at least the last 1
aeon. .
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Mantle and crust evolution is discussed in terms of two simple transport models. In model I, continents
(j = 3) are derived by melt extraction over the history of the earth from undepleted mantle (j = 1), and
the residue forms a depleted mantle (j = 2), which today is the source of mid-ocean ridge basalts. In
model 11, new additions to continents are derived from a mantle reservoir 2, which becomes more de-
pleted through time by repeated extraction of melts. Transport equations were solved for stable s, radio-
active 7, and daughter d isotopes for arbitrary mass growth curves M (7). For both models the isotopic
composition and concentrations of trace clements are shown to reduce to simple mathematical ex-
pressions which readily permit calculations of basic evolutionary parameters from the data. For long-
lived isotopes (A~' > 4.5 aeons) for model I the deviations in parts in 10* of the ratio of a daughter isotope
to a stable reference isotope of the same element in reservoirs j = 2, 3 from that of 1 is given by ¢,,* =
Q4*(p 7" Here iy, is the mean age of the mass of j, f;* is the enrichment factor of the ratio of a radio-
active isotope to a stable isotope relative to that in 1, and Q,* = const. Thus for long-lived isotopes such
as '“7Sm and *’Rb the only time information that can be obtained from model I from measurement of
the relative chemical enrichment factors and isotopic ratios at a single time is the mean age of the mass of
the continental crust and the complementary depleted mantle reservoir. This mean age is independent of
the long-lived parent-daughter system. An analogous result is obtained for model II, where ¢,,®* = Q,*
{f27"*)7. Here (f,"*) is the weighted time average of the enrichment factor, and  is the time measured
from the origin of the earth. The mean age of the mass of the crust (f, ;) and the time parameter ¢,,, =
7(f37*)/,7* for the crust in model II will for long-lived parent-daughter systems be different depending
on the eiement fractionation during partial melting. Decay systems with small parent-daughter fractiona-
tions during partial melting may, however, be used to estimate the mean age of the continental crust. Sm-
Nd and Rb-Sr isotopic data for continental crust, depleted and undepleted mantle, have been used to
evaluate both models and yield young mean ages for the mass of the continental crust of 1.8 and 1.5 acons
for model I and model II, respectively. Both models also suggest that the rate of growth of the continents
for the last 0.5 aeon is much less than the average growth rate. The young mean age of the continents im-
plies either rapid refluxing of crustal materials to the mantle in the period from 4.5 to 3.6 acons or that
very lite early crust ever formed. Mass balance calculations for both models show that the continents
were only formed from ~30% of the total mantle, leaving 70% of the mantle as undepleted. The major
difference in the two models lies in the difference in the compositions of newly derived crust. For model I
the trace element concentrations in new additions to the crust is constant, and the isotopic values are
those of the undepleted mantle reservoir, in agreement with recent Nd isotopic studies. The correlation
line between €y4 and ¢g, for young basaits can be explained with model I by mixing depleted and unde-
pleted mantle, but it cannot in any simple way be explained by model II. Model 11 implies that new addi-
tions to the continents have the isotopic ch istics of depleted mantle and that the concentration of
Rb, U, Ba, and other highly incompatible trace elements in newly added material have changed by a fac-
tor of ~10 through time, for which there is no evidence. For both models the simple anaiytical ex-
. pressions derived herein permit calculations of earth models with great facility without requiring a com-
puter calculation.

INTRODUCTION

Over the past few years a substantial amount of new data
has become availabie on the Sm-Nd and Rb-Sr isotope char-
acteristics of mantle and crustal reservoirs. These data have
been used to determine the times of additions of new conti-
nental crustal materials [McCulloch and Wasserburg, 1978]
and in discussions of the evolution of the mantle sources of
modern continental and oceanic basalts. These studies have
demonstrated that the mid-ocean ridge basaits (MORB) have
been derived from a depleted mantle source [DePaolo and
Wasserburg, 1976a, b; Richard et al, 1976] and that young
continental flood basalts and new additions to the continents
throughout most of the earth’s history appear mainly to have
been derived from undepleted mantle reservoirs [DePaolo and
Wasserburg, 1976b, 1979b]. Recently, data on the initial iso-
topic composition of 0.5-acon-old (1 acon = 1 AE = 10° years)
oceanic crust have become available which permit an estimate
of the composition of the oceanic mantle in the early paleo-
2oic [Jacobsen and Wasserburg, 1979). The simplest model for
explaining the observed isotopic heterogeneities in the mantle

would be to assume that they formed in a single event [Brooks
et al, 1976a, b; Brooks and Hart, 1978). However, as was dis-
cussed by O’Nions et al. [1978), Tatsumoto (1978], and Jacob-
sen and Wasserburg [1979)], available Pb, Nd, and Sr isotopic
data on young basalts do not appear to fit such a single-stage
model, and it is not compatible with our knowledge that the
continental crust has evolved in many stages over geologic
time [see, for example, Moorbath, 1978, O’Nions and Pank-
hurst, 1978; McCulloch and Wasserburg, 1978]. Because of
these considerations it is necessary to analyze the data in
terms of continuous or multiepisodic mantle-crust transport
models.

In this study we present an analysis of two simple transport
models for trace elements and relate them to the isotopic
abundance patterns that can be observed. The general trans-
port equations for transfer of stable, radioactive, and daughter
isotopes between n reservoirs were given by Wasserburg
[1964). The models presented here assume that the transport is
solely from mantle to continental crust and do not treat the
flux back to the mantie of continental crustal material for sim-
plicity, but the treatment may be simply extended to include
this. In the first model (model I) the mechanism for crustal
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growth is by deriving melts over the age of the earth by equi-
librium partial melting from undepleted mantle. In the second
model (model II), melts that form new continental crust are
being derived from a mantle reservoir that is continuously de-
pleted through time. We will show that although the models
involve rather heavy algebra, they lead to exceedingly simple
expressions for the isotopic ratios and trace element abun-
dances in terms of the mass of continental crust and depleted
mantle which are evolved. The models apply to arbitrary crus-
tal growth rates in contrast to previous transport models [Pat-
terson, 1964, Paiterson and Tatsumoto, 1964; Wasserburg,
1966; Armstrong, 1968; Hart and Brooks, 1970; Russell, 1972;
Russell and Birnie, 1974; DePaolo, 1978; O’Nions et al., 1979).
This approach is a generalization of the treatment of nucle-
osynthetic time scales given by Schramm and Wasserburg
[1970]. The results may be used directly to discuss earth mod-
els using available isotopic data and concentration data for
mantle and crustal rocks. This treatment appears to give a
deep and direct insight into the problems of mantle evolution.

MANTLE-CRUST TRANSPORT MODELS
Model I

We first consider a model of crustal growth from an undif-
ferentiated mantle reservoir (reservoir 1) with a given segment
of the mantle being differentiated to form two reservoirs: a de-
pleted mantle (reservoir 2) and a continental crust (reservoir
3). The model is shown schematically in Figure 1. We define
M, N, and C,, to be the total mass of reservoir j, number of
atoms of species / in reservoir j, and the concentration of spe-
cies i in reservoir j, respectively. Differential masses added to
or subtracted from the total reservoir j are denoted by M,
The number of species i and the concentration of i in the dif-
ferential mass M, are denoted by 8N, and ¢, respectively.
Let us assume that a mass M, is removed from reservoir 1
and a partially melted fraction F is extracted from this differ-
ential mass to form new crust with added mass §M; and a new
residual mass 8M, is added to the depleted mantle. This gives
8M,/0M, = F and §M,/8M, = | — F. We imagine that the
crust is thus increased by the amount M, and the undifferen-
tiated mantle reservoir is diminished in amount by mass éM,.
The mass 8M, is added to the depleted mantle, which we as-
sume to be otherwise isolated from the remaining undifferen-
tiated reservoir 1.

The number of atoms of species i in each differential mass j
in this unit process is N, , which gives

SN, =8N, + 8N, 6

The number of species i in the differential mass §M, may be
written 6N, = ¢, 8M, Conservation of species and mass gives

cu=c(l = F)+cF 2

Trace elements are fractionated between melts and residue
with an effective partition coefficient. The effective partition
coefficient D, for element i between the residue (§M,) and the
partial melt (8M,) is defined by D, = ¢,,/c,5. The concentra-
tion in 6M, is

Cuy Ci2

“=F+D(-BH D £

We may thus express the number of species i in the differ-
ential masses j in terms of their masses M, and the concentra-
tion in reservoir 1, since ¢, = C,;:

D,C.

- oo M 4

Ny= s M, @
D,=D, j=2
D,=1 j=3

We consider the following species: (1) a stable index isotope
s of an element which is not affected by radioactive decay, (2)
a radioactive isotope r with decay constant A, and (3) a daugh-
ter isotope 4 which is the decay product of r and of the same
chemical element as s.

The transport equations for the total reservoir j containing
the number N, of each isotope i = 5, r, d are

dN, (1) &N,

AT o S

ar " e MV ©)
A=0 i=gs
A=A i=p
A==\ i=d

where dN,;/dr is the time derivative and 8N,,;/87 is the flux of
species i into reservoir j. In this treatment, §7 is the time over
which mass §M, is differentiated at time 7. For simplicity we
have chosen to ignore transport between 2 and 3. Using the
expressions for 8N,, in terms of C,; and §M; and calling M,/
&r m M/ (), which is the rate of mass growth of reservoir j, we
obtain the basic transport equation for model I,

ﬂ‘ - D, Z'CI.I(T) M/(T) - /\;N,,,(T)

dr  F+D(l1—-F)
where D, and A, are defined as in (4) and (5). The first term on
the right-hand side of (6) is the transport term, and the second
term is due to either radioactive decay or production.
The general solution of (6) for a stable index isotope is

©

N =i [ cuomos @

The equation was integrated with the assumption that the
time 7 = 0 at the time of initial chemical differentiation of the
earth and N, (0) = 0. The earth is taken to be initially homog-
eneous. .

The undifferentiated reservoir is characterized by a closed
system behavior for intensive quantities, so that the concen-
tration for species s, 7, and 4 are

C.a(m) = C..(0) ®
Cu(n) = C,‘,(O)e"' &)
Cur(7) = C0s(0) + C,,(O)[1 — €™ (10)

The relationship between the masses of reservoirs 2 and 3 is
given by M,(r) = [F/(1 — F)]M,(r). Substituting (8) into (7)
gives the following general solutions for stable isotopes in res-
ervoirs 2 and 3:

Nostr) = s (o) an
C,.(0
N,s(r) = m:(—(l—)-_ﬂ Mi(7) (12)

The above equation for a stable isotope in the crust may also
be written as C,5(7) = C, (0)/[F + D(1 — F)}, which is equiv-
alent to the equation for equilibrium partial melting derived
by Consolmagno and Drake [1976] which showed that pre-
vious equations given by Shaw [1970], Schilling [1971), and
O’Nions and Clarke [1972] all reduce to this general form.
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Fig. 1. Cartoon showing the processes in model I and model II.
Model 1 is a three-layer model consisting of undepleted mantle (1),
depleted mantle (2), and continental crust (1), as indicated under the
final state. In model | a given segment (the differentiating layer §M,)
of undepleted mantle (1) is being differentiated by equilibrium partial
melting and added to two reservoirs: a depleted mantle (2) and a con-
tinental crust (3). We assume that a differential mass §M, is removed
from reservoir | and a partially melted fraction F is extracted from
this differential mass to form new crust with added mass §M; and that
a new residual mass §M, is added to the depleted mantle. In this dif-
ferentiation process the masses of reservoirs |, 2, and 3 are conserved.
The masses of the depleted mantle and the crust increase with time,
and the undepleted mantle decreases with time. The upper boundary
of the undepleted mantle is thus lowered, and the volumes of both de-
pleted mantle and crust increased. These stages are shown in the sec-
ond and third columns. In model Il the crust grows from an initially
undifferentiated mantle reservoir (2), which is depleted at all times
subsequent to the initial chemical differentiation as a result of contin-
uing crustal growth. This reservoir may make up all or part of the
mantle. Layers 2 and 3 are thus the only active regions in this model.
The remaining undifferentiated mantle is passive and is still indicated
as layer . In this model we assume that a differential mass §M*° of
reservoir 2 is being differentiated into a melt 5M,, which is added to
the continental crust and a residue M ,°. The degree of melting F is
taken as finite. The residue after removal of a melt fraction from res-
ervoir 2 is assumed to be homogeni ly with the re-
maining pan of the depleted mantle. The total mass of reservoirs 2
and 3 is conserved; the continental crust increases in mass with time,
and the depleted mantle decreases in mass with time. In both models
the depleted mantle is taken to include the basaltic part of the oceanic
crust, since it is derived from the depieted mantle and is subducted
back to the depleted mantle at a shon time scale (<0.2 aeon).

Solutions of (6) analogous to (7) may also be obtained for
radioactive isotopes. Substituting (9) into these gives the fol-
lowing result for reservoirs 2 and 3:

D.e™C,.(0)
F+D(1-F
eC,,(0)

F+D(l-F

Similarly, by substituting (10), (13), and (14) into (6) we ob-
tain the following equations for daughter isotopes in reser-
voirs 2 and 3:

My(7) (13)

Noa(r)=

Nos(r) = My(7) (14

Nos() = {D. [ci.(rw,(f) +AC,(0)
_D_,

2438

F+D(l-F)
[ M(€) exp [-Md] df]} [F+DA1= B (15)

F+ DLl —

F)
F+DJ(l1 -

=

Nas(r) = [C...(T)M,m +AC,.(0) [

[ M;(§) exp [—A4] dE} [F+DL1=H)"  (16)

where D, = D, since 4 and s are isotopes of the same element,
and C,,(7) is given by (10).

The enrichment factor of the ratio of a radioactive isotope
to a stable isotope in a reservoir j relative to that in reservoir 1
is called f,”*. This enrichment factor is the same both for new
additions to j and for the total reservoir j, and it is defined by

NAT/N A7)

N, (7)/N,.(7)

For this model the enrichment factor is independent of time

and is given by
D\ F+DJ(l-F)
/s ] ————e L o
el (D,)F+D,(I-F) (

As D, = D, the ratio of a daughter isotope to a stable refer-

ence isotope of the same element (with no parent) in each res-
ervoir is given by

,Ir/: = ( 1 7)

b

5|0 as

Nd;("') du("') N..\(7) f[/')\
N,J(f) u(‘f) N..(1) M[7)

f M©epr-Bld (19

In termos of deviations €,,*(7) in parts in 10* from the ratios in
the undifferentiated reference reservoir we obtain the final
equations to be used in calculations for this model for arbi-
trary rates of growth of the crust and mantle:

G‘J-(f)-Q_“é;—‘)rf)J—[ Mf&) exp[A(r =] 4 (20a)
and
€43°%(7) 7
L 206
' S
where
o(r) = 6] Naa(1)
Lt [m( &.(f))]/ (N...(r)) o)

The time parameter r is the time running forward from the
initial state (cf. equation (7)), and the time measured back-
ward from the present will as usual be called T (see Figure 2).
Here e, (1) = €,*(To— T = ¢,(T), where T=T, — 1, T, is
the age of the earth today, and ¢,(7) corresponds t0 €nq and €5,
as defined by DePaolo and Wasserburg [1976a, 1977). The as-
terisks denote the functional form of the deviations ‘¢’ relative
to a time variable with an origin at the time of formation of
the earth. Similarly, we define Q*(7) = 0,*(To, = T) = QA7)
and note that Q (0) is equal to the constants Qn, and Qs, used
by DePaolo and Wasserburg [1976a, 1979a] for the Sm/Nd
and Rb/Sr systems, respectively. If Ar << 1, then we have a
good approximation that Q,%(t) = Q0). We note that the
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Fig. 2. Cartoon showing the relationship between a mean age f and
the corresponding mass growth curve M,(r) for the crust. Two time
variables are shown, where r is the time measured from the origin of
the earth and T is the time measured backward from today. The veru-
cal dashed line is shown for a time r = t years afier the origin of the
earth, which corresponds to a time T, — t years ago. Curve A shows the
mean age of the mass of the crust /,, 3 versus time 7. The breaks in
curve A correspond to the breaks in A,(7). Rapid addition of new
material implies a rapid decrease in /5 of the continental crust. For
periods where no significant new mass is added, (df/dr) = 1. This is
valid for any model. For models such as model I, where the concen-
tration of stable isotopes does not vary with time, /,, 3 is also the mean
age of any stable isotope [, , in the crust. For parent-daughter systems
with A7 < 1, /43 is also the mean age of the parent and daughter iso-
topes in the crust (i.e., {53 = 3 = 1,3). Curve B shows the case where
a stable isotope is strongly enriched in the crust earlier in time and the
concentration in the bulk crust decreases monotonically with tirae.
This weights the older material more strongly and raises the value of
1,5 above 1,3 (curve A). The curve [, for model II has a more sub-
dued behavior compared with model I for more recent additions. Sim-
ilarly, if a long-lived parent is much more strongly enriched than the
daughter in the crust, thea the factor 7,,, shows a behavior like that of
curve B. Subsequent to 7 = t no mass is added, so (di/dr) = | for both
curves for the time interval r = t to r = T, The difference between the
two curves is given by (66).

values of ¢,;* are the average values in each reservoir. Insofar
as each new added segment was isolated, the added segment
would follow its own evolutionary path governed by its initial
state. This model has the property that new crustal and new
mantle material would at the time of addition have the iso-
topic values of the undifferentiated reservoir 1. Magmas de-
rived from subsequent melting of the crust or the depleted
mantle would have distinctive characteristics at a given time.
For a constant rate of crustal growth, (20a) takes the following
form:

(”.(f)._ Qd.(;)f:",' (\'A: 1_ l] Qla)
and if At « 1, this equation reduces to
€ (1) = Q.°f/7(7/2) (215)

The average time of residence (7) of a stable atom s, which
is not produced by radioactive decay, in reservoir j (j = 2 or 3)
at a time 7 1s, using (11) and (12),

25 1 % )
L (= 030N = s [ - 0 (%)

l L , l r

i [ o-omea= = [ mpe

We have here assumed that thére was initially no crust or
depleted mantle, so that N, (0) = M (0) = 0. Expression (22) is
equivalent to the average age as measured today of continen-
tal crustal material if r = To, the age of the earth, otherwise it
is the average age as measured T = T, — 7 years ago. Note
that for this model, 1,, is the same as the average age of the
crust or depleted mantle and is independent of the species or
of the reservoir. We may thereforc drop the subscripts on 7 for
this model.

Defining

l ;3
o | o=

n ' i
-M—;(‘r)/o (r= 87" M[§) d§

aM
z‘) %

23)

where n is an integer, then the integral in (20) can be written
in the following form:

L= 305 [ M40 exo 3 - 01

1 = X = A~
Mo S Em MO E=T ) @4
Then we have from (20)
W= 0emf” 8 )
8 N[ /s Ae) A’(r’)
= Q. (1 )[1+ I T (25)

We note that for long-lived isotopes with Ar << | we get, to
a good approximation,

€ (M) =0, (26)

or

ﬁd,lm - Q.( T)f /’h '.

asi=(1').

If we can measure ¢,,°(7) and f;/* for a very long lived iso-
tope at T = T, — 7 years ago, then the only information we
can obtain is the mean age of reservoir j as measured T = T,
— 7 years ago. The resulting mean age is independent of
which very long lived species is used. This is independent of
the rate of growth of the mass of reservoir j or the rate of
transport of species i, This general treatment gives an integral
which resembles a Laplace transform of A1) with a trans-
form variable A. This would permit a unique inversion for
M (7) if the transform was known for all values of A. Insofar as
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TABLE 1. Values of /, (1) at t = 4.55 Aeons for Various Parent-
Daughter Sysiems for a Constant Rate of Crustal Growth With a
Mean Age of = 2.275 Aeons

Radioactive Parent Decay Constant, aeons™" I(7), acons
0 2,275
“7Sm 0.00654 2.30
8Rb 0.0142 232
'*TRe 0.0161 2.33
b 111 0.0198 2.34
22Th 0.049475 245
BRY 0.155125 292
K 0.5543 6.39
DI 0.98485 18.77
4py 8.48 1.44 x 10**

there is only a limited number of decay schemes a unique in-
version is not possible, although a substantial amount of in-
formation may be deduced. We have calculated /{r) for a
constant rate of crustal growth for various parent-daughter
systems (Table 1) for T = 4.55 aecons and thus a mean age of
the mass of j of 2.275 aeons. The isotopes '“’Sm, *Rb, '*'Re,
"Ly, and *°Th all have mean lives that are sufficiently iong
so that /(1) = { as shown in Table 1. The concordant resuits
obtained by Jacobsen and Wasserburg {1979] for Rb-Sr and
Sm-Nd single-stage ages for the oceanic maantle clearly do not
represent a unique time event but an average age and the con-
cordance for model I is a consequence of the long mean lives
of both '’Sm and *Rb. Inspection of Table | shows that 2*U
has a significant deviation from the case with A = 0, and “K
and 2*U are greatly different from this case. These species
have sufficiently short mean lives that the higher-order terms
become important, and the equations are no longer redun-
dant. From this result it is clear that the detailed history of the
carly earth must be derived from the latter two decay
schemes. These different decay schemes when taken together
yield information on the detailed time evolution by measure-
ment at a single point in time.
The mean age ¢ shows the relationship

dr { (aM -{dIn
&= 'E(TF)"‘_"( d,M) @

so that for (dM/dr) > 0, (df/dr) < 1. When (dM/dr) = 0, it
follows that (di/dr) = 1. We also note that (4 In #/dr) = —(d In
M/dr) and that (di/dr) = 0 if (d In M/dr) = (1/0). This is
shown schematically in Figure 2. It follows from (27) that a
similar relationship must hold for the ¢ value for all systems
involving very long lived isotopes. If we know { as a function
of time and the mass of the crust today, then we may calculate
the mass of the continents as a function of time from the fol-

lowing equation:
To ﬁ
itr) P [’/ r'(f)]

where T is the age of the earth as measured today.

Mi(r) = My(Tp) X2

@28

Geometrical Constraints for Model I

The mechanism for crustal growth in this model is by deriv-
ing melts from undepleted mantle. The mass transfer from a
deep-seated undepleted reservoir may occur through rising
blobs. At shallow levels in the mantle the blobs may intersect
the solidus and be partially melted. However, only a fraction
B of the blobs may rise underneath the continental crust and

contribute to crustal growth. The remaining fraction of the
blobs (1 — B) rise underneath the oceanic crust and may con-
tribute to oceanic volcanism. However, these may be mixed
back into the mantle with a short time scale (<0.2 eon) owing
to the rapid turnover in the oceanic mantle implied by sea
floor spreading and not become attached to the continents.
This would correspond to adding undifferentiated mantle to
the depleted mantle. The possiblity that undifferentiated
mantle in this way gets mixed with depleted mantle may eas-
ily be incorporated in the equations for model I. We assume
that a differential mass M, is derived from reservoir 1 and
adds a differential mass §M,* to blobs underneath the oceans
and 8M* to blobs rising underneath the continental crust.
Then we have that 8M*/8M, = B and 6M,*/6M, = | — B,
where B is the probability that a mass taken from reservoir | is
directed toward a continental segment. The blobs underneath
the continental crust are partially melted to a degree F and
thus the differential mass added to the crust is M, = FOM*,
and the corresponding residue R of §M.* = (1 — F)y6M * is
left in the mantle and remixed. The blobs §M,* which rise in
the oceanic regions will also differentiate but are not isolated
and are taken to be remixed consistent with the general
scheme of model I. The contributions of §M,* to reservoir 2
are thus not depleted. In this process a mass M, = §M,* +
8M.* is added to reservoir 2. Conservation of mass and spe-
cies implies that the concentration of i in the crust ¢, is given -
by C,, = ¢,,[F + D{1 — F)) as before (equation (3)). However,
the relationship between the rates of growth of the crust and
depleted mantle and the composition of the depleted mantle
will be changed. The relationship between the masses of reser-

voirs 2 and 3 is given by
BF
1-8

In this case we have from mass and species conservation
that C,, = ¢ s8F + é(1 = BF), where ¢, is the effective con-
centration in the total material added to layer 2 in masses
8M,* and 6M.° The concentration of species i in reservoir 2
is given by

My(r) = Mz("’)[ @9

F1-Bf+D{(1-H
(1= FB)[F + D(1 - F)]

Cia

Cl.l

(30)

where (¢,,/C,,) > D,/IF + D1 — F)]. This version of model I
changes (3), (4), and (6) for reservoir 2 and gives (8N, ,/87) =
é,2(8M,/87) in (5). All the equations for the continental crust
will be the same as those derived previously. For reservoir 2
the transport equation corresponding to (6) is

dN,, FRl1=-B8)+D{(1—-F)

e i s A= By CHOMI D =MD (1)

The solution of (31) for a stable isotope is

Fl-B8)+D(l - F
(1= BF)ls + Dg(1 - F)]

N(r) = C.OM()  (32)

and corresponding changes for radioactive and daughter iso-
topes have to be made in (13) and (15) given previously. The
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enrichment factor as defined in (17) is then given for reservoir
2 by

o=

-1 (33

F1-B+D(-H|[F+D(l—-F
Fl=B)+D(1-F||F+ D - ]

and this value should be used in (19) and (20). From the mass
and species conservation equations given previously for this
case written for radioactive and stable species it may be shown
that

p = [E= 1+ Bl =(C./COA) _F
; (Cal/COFE+]7" [-F

Since 0 < F(C.,/C,,) < |, it-follows from (34) that for [,”*
<0and 0< D, < D, < 1 that

>0

(34)

B>(C,s/C.OFB>— [y (35)
and for f,;”*>0and 0 < D, < D, < | we have that
f!’/’
B> (Al (36)

Thus given a value for f,”*, this may put serious constraints
on the value of 8. If, for example, the continents always occu-
pied 1/3 of the surface area and if the continents only grew
from rising material by this geometrical consideration, then 8
would be 1/3. Were it possible to show that 8 is very different
from this, then this would indicate that the geometrical con-
siderations were not controlling the rate of continental growth
and some sweeping or disaggregation process was required.
We note that the case with 8 < | has many similarities with
models invoiving refluxing of material from the crust to the
depleted mantle. If a fraction 1 — 8 of new additions to the
crust is always immediately subducted back to the depleted
mantle, then the exact solution of this problem is also given by
(29)—(36) above. Similarly, these equations also describe the
case where a fraction | — B of the melt is always trapped in
the residual solid. The conceptual pictures in Figure | and the
descriptions of model I in the text do not fully describe the va-
riety of physical circumstances which are represented by the
equations derived for model I.

Model 1]

We now consider a model where the continental crust 3
grows from an initially undifferentiated mantle reservoir 2
which is depleted at all times subsequent to 7 = 0 as a result of
crustal growth. This reservoir 2 may make up all or part of the
mantle. We define a reference reservoir | which corresponds
to the total of reservoirs 2 and 3. Initially, the whole mantle is
supposed to be homogeneous and undifferentiated. A remain-
ing portion of the mantle which is not involved in crust forma-
tion may remain isolated and undifferentiated. This reservoir
will follow the isotopic evolution of the reference reservoir 1
but otherwise has nothing to do with the model. The model is
shown in Figure 1. Let us assume that a differential mass is re-
moved from reservoir 2 as a partial melt to form new crust
and increases the mass of the crust by §M, and decreases the
mass of reservoir 2 by M, = —§M,. The concentration of an
element i in the partial melt at time 7 is ¢,5(7).

There are two different cases of this model that merit dis-
cussion. For case A, assume that the differential melt M,
equilibrates with all of reservoir 2. Then the mass of the resi-
due is all of reservoir 2, and the degree of melting F = §M,/
M, must be a differential. This means that for an element /

with bulk distribution coefficient D, = 0 all of the element
would be transported into the crust as soon as any differential
melt formed from reservoir 2. This does not seem physically
realistic. For case B, assume that a differential mass §M* of
reservoir 2 is differentiated into a melt 8M, and a residue
8M ¢* with the degree of melting F being finite. Case B seems
physically more realistic than case A. For case B we have that
SM;/8M* = F and §M;*/8M* = | — F. The residue after re-
moval of a melt fraction from reservoir 2 is assumed to be ho-
mogenized instantaneously with the remaining part of the de-
pleted mantle. Conservation of species and mass gives
Ca(T)8M?® = ¢,5(1)6M; + ¢, 2(T)0M z*, and since ¢, x(7)/c.5(T)
= D, it follows that ¢ 5(1) = d,C, ;(7), where

d=1/[F+D(l-F) 37

This case thus corresponds to the melting law in model I.
The difference is that in model II the residue always has to be
homogenized with the remaining part of the mantle reservoir
it is derived from, and this reservoir is continuously depleted.
Case B will be used in the following discussion.

The number of species i in the differential melt (M) that is
added to the crust is given by

SN,o(r) = cus(r)oMs = d, M . ()

M) S

If 87 is the time over which the mass §M, is added to the con-
tinental crust, then the transport equations for reservoirs j =
2, 3 are

T et (2] -t 39
A=0 =g
A=A, i=p
A=A imd

For simplicity we again ignore mass transport from 3 to 2.
Using the expression for 6N, and calling 8M,/87 = M,'(7), we
obtain the following basic transport equations for model II:

dN, (1) = TV My (1) A _
TLD o -1y1d, 33 2 V) = AN o)
The masses of the total reservoirs 2 and 3 must satisfy
My(T) + My(r) = M,(0)  M(r)=-=M'() (41)

The integrals of the transport equations for a stable species
s in reservoirs 2 and 3 are

Nt =0 [ (@)
Nos(r) = Bos(©) = Moot @)

Equation (42) for a stable isotope in reservoir 2 may be
written in the following form:

Cox(r) = C.a(0) |1 =

M;y(7) r"-l)
M;0)

This expression has the same general form as the equation of
Shaw [1970] for the solid residue after modal fractional
(Rayleigh) melting, however, 4, takes the place of the inverse
bulk distribution coefficient and the degree of crust formation
M (7)/ M,(0) takes the place of the degree of melting.



224

The solutions of (40) for radioactive and daughter isotopes
are

e [ Ma(T)]E
=N LS el )l
N, (1) -2(0)e M.0) (44)
N, s(m) = N.5(0)e™ = N, (1) (45)
L3 M3(£) (d,~d,)
Noa(7) ={N.2(0) + N, MO
A7) { s0)+ MO0 | [ e
. - M)
exp 281 ] [ 725" o
Nas(T) = Nyo(0) + N, 5(0)1 = €] = N (1) 47)

where d, = d,, since 4 and s are isotopes of the same element.
The ratios of a radiogenic isotope to a stable isotope for the
tWO reservoirs are

Naa(1) - Na(7) _ N [ 1— M)
N(1) N Noa(m) b M(0)
exp (AM(r = §ldE  (48)
Nas(1) = Naa(7) - N..(7)
N,s(7) N..(7) N,(7)
'l _ (Ma®)\d. - d) _ _ (MO =)
-G s~ mnaff1- (5]
49)

From (17) and (42)—(45) the enrichment factors of the ratio of
a radioactive isotope to a stable isotope in the total reservoirs
2 and 3 to that in reservoir | are given by

M)}« My(7)

=] 1= en |- @ - d Bl o
) _ | [Mao T M)
e V) M 4 wvaTo) Gh

where the approximations hold for the mass of the crust much
smaller than that of the depleted mantle [(M,(1)/M,(0)) <« 1].
Equations (48) and (49) may be written in terms of deviations
in parts in 10* from the reference reservoir 1:

€®(7) = 0.°(7) / L@ expMr-BlE (52)

) = et 10

(%3

where Q,°%(7) is defined by (20). Equations (50)<(53) in con-
junction with (37) are the basic equations for calculations with
this model for arbitrary rates of crustal growth. In this class of
models the average enrichment factors are a function of the
time and correspond to a time dependent chemical evolution.
For At <« 1 the deviation ¢,,* are then proportional to the
weighted time average of the enrichment factors (/) and
given by

€.5°(1) = QD) (54)
® - Y fl ( ) v/,
€% (1) =Q, (7) f it )<fz () (55)

This means that the simple species independent time averages
which govern the ¢ function for models of type I no longer ap-
ply. and an average age is not directly applicable to reservoir
2.

In this model the depleted mantle is assumed to always be
homogeneous. For the crust the equations give the average
values. If each new addition to the crust is isolated, then the
new individual segments follow their own evolutionary path.
The initial states of new additions to 3 at time 7’ are given by

fo ()= Z () + 1] =1 (56)

€ance” () = €42°(7") (57)

and subsequent evolution will follow:

Qd (n)

Crave (7)) = €4s° (7)==

fyu" (@) fexp A =7] = 1)
(58)

This model has the property that new crust would at the
time of addition have the isotopic values of depieted mantle 2,
and the interpretation of Teuyr™¢ model ages [McCulloch and
Wasserburg, 1978] of new crust would depend on the detailed
history of reservoir 2.

For this model we may again define the mean age of species
s in the crust 3 by

. __l ’ dN,, 1 4
1,3= ) /o -9 Z dé¢ = N—,,,(f) 1 N5 d¢ (59)

and the mean age of the mass M, by

- 1 ; -t [
l,_,-m/; (r—OM,'(§) di M,(T)/o My§)df  (60)

The mean age of the depieted mantle reservoir 2 may not be
defined in the same manner. Note that for model II, N,,(1)/
M,(7) is not a constant independent of 7, so that 7, % /5. The
result of this is distinct from model I and is shown schemati-
cally in Figure 2. Using (43) and (59), we may write

e (- 2811 £ -1

“ - - d.M(1) E = M 3(5)
= {l/[l exp( _MI(O) )]] 1 {l exp[ d, ——— M,(0) } dg
61)

assuming that (M;(r)/M,(0)) << 1 in the second expression. In
the case that [d,M,(1)/M(0)] < 1, then 7,5 = I, If [d M,(7)/
My(0)] > 1 for + = °, then 7,5 = const + (7 — 7*) for r = 7°,
and (di,,/dr) = 1. This corresponds to the bulk of the species s
being transported into the crust by time * after the formation
of the earth. The mass transfer is then subsequently decoupled
from addition of the trace element s, and the average age of
the mass f,.; may be substantially younger than 7,5 as the dif-
ferent trace element abundances of the crust change with
time. The difference between 7, and 7,5 is of interest and
may be evaluated quantitatively. We have

My(§) "]
My(0)

b= s = { [ [0 050 + M9 o (435
- M exp (-4, 325 ds] {[1 - exp 325 o]
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Fig. 3. Shown are €5, ,* curves for the bulk depleted mantle (2) and
the bulk crust (3) as a function of time r for a constant rate of growth
of the crust. Curves that give the same present day e5,° values are
shown for both model I and model II and are identified by the sym-
bols I and II, respectively. Note the marked difference in behavior for
es,* as a function of time 7 for the two models. Model [ is a straight
line for both reservoirs, and model 1I starts out as nearly a straight
line for the crust but with a significantly different slope. The curves
for model Il are constrained to give /3R%/S" = —0.9 and fyR%5" =
+2.18 today. The implied values of Kgp — Ks, and K, are given. The

systematics shown is valid for decay systems with Ar << | and (d, - d,)
>0.
d, Cliy d M)\~
[( . (0)) [ @ [ 5= (M,( ” ( e )
_ dM\(O\™ M@\~
o (o) | "‘} {[’ p(-a M:(O))]} (€2a)

If d, < 0, it may be seen that 7,; — f,,, < 0. This expression
converges rather well even for large values of d,{M;(r)/M,(0)]
(=2). In the limit for small d,/M,(0) we have rather precisely

’-u = '.ua
(d./Mx(0))

s0 in this approximation, f,; — fp,3 > 0 for d, > 0. For a model
of a constant rate of crustal growth we obtain

drM 1(7)
S 12M,0) 7

which gives a difference of 0.65 eon for d, = 100 with M,(7)/
M,(0) = 0.0174. It follows that for d, = 10 there are only small
differences in the mean ages.

We note that the expressions for €* ((52) and (53)) may be
written-in a form analogous to that for model I. Inspection of
(61) and (52) shows that €,,* may be written as

€2%(1) = 05N (DL,

=

?Jl,(r)/ My()My(1) = My dE  (62D)

(620)

T3 = lhs

(63)

where

T ([

(64)
127(7)

im / 1,776) dt =

T r/:(,r

The factor f,,, is the time weighted average of j,"* for reser-
voir 2. If d, = d, > 0, this is equivalent to the mean age of an
element r/s with a distribution coefficient 4,,, = d, — 4, and an
enrichment factor f,”°. Note that ¢, is explicitly dependent
on the particular parent-daughter system as distinct from the
case for model I. If the differentiation took place in only a
single event, then t,,, = ¢,,,. More generally, there will be a
difference between 1,,, and {,, 3, which may be calculated from

L™ m / My(H[Ms(7) — M,(§)] dé (65)
The derivation of expression (65) follows that given pre-
viously for 7,; — £, For a model of constant rate of crustal

growth we have

4, = d)My(r)

T2M,(0) ol

'-m -1 M3
If I(d,‘- d,)M,(1)/M,(0)| <« 1, then (50) and (52) may for
very long lived isotopes be approximated by

e (r) = —(d, — dy 2L
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Fig. 4. Shown are ¢y4,° curves for bulk depleted mantle (2) and
bulk crust (3) as a function of time 7 for a2 constant rate of growth of
the crust. The notation is the same as in Figure 3. The curves for
model 1I are constrained to give f,5"/Nd = + 0.225 and f,5™/N =
—0.4 today. The implied values of K5, = Kng and Kyng4 are shown.
Note that the curves are reversed from those in Figure 3 owing to the
change in sign of K, — K,. The systematics shown is valid for decay
systems with A7 « | and (d, — d,) <0.
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Fig. 5. Cantoon showing the relationship between the mean age of
the mass of the crust 7,5, the mass growth curve of the crust M,, the
enrichment factor of the depleted mantle /5%, and the factor 7,,, The
upper diagram shows a mass growth curve where the crust is formed
in two stages with a2 mean age 7,5 at time r. The middle diagram
shows the corresponding change in f;”/* with time if (d, = d,) = 100
and (M;(7)/My(0)] = 0.0174. The difference between 1,/ and I, is
also indicated. If we know /,,,, /7%, and M, today, there is insufficient
information to determine a unique solution for M,(£) and f;"(§). In
the lower part of the diagram some other possible /,"/* curves that give
the same value for /,,, are shown. For a given curve, f;”/* with knowi-
edge of (d, — d,) determines a nding M, curve from (50). The
area underneath the [/;"/*(£)//2”*(1)] curve must be the same for all
M, curves with the same value for 7, ,; [,,, is the shortest time in which
differentiation could have occurred as a single-stage process, and
curve a shows such an evolution. Curve b shows a possible continuous
curve. The dashed horizontal curve gives [(f;"*)/fy”/1] = [£,,,/7]. All
of these curves in the lower figure are compatibie with the 7,,, fixed by
the assumed model with M,({) as given in the top and the f;"/*(1)
value. .

) = ~(d, - d) 33 ©)
If it also holds that [d M;(r)/M,(0)] < 1, then
fi0) = @/d) = 1 ©
and
€' = 0 AI@/d) = s )

An important special case is when (dM,/dr) is a constant.
In this case, M;(r) = [M,(T,)/T,]r, and defining K, =
[(diM(T5))/(ToM(0))] then for very long lived isotopes,

€)= =0, (7) { - K’)’]} an
() = exp [~(K, = K)r] = 1 2
I .
L ek a3
() o 227 (T)
€a®(n) 1 —exp (K,7) 4

There are two different classes of solutions depending on
whether (d, — d,) is negative (as for Sm-Nd) or positive (as for

Rb-Sr). Examples are shown for Rb-Sr and Sm-Nd in Figures
3 and 4, respectively. For short times we have in both cases
that €,,* o 7* and €,;* =< 7. For long times we get €,,* =
—=Qs.*(t = 71), where 77=1/(Krp—Ks,)=2 aeons and exg,* <
exp [—(Ksm — Kno)7] for the depleted mantle. The curves for
the crust go to an extremum and then asymptotically ap-
proach zero. The inclusion of the term exp [A(r — §)] for
shorter-lived isotopes in the exact integral of (52) will, of
course, quantitatively alter the nature of these resuits. The
curve for €.;* has 2 maximum at r = 7.5 aeons, and for much
longer times €, ,* o< exp [—Kj,7]. Similarly, the exq* curve for
the crust has a minimum at 7 = 2] aeons, and exg3* < —€xp
[=Kna7] for much longer times. These solutions enable us to
qualitatively understand the nature of the resuits for more
general :ases of crustal growth with time. From these results
we may infer that for any continuous or multiepisodic mass
growth of the crust the basic isotopic systematics for long-
lived isotopes must follow those outlined in Figures 3 and 4.
We note that for the case of episodic mass growth, €,,* will be
discontinuous owing to the factor f,*/f,”* outside of the in-
tegral in (53). The value of ¢,,* for the depleted mantle will
still be continuous but will show changes in slope correspond-
ing to the discontinuities in the mass growth curve. The gen-
eral case for arbitrary mass transport is of course included in
the exact basic equations (50)—53).

Calculations with model II are more complex than with
model I, where the average age 7 is independent of species.
For the mantle we have previously obtained the exact results:

€2° = Q0 ([ e = QA0 (T, (75)

It follows that if €,,°(r) is known at r, then (f,”’) is de-
termined. If €., and [, are known, then (d, — d,) is known
from (50), and 1,,, is determined; f,, is the time required to
generate €,,* with the present value of f,”*. As f,”* is mono-
tonic in this model, 7,,, is the shortest time in which differenti-
ation could have occurred (as a single-stage process). All pos-
sible crustal mass growth laws M,(r) must satisfy the
relationship between f,”* and M,. The relationships are
shown schematically in Figure 5. If decay schemes with very
long lived parents have |(d, — d,)M,/M,(0)| << |, then they
will all yield the same values of 7,,,, and no further informa-
tion may be derived about the change of M, with time from
the different systems at one time r. If two systems have dis-
tinctive parameters (such as Rb-Sr and Sm-Nd), then they
will have different values of 1,,, which will give more informa-
tion about M,(r). For N independent values of 7,,, from N dif-
ferent decay schemes with A7 < 1, it is, in principle, possible
to calculate models of multiple-stage mass evolution with
time. For example, for an n stage evolution we write

2‘: exp [—a,, X—i] — |

-t exp [~a,,] = 1

ir/: - (1= 7m1) (76)
where 7o =0, 7, =17, X,_, = |, and X, = 0. The solutions for
X, may in general not be a unique description of earth evolu-
tion. Here X, ~ X,_, is the fraction of M,(r) made at time 7,,
and a,, = (d, — d,)M,(1)/M(0). Such equations may be
solved numerically for the X, and 7, which must provide si-
multaneous solutions for different {,, values. In the degener-
ate case when a,,, < 1,

t-r/: = '§ X:—I(Tr - Tn—l) (77)

which is independent of r/s.
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TABLE 2. Masses of Various Reservoirs in the Earth
Fraction
Mass, of Total
Reservoir 10%* grams Earth Mass
Continental crust 1.807 0.003023
Subcontinental crust 0.430 0.000719
Oceanic sediment (layer 1)* 0.019 0.000032
Total continental crust plus sub-
continental crust plus oceanic
sediment 2.256 0.003774
Oceanic crust (layers 2 and 3)t 0.590 0.000987
Mantle 400.5 0.6701
Mantle plus crust 403.4 0.6749
Core 194.3 0.3251
Total earth 597.7 1

Masses of core and mantle are from Smith (1971), and masses of the
crustal reservoirs are from Renov and Yaroshevsky (1976).

*Considered to be mainly derived by werathering of continental
crust.

tBasaltic part of the oceanic crust.

BOUNDARY CONDITIONS FOR THE MODELS

The parameters involved for both models described above
are the initial and final concentrations and isotopic composi-
tions for each reservoir j, the solid/melt distribution coeffi-
cients, and the mass of reservoir j as a function of time. All
these parameters need not be specified, and in the following
we will choose the parameters we believe are the best known
and use them to make estimates of others. We will limit the
discussion to the Rb-Sr and Sm-Nd decay systems, but their
relation to the concentrations of K, Ba, and U will also be dis-
cussed. The masses of the various reservoirs in the earth are
given in Table 2. In both models the depleted mantle is taken
to include the basaltic part of the oceanic crust, since it is de-
rived from the depieted mantle and is subducted back to the
depleted mantle at a short time scale (<0.2 acon). The total
mass of the continental crust (2.256 X 10* grams) is taken as
the total amount of continental materials including layer 1 of
the oceanic crust, which is considered to be mainly sediments
derived from weathering of continental crust. The bulk earth
values (reservoir 1) used for Rb-Sr and Sm-Nd are given in
the appendix. By definition, €., = f,”* = 0 for reservoir 1 (un-
depieted mantle). Estimates of € and [ values for the depleted
mantle and the continental crust are given in Table 3, and
partition coefficients for garnet peridotite minerals in Table 4.
The values for the depleted mantle in Table 3 are the esti-
mates for the MORB source given by Jacobsen and Wasser-
burg [1979], where the estimates for 0.5 acon ago are based on
data from the Bay of Islands complex.

The 'silicate portion of the earth is assumed to be initially
chemically homogeneous, and the core is assumed to have in-
significant amounts of the lithophile elements considered
here. The concentrations of these elements in the silicate por-
tion of the earth are thus 1.48 times their concentrations in the

total earth. It is known that the earth is depleted in volatile

elements relative to chondrites [Gast, 1960]. However, the ra-

tios of refractory elements in the earth appear to be equal to

those in chondrites from both isotopic studies (DePaolo and
Wasserburg, 1976a] and chemical studies [Sun and Nesbirt,

1977]. This gives a minimum of 1.48 times chondritic abun-

dances for these elements in the silicate portion of the earth. If
a steady state relationship between heat production from ra-

dioactive sources and heat flow exist, then the U content of
the crust plus mantle is 35 ppb [Wasserburg er al., 1964; Tera

et al., 1974] or 46 ppb if the new global heat flow estimate of
Williams and Von Herzen (1975] is used [O’Nions and Pank-

hurst, 1977). Ordinary chondrites have 13 ppb U, so the heat

flow data give an upper limit of 2.7 or 3.5 times chondrites for

the concentration of U and other refractory elements for the

silicate portion of the earth. It has been concluded elsewhere

that the concentrations of Ca. Al, U, Th, Ba. Sr, and REE in

the mantle are about 2.0 £ 0.5 those in ordinary chondrites

[Frey and Green, 1974; Loubet et al., 1975; Sun and Nesbirt,

1977]. We have thus used a value 2 times ordinary chondrites

for the refractory elements in the crust plus mantle. Estimates -
for the Rb and K concentrations in the silicate portion of the

earth can then be estimated from the bulk earth Rb/Sr ratio

of 0.029 [DePaolo and Wasserburg, 1976b] and the bulk earth

K/U ratio. Previous estimates of the K/U ratio of the earth

[Heier and Rogers, 1963. Wasserburg et al., 1964] were based

mainly on upper crustal rocks and are very close to 10*. This is

most likely a lower limit, since lower crustal granulites have

(K/U) > 10* [Lambert and Heier, 1968b] and since it seems

plausiblie that U is more enriched in the crust than K. Our es-

timates of the concentrations of K, U, Ba, Rb, Sr, Sm, and Nd

in the crust plus mantle are compared with other recent esti-

mates in Table 5. Most estimates agree to within a factor

of 2. The largest disagreement for element ratios is with the

Sm/Nd ratio of Smith [1977] and the Sr/Nd ratio of O’Nions

et al. [1978].

Extensive work has established that the upper crustal com-
position is close to that of granodiorite [Poldervaar:, 1955;
Shaw et al., 1967; Eade and Fahrig, 1971). The most recent es-
timates for the elements of interest here [Shaw et al., 1976] are
given in Table 6. It is well known from the heatflow data that
the upper crustal concentrations of K, U, and Th cannot ex-
tend to a depth of more than 10-15 km, so that the lower crust
must be depleted in these elements [Heier, 1965, 1973]. This
bad led to the hypothesis that the lower crust is made up of
dry granulite facies rocks and related igneous rocks, since they
show the necessary depletions in U and Th [Heier, 1965], and
they also show Rb depletions and generally low Rb/Sr ratios
[Heier, 1964]. Extensive geochemical studies of granulite
facies rocks with particular emphasis on the distribution of
heat-producing elements have been carried out in Australia
and Norway [Heier and Adams, 1965; Lambert and Heier,
1967, 1968a, b, Heier and Thoresen, 1971]. The estimates of

TABLE 3. Ranges of Parameters Based on Directly Observed Average Values

T, acons Ilb/& €se . Fn/Nd i
Depleted mandle 0 —09¥0h -mas 02700 4022
0.5 -0.9 -19.3 ~+0.2 +7.6
Continental crust 0 +1to+10 +60 to +250 -04£0.1 —=10to =25

Sources are McCulloch and Wasserburg [1978], DePaolo and Wasserburg [1979a}, and Jacobsen and

Wasserburg [1979].
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TABLE 4. Mineral/Melt and Bulk Parution Coefticients

K Rb Sr Ba Nd Sm U
Clinopyroxene 0.003 0.003 0.12 0.002 0.17 0.26 0.003
Garnet 0.006 0.01 0.08 0.003 0.087 0.217 0.003
Orthopyroxene 0.003 0.003 0.02 0.002 0.013 0.022 0.0001
Olivine 0.0002 0.0002 0.0002 0.0001 0.007 0.010 0.0001
Imuial bulk
distnbution
coefficient®
Dyx 0.002
Do ro 0.0025
Do s, 0.033
Do sa 0.0014
Do.ng 0.044
Dosm 0.080
Doy 0.001

Sources: Griffin and Murthy (1969). Philpotts and Schnetzier [1970], Schnerzler and Philpotts [1970), Hart and Brooks (1974], Shimizu [1974],
Grutzeck et ai. |1975), Shimizu and Kushiro (1975), Weill and McKay [1975), McKay and Weill [1976}, Benjamin et al. [1978].

Dy P*/° = DyP*/%°* = 30, Tatsumoto (1978).
D P*/*@ = |, Morgan and Lovering (1971].

*Calculated for a garnet peridotite mineralogy with the following initial mass fractions of the various phases: olivine = 0.55, orthopyroxene =

0.15, clinopyroxene = 0.15, garnet = 0.15.

the concentrations in the lower crust from Heier and Thoresen
[1971] are given in Table 6. Lambert and Heier [1968b] used
estimates of the heat-producing elements in upper and lower
crustal materials together with constraints from heatflow to
calculate concentration profiles of K, U, and Th through the
continental crust. They estimated total crust concentrations of
K = 1.5 wt % and U = 0.7 ppm for Precambrian shields. Simi-
lar reasoning gives K/Rb = 450 for the total crust on the basis
of upper and lower crustal K and Rb concentrations. To ar-
rive at the estimates we give for the total crust in Table 6, we
have used the estimates of Lambert and Heier [1968b] for K
and U together with K/Rb = 450 and K/Ba = 30 [Philpotts
and Schnetzler, 1970]. Most estimates of the average Sr con-
centration in crustal materials lie in the range 320400 ppm
[Taylor, 1964; Hurley, 1968a, b; Larimer, 1971; Taylor, 1977)
typically with an average value of ~370 ppm which we have
used.

Average Sm and Nd concentrations seem to be approxi-
mately the same in both upper and lower crustal rocks. We
have thus used Nd = 26 ppm from Shaw er al. [1976]. Average
continental crustal materials typically have fsn/,na = —04
[McCulloch and Wasserburg, 1978], and this gives Sm = §
ppm in the total crust.

RESULTS FOR MODEL 1

We now will attempt to evaluate the parameters of this
model for both Rb-Sr and Sm-Nd by first only considering es-
timates from observed € values and f values (Table 3) using
(26). These parameters are more directly known than the con-
centrations in the various reservoirs. The enrichment factor
for Rb-Sr in the MORB source is estimated to be sf,"*/5" =
—0.9. As f,%%5 is close to the limit of —1, it is therefore not
subject to substantial error. The mean ¢, value of MORB is
—27. These values give a reliable estimate of the mean age of
the MORB source today (f = 1.8 aeons). If the rate of produc-
tion of crust were constant over 4.5 aeons, then 7 = To/2 = 2.3
aeons. As 7 is much less than 2.3 aeons, this shows that if
model I is valid, the rate of crustal and mantle formation was
much greater in the time subsequent to 1.8 acons in com-
parison with the rate between 1.8 and 4.55 aeons. It is of inter-
est to note that for a uniform rate of crustal formation, we cal-
culate 7, = 3.6 acons the age of the oldest known terrestrial

rocks. This model suggests a low initial rate of crustal forma-
tion. The MORB show a range of f,5®/™¢ from ~0 to +0.4, but
their average enq, = +10 is well defined. As the model has the
same value of ¢ for different species, we therefore use the
mean age of 1.8 acons from the Rb-Sr data to arrive at a self-
consistent estimate of [,5™/N¢ = +0.225. This compares well
with the estimate given in Table 3 of f,°*/™¢ = +0.22. For the
continental crust the only parameter for which we have a re-
liable estimate is f,>™ = —0.4. With our estimate of the
mean age { = 1.8 acons this gives en,;(0) = —17.8, which is in
the middle of the range of values reported for Canadian shieid
composite samples and sedimentary rocks by McCulloch and
Wasserburg [1978]. Reliable estimates of €., and f,*** for
the continental crust are much harder to obtain directly, ow-
ing to the strong upward concentration of Rb in the crust as
discussed previously. Estimates of f**/** for the upper crust
give /% ~ +10 [McCulloch and Wasserburg, 1978]. How-
ever, average continental runoff shows &, (0) = +163 [Veizer
and Compsion, 1974}, which would yield f,"*/%" = +54 if
f = 1.8 acons. Strontium has a short residence time in sea wa-
ter (4 X 10° yr), and if we assume that the sea water (es,(0) =
+65) [Papanastassiou et al., 1970; Hildreth and Henderson,
1971] represents average crust, then we get f,R*/5" = +2.16.
This is identical to our estimate in Table 6 based on a crustal
model with a granulite facies lower crust. However, the simi-
larity may be fortuitous, as Sr in seawater may be affected by
isotope exchange with oceanic crust during hydrothermal con-
vection within oceanic ridges [Spooner, 1976]. The self-consis-
tent values of the model parameters discussed above are given
in Table 7.

Assuming that the Bay of Islands data are a proper repre-
sentation of the MORB source of 0.5 acon ago (Table 3), we
may calculate the various model parameters at that time. For
Rb-Sr using /,**/%" = —0.9 from Table 7 and the observed ¢, ,
= —19.3, we obtain 7 = 1.3 acons at 0.5 acon ago. Similarly,
for Sm-Nd using the observed enq» = +7.6 and the parameters
in Table 7, we get f = 1.4 acons. Equation (27) gives the varia-
tion of the mean age with time. Since di/dr = | — #(d In M/dr)
= 1, it follows that { (today) — ¢ (0.5 aeon ago) < 0.5. For Rb/
Sr this difference is 0.5, implying that dM/dr = 0 for the last
500 m.y. For Sm/Nd this difference is 0.4, implying that (d In
M/dr) = 0.11 acon™' for the last 500 m.y., which is half of the
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average growth rate of the crust [(1/7,) = 0.22 aeon™']. How-
ever, if the mean age measured 0.5 aeon ago was 1.5 aeons in-
stead of 1.3 or 1.4 aeons, then (dM/dr) for the last 0.5 aeon
would be equal to the average growth rate of the crust. Thus
the value for (dM/dr) during the last 0.5 aeon is very sensitive
to small differences in the mean ages. No firm conclusion can
be drawn, but the data suggest that the average growth rate of
the continents and the rate of differentiation of the mantle for
the last 0.5 aeon is less than half of the average value over the
history of the earth.

We now turn to the problem of evaluating the concentra-
tions of Rb, Sr, Nd, and Sm and the masses of the various res-
ervoirs. The concentrations used for the undepleted mantle
and the crust are those from Tables 5 and 6, respectively, ex-
cept for the Rb concentration in the crust, which will be calcu-
lated in the following. These parameters are given in Table 7.
From conservation of mass and species we have as before that
C. = C, (1 = x) + C,5x, where x = M,/(M, + M,) for both
stable and radioactive isotopes. This together with the defini-
tion of f,/* (equation (17)) leads to the following equation that
relates the masses of reservoirs 2 and 3 to the f values of 2 and
3 and the concentrations of the stable isotope in 1 and 3:

My(1) - f27(1)C.(1)
M)+ My(1)  [f(7) = (7)) Cos(7)

This equation holds for any model as long as reservoirs 2
and 3 are derived from the reference reservoir 1. For model I
the left-hand side of (78) must be equal to the degree of melt-
ing F = My(7)/[My(r) + M,(7)]. The degree of melting must
be the same for all species, so (78) gives us a relation between
the f values for the Rb/Sr and the Sm/Nd system. From the
values of f,5=/Nd, f SavNd . ., and Cng, in Table 7, it follows
that F = 0.0174. Using this value and the mass of the total
continental crust given in Table 2, we get that the mass of the
depleted mantle today is 127 X 10* grams. This corresponds
to approximately the upper 650 km of the mantle or ~1/3 of
the mass of the mantle. As was noted previously, the values
of f,**/3 and Cgyy are not well known. We therefore use (78),
the values of f,***, C,,, and Cs,, from Table 7, and F =
0.0174 as estimated above to calculate f,**/5 = 2.18 and Cyp;
= 33.7. This is identical to estimates made previously of these
parameters, and it gives €, ;(0) = +65.5 if = 1.8 aeons. From
this information we can calculate the concentrations of all the
elements in reservoir 2 and the bulk distribution coefficients
using (11) and (12). The compiete set of self-consistent param-
eters for Rb, Sr, Sm, and Nd are given in Table 7 for model 1.
The calculated bulk distribution coefficients agree to better
than a factor of 2 with garnet peridotite bulk distribution co-
efficients estimated from the mineral melt distribution coeffi-
cients from Table 4 (Dg, = 0.0025, D, = 0.033, Dy = 0.044,
and Ds, = 0.080 for small degrees of melting of garnet perido-
tite).

This approach can also be extended to include other ele-
ments by using (11) and (12). We briefly investigate the con-
sequences of this model for K, U, and Ba, since these are
strongly incompatible elements with D, = 0. If D, = 0, then
C.s/C,, = 57 for F = 0.0174, which is the maximum enrich-
ment we may have for this model. Bulk distribution coeffi-
cients estimated in Table 4 for these elements are Dy = 0.002,
Dy, = 0.0014, and D, = 0.001, and these values will be used
for the calculations. The concentrations for reservoirs | and 3
are obtained from Tables 5 and 6. The concentration of K in
the total crust (1.5 wt.%) is used with the above mentioned pa-
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rameters to get Cy, = 290 ppm and Cy, = 30 ppm. It follows
then that the bulk earth K/Rb ratio is 460 and that this ratio
is 680 in the depleted mantle. This ratio for the depleted
mantle still seems somewhat low, as K/Rb ~ 1000 for MORB,
but this difference may be accounted for by only increasing .
Dy from 0.002 to 0.003. For Ba and U the concentrations in
the undepleted mantle are considered to be better established
than for K (Table 5). Using (11), we get Cy, ; = 405 ppm and
Cys = 1.4 ppm, which compare reasonably well with the esti-
mates given for the average total crust in Table 6. The calcu-
lated concentrations in the depleted reservoir are C,,, = 0.57
ppm and Cy, = 1.4 ppb. Existing data for K, Rb, and Ba are
thus reasonably consistent with model 1.

We will now consider the possibility that undifferentiated
material is being mixed with the depleted mantle by the
mechanism described by (29)~(33). In this case, BF = M;(t)/
(My(7) + M,(7)). From the value of [,**/5* = —0.9 from Table
7 we get from (35) that 8 > 0.9. This means that the amount
of undifferentiated material that may be mixed with the de-
pleted mantle is less than 10%. Considering only the surface
area covered by continents and oceans today, we would ex-
pect that 8 = 0.42 using the surface areas given by Ronov and
Yaroshevsky [1976]. This suggests that if model I is valid, there
must be some mechanism for efficient addition to continents
of melt fractions from undifferentiated material that differen-
tiates beneath oceans. As was discussed previously, we may
also consider the case 8 < 1 to be analogous to refluxing of
crust to depleted mantie in a generalized version of model 1.
This shows that only 10% of the total amount of material
added to the crust may have been subducted back to the de-
pleted mantie.

RESULTS FOR MODEL II

We now evaluate the present day parameters for this model.
As for model I, we again start out with the most reliable val-
ues given in Table 3. Substituting €5, = —27 and f,**/s
= —0.9 into (63) gives fpy/s, = 1.8 acons. It follows for this
model that the mean mass age of the continents is sub-
stantially less than (7,/2) = 2.3 acons. This clearly implies
that the rate of growth of the continental crust yields a mass
growth curve which accelerates with time; ie., the crustal
growth rate for the past 2 aecons being much higher than for
the period from 4.5 to 3.6 aeons. This result can be modified
only if the bulk earth parameters for Rb-Sr given in the Ap-
pendix were substantially altered. To obtain self-consistent
values for the Sm-Nd system, we note that the possible frac-
tional range of /™4 values for the depleted mantle is sub-
stantially larger than the corresponding fractional range of
fR®/5* and the range in possible crustal enq values is also large,
thus placing only rather broad bounds on the value of fs,na.
Stricter bounds of f>/™¢ are placed by using fpy/s. Since f,,;
= fsm/ng < Inosse = 1.8 acons. So from (63) we get f,5™/N¢ >
0.225, and the direct observational upper bound from the Ap-
pendix is f,**™¢ =< 0.3. Note that for model I, knowledge of
the present day f, values explicitly determines the quantity a,,,
(To) = [(d, = d)My(To)/M:(0)] using (50). Using f,"*/*'(T,) =
=0.9 for the present value, we obtain agy,s{To) = +2.30. This
shows that [,**/3" = exp [~apy/s{7)] — | is in the strongly non-
linear range. In contrast, 0.225 < f,%*/™¢ < (.3, which implies
that —0.264 < agnna(To) = —0.203, so that f,5*™ is deter-
mined to within 10% by the first-order expansion over the his-
tory of the earth. This contrast between Rb-Sr and Sm-Nd is
different from that of model I and reflects the fundamental
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_ TABLE 7. A Seif-Consistent Set of Parameters for Modei §

Reservoir j Cre., Cs.s R €s.. A0) Csm., Cna., T €ng. (0) MU g
Continental crust j= 3 a3 370 2.18 65.5 so 26 -04 -178 2286 x 10°°
Depleted mantle j=2 0.044 15.8 =09 =27 0.3 082 0:225 10 127.4 x 10°*
Undepieted mantle j= | 0.63 22 =0 =0 0.406 1.26 =( =0 273.7 % 107°

[= 1.8 acons: F =0.0174: B = I: Dg, = 0.0013; Ds, = 0.043; Dy, = 0.032: Dy, = 0.063.

Concentrations are given in parts per million.

differences between the two models. The values of agy,s. and
asm/ng May be used to find M,(0) and (d, — d,) using the value
of My(T,) from Table 2. If we assume that the whole mantle is
involved in crust formation, then [M,(7,)/M,(0)] = 0.00448,
which implies that dg, — ds, = 513 and ds,, — dng = —46. We
now assume that reasonable values for the degree of meiting F
would be in the range from 0.5 to 5% by mass. Using the bulk
distribution coefficients from Table 3, we find a range of (dg,
— ds,) from 7 to 108 for Rb-Sr (equation (50)). This implies
that [M,(T,)/M,(0)] should be in the range from 0.021 to 0.33
using apess, = 2.3. Similarly, we get that (ds,, — dne) must be
in the range from —8.7 to —3, and using the range of agm/ng
given previously implies that 0.023 = [M,(T,)/M,(0)] < 0.081.
We may also estimate M,(T,)/M,(0) from (78) using Cng, =
1.26 ppm and Cng3 = 26 ppm. Since f,5™/N¢ = —0.4 and 0.225
=< f,™ = 0.3 as discussed previously, it follows from (78)
that 0.0174 < [M4(T,)/M,(0)] =< 0.0208. From these estimates
the most reasonable choice seems to be M4(7T,)/M,(0) = 0.020
+ 0.003, and this gives My(Ty) = 110.5 X 10** grams, which is
28% of the mantle. Using this value for M,(T,)/M,(0) in (78)
gives f,5/N¢ = +0.281 and thus agg/ng = —0.248. From (63) it
now follows that f5.,ne = 1.44 acons, which together with
[35™/N4 = —0.4 gives engy = 14.3. Similarly, using (78) for Rb-
Sr with /"5 = —0.9, [M3(T,)/M(0)] = 0.02, Cs,, = 22 ppm,
and Cs,, = 370 ppm, we get [,%%5" = +1.78, Cqp3 = 29.4 ppm,
and since fp,,s, = 1.8 acons it also follows that €5, = +53.4.

We have now determined a self-consistent set of f and € val-
ues for model II, which are given in Tabie 8. From the values
fy/* and [, for Sm/Nd and Rb/Sr together with [M,(T5)/
M,(0)] = 0.020 we can, by using (50) and (51), determine all
the d values which are given in Table 8. Since Dy, > 0, it fol-
lows from the value we caiculated for dg, = 135.5 that F <
0.0076. Choosing Dg,, = 0.0025 from Table 4 gives F = 0.005.
Using this value of F, we may calculate Ds,, Dng, and Ds,
(Table 8). From the d values listed in Table 8 and the concen-
trations of the undepleted reservoir we may now calculate the
concentrations of these elements in the depleted reservoir. A
complete set of self-consistent parameters for Rb, Sr, Sm, and
Nd are given in Table 8 for model II. The parameters for Rb
imply that the concentration of Rb in new additions to the
crust has changed from 86 ppm initially to 6 ppm today giving
an average concentration today of ~30 ppm. This large
change of Rb concentration in the crust over geologic time
does not appear supportable from the existing data. The mag-
nitude of this time dependence is not changed by any choice
of parameters so long as f,**/% is close to its lower limit of ~1.

We now turn our attention to see what the data can tell us
about the time evolution of the continental crust. The simpliest
growth model would be (dM,/dr) = const over the history of
the earth. Using this assumption, we get fgm/ng = fars = —0.09
aeon from (66) with v = 4.5 acons and Osm/na = —0.248, so
since Ifgmng = 1.44 aeons, it follows that f,,, = 1.5 aeons.
However, since fy,3 < Ipp/s. = 1.8 acons < (7,/2), this would
require that the crust started to form late. The longest time

compatible with a uniform growth may be determined from
(71) and (72). For Rb-Sr we get 2.7 aeons and for Sm-Nd we
get 3.0 acons for the longest time compatible with a constant
growth rate of the crust using the / and e values for reservoir 2
given in Table 3. These are both unrealistically low values, so
we must conclude that a uniform growth rate can hardly ex-
plain the data. It is, however, clear that this model also re-
quires the dominant parts of the continents to have formed
late in the earth’s history.

From the Bay of Islands data [Jacobsen and Wasserburg,
1979}, similar estimates can be made for the depleted mantle
0.5 aeon ago using the values given in Table 3. Our estimates of
the enrichment factors for the Bay of Islands source are f,R*’S
= —0.9 and [,°™/™* = +0.2 (Table 3). For Rb-Sr using €5, =
—19.3, we obtain 7gy,s, = 1.3 acons at 0.5 acon ago, which in-
dicates that (dM,/dr) = O for the last S00 m.y. as in model I.
For Sm-Nd using €yq; = +7.6, we obtain by using the esti-
mate of the present day f,5™"™¢ of +0.28 (Table 8) that f5q/ng
= 1.1 acons. From (66) we get fsm/ng — fas = —0.08 at 0.5
acon ago, 5o it follows that 7,,, = 1.2 acons at that time for
this model. This is only slightly lower than the value obtained
for model I.

DISCUSSION OF THE MODELS AND CONCLUSIONS

The basic transport equations for the earth differentiation
models shown in Figure | give simple results when solved for
arbitrary mass growth curves M (7) for the continental crust
(j = 3) and the depleted mantle (j = 2). The solution for model
Iis

Qd (nf,”
M/( )

eu.(")

M &) exp [A(r - §)] &
where

.. 1(7)

0.4(r) = 102 [ T

and f//* is the enrichment factor, which is constant for all
time. The mean age 7, t,; of stable isotopes is equal to the mean
age of the mass of j; iy, = fo" [M{£)/M(7)] df. For long-lived
isotopes (A™! > 4.5 aeons), €,,* = 0,*f/” {u, and 0,* =
const. Knowledge of ¢,,* and f;”* at a single time fixes 7,
The mean age shows the relationship (d7/dr) = 1 — 1(d ln M,/
dr), so if M(r) and f/”* are known, then 7,,, and €,,*(1) are
known.

For model II which has continuous fractionation in the
source reservoir the concentrations are functions of time, and
we get

€)= 0(7) f 1@ exp I\ = ] &

[
f27(7)

€43°%(7) = €45°(7)
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TABLE 8. A Self-Consistent Set of Parameters for Model 11 at r = T, (Today)

Reservoir Cre., Cs:.., fRbrse €sc,” Csm.; Cna., Ny €ngy* M.g
Continental crust j= 3 294 370 1.78 534 5.0 26 -0.4 -14.3 2.256 x 10?*
Depleted mantle j = 2 0.041 14.5 -0.9 =27 0.29 0.74 0.281 10 110.5 x 10
Undepleted mantle j = 1 0.63 22 =0 =0 0.406 1.26 =0 =0 290.6 x 10*

Trosse = 1.8 2€0NS; T na = 1.44 acons; Ty, 5 = 1.5 acons; Ms(To)/M(0) = 0.020; dg,, = 135.5; ds, = 20.5; dng = 26.6; 55 = 16.2; age,se(To) =
+2.30; agm/na(To) = —0.248; F = 0.005; Dg, = 0.0025; Ds, = 0.044; Dpg = 0.033; Dg, = 0.057.

Concentrations are given in parts per million.

My()] 4%
M0)

_ M2(7) ](-d,)
M;(0)}

f74(r) = [

[274(n) -
f3%(7)

Define 7,,, = [o" {f,(§)/f:"*(7)] d%. Then for long-lived iso-
topes we have €,,*(1) = Q,*f//*(7)i,,,, where ,,, is the time re-
quired to generate ¢,,* with the present value of f”*. Note
that 7,,, depends on the parent-daughter system and is in gen-
eral different from 7,,;. The difference is given by

(d,—d)
2M;(T)M(0)

for small [(d, — d,)/M,(0)]. Decay systems with small (d, - d,)
may be used to estimate [, ;. These simple expressions may be
used to calculate earth models with great facility without re-
quiring a computer calculation.

We first compare the results from models I and II (Tables 7
and 8). The mean age of the crust is 1.8 acons for model I and
1.5 acons for model IL so a young mean age of the crust is
confirmed by both models. Similarly, both models indicate
that the rate of growth over the last 0.5 acon is much less than
the average rate of growth. Therefore most of the crust prob-
ably formed in the time interval from ~0.5 to ~3 aeons ago.
Both models aiso require the depieted mantle complementary
to the continental crust to make up about 1/3 of the mantle,
which corresponds approximately to the upper 650 km of the
mantle. This does not seem to be compatible with whole
mantle convection as discussed by Hager and O’Connell
[1979]. In future studies it is of importance to arrive at mantle
structure models which satisfy both the boundary conditions
on mantle convection and isotope geochemistry. The present
day ¢ and { values and the concentration in each reservoir are
fairly similar for both models as shown in Tables 7 and 8. In-
sofar as the mantle consists of an undepleted reservoir and a
depleted reservoir that is complementary to the crust, the
above conclusions are basically model independent. Model I
indicates a larger degree of melting (1.7%) than model II
(0.5%). At the present time both of these values seem to be
plausible estimates of the average degree of melting through
time. The major difference in the results for the two models is
in the composition of new additions to continental crust.
Model 1 predicts that enq = €5, = 0 for new additions to the
continental crust, and model II predicts that the €, and exq of
new additions are those of the source of MORB. The fact that
island arcs have bulk composition and REE abundances simi-
lar to average continental crust and that they usually are
found at or near continental margins has led to the hypothesis
that the continents grow by accreting island arcs along their
margins {Taylor and White, 1965; Ringwood, 1975]. If this is
the case, then the Nd isotopic studies reported by DePaolo
and Wasserburg [1977) and Hawkesworth et al. [1977] show
that new continental material should have €y values similar

1

Lys=1ua =

fo "My OIMy() — My(©) dE

to MORB and are thus derived from depleted mantle. This
mechanism for continental growth is thus described by model
II. However, this model cannot explain why typically most
continental crustal materials have exy = 0 [DePaolo and Was-
serburg, 1976a, b; McCulloch and Wasserburg, 1978; Hamilton
et al., 1977, 1978, 1979] throughout the earth’s history. While
values of € = 0 may be obtained at early times for both mod-
els, it is not possible to continue production of such materials
in more recent geologic time for model II.

In model I the concentrations of stable isotopes in new ad-
ditions to the crust are the same for all time, however, in
model II the concentrations may decrease by over a factor of
10 for highly incompatible elements as K, Rb, Ba, and U.
There is no evidence for such drastic changes with time. We
therefore conclude that model I best describes crust and
mantle evolution. Some additions to the continents during the
last 1.5 acons have exy > 0 [DePaolo and Wasserburg, 1976a,
b], so some new additions to the crust may follow model II. A
modified version of model I where it is allowed for mixing of
undepleted mantle with depleted mantle shows that this con-
tribution must be less than 10%. This model aiso shows that
less than 10% of the total continental crust has been refluxed
back to the depleted mantle.

Recent isotopic studies of young volcanic rocks have shown
that eng and ¢, are strongly correlated in ocean floor and
ocean island basalts and selected continental basalts [ DePaolo
and Wasserburg, 1976b, O’Nions et al., 1977). This correlation
line is assumed to be due to mantie characteristics and has
been called the ‘mantle array’ by DePaolo and Wasserburg
[1979a]. Magmas in model I may be mixtures derived from
depleted and undepleted mantle and may thus explain the
mantle array. Model II does not explain the mantle array un-
less a range of source reservoirs individually following this
model are involved. This would, however, require that some
of them be close to undepleted mantle material, but it is not
clear that this would satisfy a strict correlation between initial
Nd and initial Sr.

Considering the young mean ages derived for the conti-
nents, we are left with very little evidence of crust forming
very early in the earth’s history. Search for old crustal rocks
by direct dating has established a low abundance of ~3.6-
aeon-old crustal rocks and the apparent absence of much
older rocks at the surface of the earth. An alternative way of
looking for old crust is to look at the residue in the mantle af-
ter crust formation. If the pre-3.6-acon-old crust were buried
in the lower crust, then we would still expect to see it in the
isotopic systematics of the depleted mantle. The depleted
mantle gives a young mean age of ~1.8 acons, and this implies
either that very little early crust ever formed or that the early
crust was destroyed by rapid refluxing into the mantle in the
period from 4.5 to 3.6 acons ago. If the latter is the case, then
this would have caused early degassing of the earth’s Ar as
suggested by “Ar/*Ar ratios in the mantle [Ozima, 1975].
The detailed history of this time period must be derived from
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data for “K and **U and perhaps also **Pu and the extinct
1291.
APPENDIX: PRESENT DAY BULK EARTH VALUES

The following values are from DePaolo and Wasserburg
[1976a, b] and O’Nions et al. [1977]:

& &
TP 1 -
ot oh
'“Nd(To), “Sm(To),
“Nd(T), 0.511836 =NG(Ty), 0.1936

One®(To) = 24.74 aeons™' Qs.*(T,) = 16.70 aeons™'

The decay constants used are A(*’Rb) = 0.0142 aeons™' and
A('*"Sm) = 0.00654 aeons™'. T, = 4.55 aeons.
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Abstract

The 143Nd/144Nd and 147sm/144Nd ratios have been measured in
chondrites. In addition an analysis of the Juvinas achondrite was
carried out. The range in 143nq/144Ng 16 3.4 e-units (0.511767 to
0.511845) normalized to 150Nd/142Nd = 0.2096. This is correlated with
the variation of 2.6% in 147sm/144Nd (0.1920 to 0.1969). Assuming a
4.6 AE reference isochron, it is shown that none of the samples deviate
more than 0.5 e-units from this. Insofar as there is a range of
values of 1475m/144Nd there 1s no unique way of picking solar or
average chondritic values. From these data we have selected a new set
of reference values for CHUR (“"chondritic uniform reservoir”). The
evolution of 143Nd/144Nd in CHUR is defined by a self-consistent set of
present-day values of (143Nd/“‘4Nd)gHUR = 0.511836 and (1475111/141‘Nd)gﬂUR =
0.1967. The new 147sm/144Nd value is 1.6% higher than the previous value
assigned to CHUR using the Juvinas data of Lugmair. The data presented
here appear to be self-consistent and may be used as reference values
for CHUR. This will cause a small but significant change in the CHUR
evolution curve that is used for reference. Some terrestrial samples of
Archean age show clear deviations from the new CHUR curve. If the CHUR
curve is representative of undifferentiated mantle then it demonstrates
that depleted sources were also tapped early in the Archean. Such a
depleted layer may represent the early evolution of the source of
present-day MORB. There exist a variety of discrepancies with earlier
data which require clarification in order to permit reliable inter-

laboratory comparisons.
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Introduction

In this paper we present Sm—-Nd results for two carbonaceous
chondrites (Murchison and Allende), three ordinary chondrites (Peace River,
Guarefia, and St. Severin), and one achondrite (Juvinas). Murchison
is classified as a CM2 chondrite which comprises the most abundant type
of carbonaceous chondrites. Allende is a CV3 chondrite and is considered
the petrologically most primitive class of carbonaceous chondrites. It
contains inclusions of high-temperature condensates, some of which have
the most primitive 875r/86sr ratio so far found (Gray, Papanastassiou,
and Wasserburg, 1973), and inclusions which are isotopically anomalous
for Sm and Nd (McCulloch and Wasserburg, 1978a,b) as well as for other
elements. Peace River is an L6 chondrite which is a class that
constitutes the most abundant of ordinary chondrites. Guarefia and
St. Severin are H6 and LL6 chondrites, respectively, which have been
extensively studied for Rb-Sr, U-Th-Pb, and I-Pu-Xe systematics because
of their high content of whitlockite (Wasserburg, Papanastassiou, and
Sanz, 1969; Wasserburg, Huneke, and Burnett, 1969; Manhes, Minster and
Allégre, 1978). Finally, Juvinas is a basaltic achondrite which
has a Sm/Nd ratio close to the average chondritic value and apparently
crystallized early in the history of a basaltic achondrite parent body
(Lugmair, 1974).

The long-lived isotope 147gn which decays to 143xd is an
important tracer for chemical differentiation processes affecting the
REE and other large ion lithophile (LIL) elements during planetary
evolution. The purpose of this paper is to obtain an estimate of the
average solar system values for 147gm/144Nq and 143Nd/144Nd using

chondrite samples. Our ability to determine the solar values depends
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on whether the solar nebula was initially isotopically homogeneous for
the elements of interest and whether we have samples of material which
is chemically unfractionated in Sm relative to Nd. Direct measurements
of the abundances of Nd and Sm in the sun have recently been made by
Maier and Whaling (1977) and Saffman and Whaling (1979) respectively.
These studies give log (ASm/ANd)o = -0.46%0.25 from which we calculate
(“’7Sm/1“‘Nd)O = 0.22, From the summary of solar abundances by Ross
and Aller (1976), we get log (ASm/ANd)(D = -0.51%0.6 from which we
calculate (147Sm/144Nd)® = 0.19. These values can serve as a guide in
the subsequent discussion.

The first survey of REE in chondrites (Schmitt, Smith, Lasch, Mosen,
Olehy, and Vasilevskis, 1963; Schmitt, Smith, and Olehy, 1964) demonstrated
a reasonable degree of consistency in relative abundances of REE with an
accuracy of about 10%. Later the isotope dilution technique was applied
to REE in chondrites (Gast, Hubbard, and Weismann, 1970; Schnetzler and
Bottino, 1971; Masuda, Nakamura, and Tanaka, 1973; Nakamura and Masuda, 1973;
Nakamura, 1974; Evensen, Hamilton, and O'Nions, 1978) with the precision for
individual REE considered to be 1 to 2%Z. The concentration levels of REE
in chondrites are fairly low (~0.6 ppm Nd) and no measurements exist
on chondrites for both 143Nd/144Nd and 147sm/144Ng except for the very
approximate data of Notsu and Mabuchi (1975). A 1% error in the Sm/Nd ratio
adds an error of 1.1 parts in 104 to the 143Nd/144Nd ratio over 4.5 AE.
Therefore, it is necessary to measure both the 147gm/144Nd and 143Nd/14%4Nd
ratios with high precision to establish a 143N4/144Nd evolution curve.
We are currently able to routinely measure the 147gp /144N ratio with an
accuracy of 0.5%, and the error added to a 143N4/144Nd evolution curve

from the measurement of the Sm/Nd ratio is therefore insignificant
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(i.e., it is 6 parts in 109). The first serious meteorite measurements
were made by Lugmair, Scheinin, and Marti (1975a), who chose a basaltic
achondrite (Juvinas) which had a 147sm/144Nd isotope ratio close to

the average chondritic value. Therefore, if the source of Juvinas on

the basaltic achondrite parent body (BACH) did not have a long pre-history
as suggested by Rb-Sr and Sm-Nd internal isochrons for Juvinas (Allégre,
Birck, Fourcade, and Semet, 1975; Lugmair, 1974), this should give

close to the correct values. Lugmair et al. (1975b) used the Juvinas

values as an approximation to chondritic Sm—-Nd evolution.

Sm-Nd systematics of chondrites

The refractory lithophile elements Si, Mg, and Cr show a factor
of two fractionation relative to Al between individual chondrite classes.
This is most likely due to fractional condensation (Larimer, 1979). The
isotope dilution measurements of REE patterns in chondrites referred to above
also indicate a large range of 1475 /144Nd from 0.183 to 0.236; however,
the averages of each class of chondrites show a smaller range in 147gn/144xg,
The averages of C, E, H, L, and LL chondrites are 0.196, 0.196, 0.195, 0.194,
and 0.197, respectively. These values are all within error of each other
and identical to the less precisely known solar value of (147Sm/1“‘Nd)o = 0.2,
The extent to which fractional condensation processes have fractionated Sm
relative to Nd of individual chondrite classes relative to each other and
the average solar system is not known. Clearly variation of a few percent
in the Sm/Nd ratio can be allowed for from the data. Much of the variation
between individual total rock samples must be due to sample heterogeneity
rather than differences between the parent bodies as different total

rock samples of a single meteorite may show a variation comparable to



240

the range in chondrites.

The chemical abundances in CI1 carbonaceous chondrites have a
special significance since they compare very closely with the abundances
of the condensable elements which can be reliably measured from studies
of the photospheric spectrum of the Sun. However, they are not pristine
samples of solar system condensate as they show the highest degree of
low-temperature alteration among the carbonaceous chondrites (McSween,
1979). The average 147sm/144Nd of CI1 chondrites is 0.197 (Nakamura,
1974; Evensen et al., 1978) and is close to that of other chondrite
classes. They, however, do show a 6% range in 147sm/144Nd (0.192 to
0.204) so it appears that a unique value cannot be obtained from these
objects. Other classes of chondrites also show variable degrees of
alteration and metamorphism. Thus only the consistency of results
from a variety of meteorite classes can tell us how well we can estimate
the average solar system values.

Some simple evolutionary histories of planetary objects that
condensed and accreted from the solar nebula are shown schematically in
Fig. 1. At T¢ ﬂabout 4.6 AE ago) solid objects began condensing from
the solar nebula (SN), from which the planets and meteorites are ultimately
derived. The rate of growth of 1"‘:’I‘Id/l“‘Nd in these planetary objects
may be different from the solar value due to variations in the relative
chemical abundances of Sm and Nd during condensation and accretion. If
a reservoir j is a closed system, then the evolution of 143Ng/144Nd as a
function of time T is defined as Igd(T) with Igd(O) being the present-
day value. The value of 143Nd/144Nd at any time in the past in

reservoir j is



241

147gy
(exp(AT) - 1) (1)
k|

Nd = yNd -
Ij (T) Ij (0) (144Nd

where (1“7Sm/144Nd)g is the value in j today. Most meteorites come

from small planetary objects and have ages within ~0.1 AE of the time

of condensation from the solar nebula and provide important clues to

the Sm/Nd isotopic evolution of thg solar system. The objects of
interest include meteorites which formed by melting processes on parent
planets such as achondrites and the more primitive chondrites which
appear to be aggregates of high- and low-temperature condensates from
the solar nebula. DePaolo and Wasserburg (1976a) introduced the acronym
CHUR ("chondritic uniform reservoir”™) for a bulk planet with 147 gm/144Ng
and 143na/144Ng isotopic ratios the same as in average chondrites.

The evolution of chondritic meteorite parent bodies is shown
schematically in Fig. 1; Planet A accretes at time T,; with an Sm/Nd
ratio lower than the solar value and Planet B accretes at time Tpo with
Sm/Nd higher than the solar value.

In contrast to chondrites, achondrites are fragments of planetary
crusts that began to form by partial melting at the time of early
chemical differentiation of a parent body (Tp) eubsequent to the time of
condensation and will show an evolution as is illustrated schematically
in Fig. 1. Magmatic rocks formed subsequent to Tp at Tx may be derived
from depleted mantle. There could be a 0.1 AE time difference
between planet formation and melting, which for a source region having
an enrichment factor £5u/Nd = 40,2 would give 1.0 e-units difference
from the solar value of the 143Nd/144Nd growth curve at the time of melting.

If there were reservoirs that were isolated with negligible
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amounts of the radioactive parent 147sn pear Te (Sm/Nd ~ 0), samples

of such materials would record today the 143Nd/1“‘Nd value at or near
the time of condensation. Because of the limited range in Sm/Nd for
minerals in meteorites, it has so far proven difficult to measure
Igd(Tc) precisely. The evolution of 1l“?’Nd/M"Nd in the solar nebula is
therefore a rather insensitive chronometer for the relative times of
condensation of solid objects from the solar nebula. It is instructive
to compare the Sm—Nd system with the solar evolution of the Rb-Sr and
U-Th-Pb systems. There is such major chemical fractionation in the
U-Th-Pb and Rb-Sr systems that ancient materials exist today which
contain Pb and Sr that are very close to the initial solar system
values. For example, troilite inclusions in iron meteorites give
238yj/204pp = 0.01 and have measured 206pb/204pp isotope ratios within
error of the primordial values (Patterson, Brown, Tilton, and Inghram,
1953; Tatsumoto, Knight, and Allegre, 1973). For the U-Pb system the
radiogenic daughter Pb is a volatile element and has a low solar value
of (238U/204Pb%3 » 0.2 (Ross and Aller, 1976), hence the (206Pb/2041’b)O
today is only slightly evolved relative to primordial lead. In contrast
high-temperature condensates, earth, moon, and eucrites have bulk
238U/zol‘Pb in the range from ~10 to 250 and thus have highly radiogenic
leads. Initial Pb values for meteorites are therefore insensitive to
the times of condensation from the solar nebula, while the highly
radiogenic leads in volatile poor objects are good chronometers for
early solar system processes. For Rb-Sr, achondrites, some ancient
lunar samples and high-temperature condensates in Allende have 87Rrb/86sr
in the range 0.001-0.003 (Papanastassiou and Wasserburg, 1969; Wasserburg,

Tera, Papanastassiou, and Huneke, 1977), so their initial 87g5r/86sr can
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be almost directly obtained essentially independent of their precise
age. The radioactive parent 87Rb is a volatile element and the Sun has
a high (87Rb/86sr) = 1.4 (Hauge, 1972) and consequently a highly
radiogenic 875r/86sr ratio. The Rb-Sr system is, therefore, a very
sensitive chronometer for the relative times of condensation of solid

objects from the solar nebula.

Samples

The Allende sample (A6) is a split from a 30 gram total meteorite
sample prepared by Gray et al. (1973). For Guarefia a 193 gram total
meteorite sample was powdered from which the metallic phase was removed.
The total meteorite concentrations of Sm and Nd in Table 1 have been
corrected for the removed metal. St. Severin is known to consist of
light and dark colored areas (Wasserburg et al., 1969). A 3 gram piece
from a light area of sample H2402b was used for this work. The Peace
River sample is a split from a 200 gram total meteorite sample prepared
by Gray et al. (1973). The Juvinas sample (#40, Piece A) is a 1.2 gram
piece of the total meteorite. For Murchison sample Me2642, two different
pieces (#1 and #2) weighing several grams were powdered. The amount of

material dissolved in each experiment is given in Table 1.

Analytical procedures

Separation of Sm and Nd follows the procedure described for Gd
by Eugster, Tera, Burnett, and Wasserburg (1970) with the slight
modifications reported by DePaolo and Wasserburg (1976a). The total
procedural blank for Nd is 25 pg or less and 147gy /14489 = 0.14 for the
blank. Individual separations from meteorites yielded 60 ng of Nd or more

8o the blanks are insignificant. Nd and Sm isotopic compositions were
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measured on the Lunatic I and III mass spectrometers (Wasserburg,
Papanastassiou, Nenow, and Bauman, 1969) as NdOt and Sut, respectively,
following the procedures described in detail by DePaolo and Wasserburg
(1976a) and Papanastassiou, DePaolo, and Wasserburg (1977). Concentrations
were determined using 150Nd and 147sm tracers. Extensive calibrations of
tracers with normal solutions made up from ultrapure Nd and Sm metals from
Ames Laboratory, Iowa, demonstrate that we can routinely measure the

1475 /144Nd ratio to 0.5%, Details of these calibrations will be discussed
elsewhere. The grand mean values of terrestrial normals for nonradiogenic
Nd isotopes (Table 1) used are those by McCulloch and Wasserburg (1978a)
which are updated values compared to those of DePaolo and Wasserburg

(1976b) and Papanastassiou et al. (1977). The grand mean values of
terrestrial normals for Sm isotopes (Table 1) used is that of Russ (1974)
which are updated values compared to those of Russ, Burnett, Lingenfelter,
and Wasserburg (1971). These updated abundances for both Nd and Sm

show no change with time and the acquisition of new data and are essentially
indistinguishable from the original values of DePaolo and Wasserburg

(1976b) and Russ et al. (1971).

Results

The Sm—Nd results are given in Tables 1 and 2 and Fig. 2. We first
note that all non-radiogenic isotope ratios are within error of thé grand
mean of our terrestrial normals and lunar samples measured in this
laboratory (Papanastassiou et al., 1977). There are thus no widespread
isotopic anomalies in Nd for bulk chondrite samples to within 20.5
e-units. For Sm we routinely measured all isotopes except 150gq

and 144sp and confirmed that 149sm/154sm and 1352sm/1545m are within error
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(£1.0 e-units) the same as the terrestrial values. The absence

of any neutron capture effects on 149gn 15 consistent with the short
exposure ages of these meteorites (Eugster et al., 1970; Russ et al.,
1971). This justifies the use of 143Nd/144Nd and 147sm/144Ng isotope
ratios calculated from spiked runs using the grand mean values of
terrestrial normals for Sm and Nd isotopic compositions.

The data in Table 1 are shown on a Sm-Nd evolution diagram
relative to a reference line with a slope corresponding to an age of
~4.6 AE. A variety of chondrites and the achondrite Juvinas lie
within 0.5 e€-units of the reference line shown. This conclusion
is insensitive to the particular choice of age in a plausible neighborhood
of 4.6 AE. The present-day range in these chondrites is, however, only
3.4 e-units in 143Nd/144Nd and 2.6% in 147sm/144Kd and there is no
evidence of large variations. If all chondrites are isochronous and
from an isotopically uniform source, they should today lie on a line
with a slope of 4.6 AE in a SmNd evolution diagram. Insofar as there
is variation in the Sm/Nd ratio between chondrite samples, there is no
unique way of picking a set of values for 143Nd/144Nd and 147sm/144Nd
as representiﬁg the true solar ratio. The best we can do from the data
is to pick a single set of reference values for 143N53/144Ng and
147 gy /144yg today that are consistent with the data array in Fig. 2.
The approach used here will be to define the best present-day "solar”
reference values rather than initial value Igd(TC) since the initial
state is not well constrained. This follows the view adopted by DePaolo
and Wasserburg (1976a) who referred evolution curves to determinations

of the modern values rather than the derived initial values. For
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simplicity the approach we have chosen is the modern value for
143Ng/144N8d = 0.511836, which is the currently used value for CHUR, as
this will cause the least shift in the data representations and is
fully consistent with the chondritic values. The corresponding
1479m/144Nd ratio on the reference isochron is 0.1967 and lies between
the data for Allende and one of the Murchison samples. This is also
very close to the average 1475/ 14488 of chondrites discussed earlier.
Including the new data in Table 1 there are now 61 determinations of
147gm/144Nd in bulk chondrite samples by isotope dilution. All these
data are shown in a histogram in Fig. 3. As shown the value we have
chosen lies close to the peak of the histogram. The previously published
data are not accurate to better than about *2% and most of the data
actually are within 2% of the average value chosen for chondrites.
However, clear exceptions occur especially for the E-chondrites which
show a variation in 147Sm/144Nd from 0.183 to 0.236. In general, the
143Nd/ll‘z‘Nd chosen here is close to that of Lugmair, Marti, Kurtz, and

Scheinin (1976) for Juvinas, however the Sm/Nd ratio is 1.6% higher.

Comparison with previously published data

Previously published data on basaltic achondrites that fall in
the neighborhood of our chondrite data are shown (Fig. 4) together with
our new data on chondrites and Juvinas. The isochrons of ADOR and Moama
are also shown, although all the data for these meteorites plot far outside
the diagram. Let us first compare the Juvinas total rock data from
various laboratories. The first report was by Notsu, Mabuchi, Yoshioku,
Matsuda, and Ozima (1973) who presented some rather approximate data.

The first high-precision data were published by Lugmair (1974) and
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Lugmair, Scheinin, and Marti (1975a). The total rock value used by
Lugmair, Scheinin, and Marti (1975b) (L1) is about 3.8 e€-units above our
4.6 AE reference line. A revised value (L2) with the same Sm/Nd ratio
was reported by Lugmair et al. (1976) and is still 1.9 e-units above
our reference line. Lugmair and Carlson (1978) reported a 1.4 e-unit
reduction in the measured 143Nd/144Nd ratio for their laboratory standard.
They chose, however, to correct their new data such that they were
compatible with their previously published data. Their currently
measured Juvinas value (L3) should thus be 1.4 e-unit lower and as
shown in Fig. 4 this value is within error of our 4.6 AE reference line.
The values obtained by Nakamura, Tatsumoto, Nunes, Unruh, Schwab, and
Wildeman (1976) for Juvinas plot distinctly higher. Their value is the
same as L3 for 143Nd/144Nd but has a lower Sm/Nd ratio. Recently
Nyquist, Shih, Wooden, Bansal, and Wiesman (1979) published data on
Juvinas which agree with the measured (not corrected) 1435q/14454 13
ratio by Lugmair and the value by Nakamura et al. (1976) but with a
significantly higher 1“S\n/ll"l‘ﬂd ratio. Data on Juvinas by Nyquist

et al. (1979) and the data obtained independently by us agree to within
19, for 147gy/144Nd and 0.3 e-units for 143Nd/144Nd. It would appear
that the data of Nakamura et al. (1976) and the revised data (L3) of
Lugmair and Carlson (1978) are consistent with the 143Nd/144Nd obtained
by Nyquist et al. (1979) and ourselves, but their 147gm/144Nd ratios
are significantly lower and suggest an error in tracer calibrations by
these workers. The data for Pasamonte (Unruh, Nakamura, and

Tatsumoto, 1977), Moama (Hamet, Nakamura, Unruh, and Tatsumoto, 1978),

and ADOR (Lugmair and Marti, 1977) also lie significantly above our
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reference line (Fig. 4). Comparison between the results of Nyquist

et al. (1979) and our data on achondrites seems to be confirmatory. We
note, however, that Nyquist et al. (1979) obtained metals for tracer
calibration from the same source that we have been using (Ames Laboratory,
Iowa), so both laboratories could have the same systematic errors in
tracer calibrations. The normal values measured for 1I‘ZNd/Ml’Nd,
150N4/144Nd reported by Nyquist et al. (1979) differ significantly from
our values while the remaining isotope ratios show good agreement. Thus
the results from these two laboratories are not as consistent as might

be believed. It is apparent that the actual cause of all the above
discrepancies must be resolved before any progress can be made in
interlaboratory comparisons. Using two different mass spectrometers in
this laboratory for hundreds of Nd analyses, we observe no shift in the
values of the nonradiogenic Nd 1sotopés over the past five years. In the
same period, three different Nd and three different Sm tracer calibrations
show no discrepancies exceeding 1% . We measure Nd as Ndot so if the
oxygen isotope composition used to reduce the data is incorrect then our
data will be systematically biased (Papanastassiou et al., 1977). Unless
this procedure is subject to serious problems, we comsider the measurements
presented here to be reliable and provide reasonable and consistent
values for the chondritic 143Nd/144Nd and 147 g /144yg today and may be

used as the basis for calculating the CHUR curve.

Initial values
The 143Nd/144Nd in CHUR as a function of time in the neighborhood
of 4.5 AE is shown in Fig. 5. Assuming that a meteorite formed from

this reservoir at T = 4.6 AE, it should have an initial 143nd/144Nd
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value of 0.505829. We note that 143Nd/l44yg changes by 1 e-unit in

39 m.y. The timescale for condensation and chemical fractionation from
the solar nebula is probably on the order of only a few million years as
suggested by the presence of 261 (Lee, Papanastassiou, and Wasserburg,
1976,1977). 1If the 2641 is the cause of widespread heating and
differentiation of small parent bodies, then these planets must have
accreted within ~2 m.y. of the time of condensation from the solar nebula
(Wasserburg et al., 1977). Chondrites (e.g., Allende) exist that appear
to preserve direct early condensates from the solar nebula which are only
partly affected by later metamorphism. A reliable value for the solar
system initial Nd value may be gotten if it is possible to obtain

precise ages (#10 m.y.) and initial values to *0.3 e-units on such
samples with an internal mineral isochron. If large planetary objects
took 108 years to form as suggested by Safronov (1969), Tera and
Wasserburg (1974), and Gancarz and Wasserburg (1977), then the initial
143§d/144Nd could be 2.5 e-units higher than that from the early
condensates from the solar nebula. Although the initial state is not
well known, we may in principle pick any set of self-consistent initial
143Nd/144ﬁd, age and Sm/Nd ratio that plot on the CHUR curve as reference
values to describe the CHUR evolution curve instead of the present-day
values we are using. In absence of directly measured initial solar
values [i.e., TC,Igd(TC)], it is important to pick a set of reference
values which the solar system is believed to have passed through and

that is prior to planetary differentiation processes. Model ages (cf.
Wasserburg and Papanastassiou, 1975) may be calculated relative to such

a chosen initial Nd value (Egd(Tc)) for the solar system
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and should be compared to the corresponding initial time T on the CHUR
curve. We may pick the values shown in Fig. 5 as T; = 4.6 AE and
i (Tc) = 0.505829. Samples which have ng close to T may represent
ancient materials with a simple history. If ng >> T or ng <K Tes
then this demonstrates open system behavior at times less than 4.6 AE. The
model age Tﬁd is a strict upper limit to the last time of disturbance of
the system. As chemical fractionation for Sm relative to Nd is often
small for total rocks, the ng model ages are currently of far less
utility than corresponding model ages for the Rb-Sr system where large
chemical fractionations are common.

Hamilton, O'Nions, Evensen, Bridgwater, and Allaart (1978)
have chosen an initial state using the initial Nd from ADOR and the age
of ADOR together with average Sm/Nd determined from REE-studies of
chondrites by Evensen et al. (1978) as a reference value for the CHUR

curve. This selection is inconsistent with the new CHUR curve presented

here due to the fact that the ADOR initial value does not plot on it.

Data representation

Following DePaolo and Wasserburg (1976a) the 143Nd/144Nd ratio
in a reservoir j at time T is expressed as the fractional deviation in
parts in 104 from that in CHUR at time T and denoted by eggT). Let
I?d(T) be the 143Nd/14%Nd ratio in a reservoir j at time T, then we have
()
ed(r) =104 | —— -1 (3)
Nd

Nd (1)
CHUR
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Here Iggug(T) is given by equation (1) with j = CHUR. Initial
M3Nd/1“‘Nd ratios for a rock may be expressed in e-units relative to
the CHUR curve using equation (3). Then Igd(T) is the initial value
determined by an internal isochron as calculated from the present-day
values of 143Nd/144Nd and 1475m/144Nd of the rock and an independently
determined age through equation (1). The measured present-day values
of 1[‘3Nd/l‘,‘l‘Nd in rock samples relative to IZEUR(O) are also often
given in e-units and are denoted egy3(0). We have chosen IggUR(O) =
0.511836 as before and a new value (147Sm/144Nd)gHUR = 0.1967 which

is 1.6% higher than the previous value of 0.1936. Values of eng(0)
will be unchanged if they are referred to the above IggUR(o) value.
However, the IggUR(T) values calculated from (1) will be changed and
consequently eyxq(T) will also be changed due to the new value for
(147Sm/144Nd)ZHUR. The 147Sm/MI‘Nd ratio in a reservoir j is expressed
as the enriclment factor relative to CHUR

44
f?mmd- (147gg1 Nd) 4

° i | (&)
(147Sm/144Nd)CHUR
and this value will also be changed. Model calculations for crust and
mantle evolution can be made with linearized equations due to the long
halflife of 147Sm. Consider a reservoir j which is derived from EHUR

in a single differentiation event at time Tp. As shown by DePaolo and
Wasserburg (1976a), at a time T subsequent to the time of differentiation

we have to a good approximation that

a
eda(T) = ang fgm/N (Tp - T) )
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where

147 g
1434

Qg = 104 (6)
Similar equations have been shown by Jacobsen and Wasserburg (1979) to be
valid for models of continuous or multiepisodic evolution of crust and
mantle, the only difference being the interpretation of the time parameter.
The new values for CHUR give Qyq = 25.13 AE"! for A = 0.00654 AE™! as
compared to the previous value of 24.73 AE"l. These small changes will

not cause any major revisions in previous model calculations.

The Nd evolution curve for the earth

The old CHUR curve was shown to be a good representation of the
terrestrial values, although there are clear discrepancies. We now want to
address what the correlation looks like back through time using the new
parameters. We therefore consider the data on Archean rocks where the claim
has been made that most of the data fit the CHUR curve. All available
Archean data are shown in Fig. 6. The small shifts in the CHUR evolution
curve reported yere do not alter the basic conclusions by other workers
that the isotopic composition of Nd in a variety of crustal rocks follows
the evolution of a reservoir with chondritic Sm/Nd. However, the more
refined results reported here make it evident that more stringent tests
are needed. The data on the Lewisian rocks (2.9 AE) and the Isua volcanics
(3.8 AE) now plot ~2.5 e-units above the curve. These positive eygq
values indicate the presence of a depleted layer in the mantle throughout
the Archean. Such a layer may represent the early evolution of the
source of the present-day mid-ocean ridge basalts which have eyg = +10.

This implies that the source of the Isua volcanics was residual mantle
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material that was involved in crust-forming events at least 4.2 AE

ago. Most of the other data are still within error of the CHUR curve;
however, they are subject to rather large uncertainties. The only
precise data point is for the Stillwater (DePaolo and Wasserburg,

1979) which plots distinctly below the curve. The apparent deviations
from the CHUR curve in this time region are rather large and comparable
with the modern variations considering the shortened time scale. For

a detailed understanding of the evolution of the Archean mantle, it
will be necessary to obtain much more precise initial values and ages
for Archean samples than are currently available.

We note that we are not able to define the present-day 143Nq/144N4
in chondrites uniquely due to variability of their Sm/Nd ratio. It is
possible that this is a sampling problem and that all planets formed with
exactly the same values. Alternatively, bulk planets could be fractionated
by 1 to 2% from the solar Sm/Nd ratio. It is well established that
eng(0) = +10 for mid-ocean ridge basalts which clearly must sample a
depleted mantle (DM). The only major enriched reservoir in the earth is the
continental crust (CC) which has eyg = -18 and is complementary to the
depleted mantle (see for example, DePaolo and Wasserburg, 1976a; Jacobsen
and Wasserburg, 1979). The bulk earth value has to be somewhere in between
these two values. A logical choice is eyg(0) = O for the bulk earth.
Currently we would assign some special significance to young rocks that
cluster in the range between A and B on Fig. 7, namely that they are derived
from a chondritic undifferentiated reservoir. However, if EN:(O) = +2
as shown schematically in Fig. 7, then undifferentiated mantle materials
would have this value and basalts with a value of eyg(0) = O would then

be assumed to represent mixtures of magmas derived from depleted mantle
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and old continental crust. If many terrestrial samples plotted precisely
on a curve close or identical to the CHUR curve back through time, then
this would be strong evidence that these rocks were derived through time
from undifferentiated mantle materials. As discussed previously at present
the terrestrial data do not precisely define a curve back through time.
This makes it difficult to decide whether the data are sufficient evidence
for an undifferentiated reservoir in the earth or whether the terrestrial
data that roughly follow the CHUR curve represent mixtures of depleted
mantle and old continental crust back through time. In the absence of

a very well—definedlcurve based on terrestrial samples, we will use

the CHUR curve as an approximation to the bulk earth. Model ages TNd

may be calculated relative to the CHUR curve (DePaolo and Wasserburg,

1976b)

143y /1bbyg - 1N (o
™ o |1+ T s Yo @
- — B o
CHUR = "X (W g Mbygy o = (W My 0

For typical contimental crustal rocks with £50/Nd « —0.4, the new model
parameters will only cause small changes in the previously published
ngUR model ages. For small fractionations like those observed in the
lunar highland samples of gSm/Nd -0.14, the TEEUR model ages have large
uncertainties and are very sensitive to small changes in the model
parameters (Oberli, McCulloch, Tera, Papanastassiou, and Wasserburg).

The new CHUR values change the ngUR model ages of Oberli et al. (1978) to

values ~0.5 AE younger and thus are more in agreement with Rb-Sr and

U-Pb data on the same samples.
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Conclusions

From the data presented we conclude that a self-consistent set
of average present-day values for chondritic meteorites are 1434/ 144y4g
= 0.511836 and 147sm/144Nd = 0.1967. 143§d/144Nd changes by 1 e-unit
in 39 m.y. in CHUR so the uncertainty in the initial time makes it
difficult at present to know the initial solar value for 143yq/144Ng
precisely. These values are not consistent with most previously
published achondrite data, but are consistent with our achondrite data
and that reported by Nyquist et al. (1979). The presence of inter-laboratory
discrepancies in meteorite data is evident and may be due to errors in
Sm and Nd spike calibrations or to measurement of isotopic abundances.
Some terrestrial Archean samples now show clear positive deviations
from the CHUR evolution curve, which were not evident using the old
model parameters for CHUR. The new parameters only make small changes

Nd
in published Tcyygr model ages for highly fractionated samples.
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Table 1. Swm-Nd isotopic results.C a
147s 143Nd
m
Sample weightd Nd(ppm) Sm(ppm) STV Tédy,
(grams) Nd d

I. Murchison (CM2)

#1-AL1Q-1 0.51 0.63495  0.20671  0.19693 - a
ALIQ-2 - - - 0.51184529 b
ALIQ-3 0.63506  0.20672  0.19691 0.511816%25 a

#2 0.44 0.67034  0.21409  0.19320 0.511738%34 a

II. Allende (CV3)

ALIQ-1 2,61 0.86957 0.28230 0.19639 - a
ALIQ-2 = = - 0.511809+26 b
ALIQ-2 = = = 0.511839£25 b

II1. Guarefia (H6)
2.52 0.90208 0.29031 0.19468 0.511769+24 a
IV. Peace River (L6)
ALIQ-1 2,97 0.69854 0.22615 0.19584 = a
ALIQ-2 - - ke 0.511831+32 b

V. St. Severin (LL6)

Light 2.86 1.38562 0.43972 0.19197 0.511673%25 a
VI. Juvinas
ALIQ-1 1.24 5.5245 1.7848 0.19543 0.511804%19 a

8Sample spiked with 150Nd and 147Sm tracers. Data nmormalized to 146Nd/142yg =
0.636151 and 148gm/154gm = 0.49419. Concentrations calculated using 142yq/144yg =
1.138266, 145Nd/144Nd = 0.348968, 146Ng/144Ng = 0.724109, 148Nd/144Ng = 0.243079,
150N4/144Nd = 0.238581 (McCulloch and Wasserburg, 1978a) and an atomic weight of
144.24 for Nd. For Sm we used an atomic weight of 150.35 and the isotopic
composition_reported by Russ et al. (1971) and Russ (1974); 14bgn/154gy =

0.13516, 147gm/154gn = 0.65918, 1%9sm/154sm = 0.60750, 130sm/154sm = 0.32440,
152gn/154gn = 1.17537. byngpiked samples normalized to 150Ng/142Nq = 0.2096.
CReported errors are 20 of the mean. dVeight of dissolved sample.
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Table 2. Results for non-radiogenic Nd isotopes.2

Sample €142 €145 €146 €148

I. Murchison

#1-AL1Q-2 -0.4%0.4 +0.620.7 +0.520.7 =0.7%1.1

ALIQ-3 -0.5%0.4 -0.8%0.6 - =1.0%0.7

#2 -0.2%0.5 +0.5%0.9 = —0.4%1.6
II. Allende

ALIQ-2 0.0%0.4 +0.420.5 0.020.5 +0.5%1.0

ALIQ-2 +0.1%0.6 +0.1%0.5 0.00.5 +0.7%0.6

III. Guareiia

+0.320.4 -0.9%0.6 o= -0.3%0.9
IV. Peace River
ALIQ-2 +0.4%0.4 +0.1%0.7 -0.6%0.7 -0.1%1.0
V. St. Severin
Light -0.2%0.4 +0.3%0.5 = +0.2%1.1
VI. Juvinas

ALIQ-1 -0.1%0.4 +0.1%0.5 = +0.1%0.8

8¢-values are given as deviations in parts in 104 relative to the grand mean

of terrestrial normals given in Table 1. Reported errors are 20 of the mean.
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Figure Captions

Fig. 1. Schematic representation of the evolution of 143Nd/lu‘Nd with time
for chondritic and achondritic parent bodies. Solid objects started
to condense from the solar nebula (SN) at time T and accreted to
parent bodies at time Ty. Subsequent to T, a part of the parent
bodies of achondrites may have differentiated at Tp into crust and
depleted mantle. At times Ty subsequent to Tp, melts may be tapped
from both depleted mantle (D1) and from previously undifferentiated

material (D2).

Fig. 2. Sm-Nd evolution diagram for chondrite samples and Juvinas. A
reference line with a slope of 4.6 AE is shown. The dashed lines

represent the new values selected for average chondrites (CHUR).

Fig. 3. Histogram showing all available 147sm/l144Nd ratios (N = 61) for
chondritic meteorites determined by isotope dilution methods. The
ratios from previously published REE studies on chondrites (Tanaka
and Masuda,'1973; Masuda et al., 1973; Nakamura, 1974; Notsu and
Mabuchi, 1975; Schnetzler and Bottino, 1971; Gast et al., 1970;
Evensen et al., 1978) are probably accurate to ~2%Z. Chondritic .
meteorites show a large range in l1‘78111/1"‘1‘Nd, with most of the data
in the range from 0.188 to 0.206. The value selected for average
chondrites of 0.1967 is close to the peak of the histogram and is
shown by the arrow. The exq(0) value calculated assuming Tg = 4.6 AE
is shown on the top of the figure. It is evident from these data

that a total rock isochron for chondrites may be determined.
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Fig. 4. SmNd evolution diagram comparing new chondrite data (black dots)
and the Juvinas value with previously published data for achondrites.
The points labelled L1, L2, and L3 represent three successive
versions of the Juvinas total rock value by Lugmair et al. (1975,

1976) and Lugmair and Carlson (1978).

Fig. 5. The 143N54/144Nd value in CHUR is shown as a function of age in the
neighborhood of 4.6 AE. If a solid object condensed from the solar
nebula at 4.6 AE ago, it would have an initial 143Nd/144Nd ratio of

0.505829. Note the shift in 143Nd/144Nd for a change in choice of age.

Fig. 6. Fractional deviations in parts in 104 of initial 143nd/144Nd of
Archean rocks, from evolution in the CHUR reservoir. Data for
Stillwater, Great Dyke, Louis Lake batholith, Preissac Lacorne
batholith, Fiskenaesset anorthosite, and Amitsoq gneiss from DePaolo
and Wasserburg (1976a,b, 1979); Duffer dacite and Uivak gneiss from
McCulloch (1979); Rhodesian Greenstones, Lewisian granulite and
amphibolite facies gneisses, Onweracht volcanics, and Isua volcanics,

from Hamilton et al. (1977, 1978, 1979a,b).

Fig. 7. Hypothetical evolution of 143Nd/144Nd for the earth (&) and CHUR.
DM represents the average eNd(O) value for depleted mantle as
determined from mid-ocean ridge basalts, and CC the average eyq(0)
value for the continental crust. T is the time of condensation and
Tp the time of accretion. The figure shows the hypothetical case
where the bulk earth gets a 1.7% higher Sm/Nd ratio than that of CHUR
during accretion. This results in an eyq(0) value of +2 for the
bulk earth today. As discussed in the text if this is the case then it

may change our interpretation of data that follow the CHUR curve.
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CHONDRITE EVOLUTION
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APPENDIX 5.

INTERPRETATION OF Nd, Sr AND Pb_ISOTOPE DATA
FROM ARCHEAN MIGMATITES IN VESTERKLEN N. NORWAY

By S. B. Jacobsen and G. J. Wasserburg
The Lunatic Asylum
Division of Geological and Planetary Sciences
California Institute of Technology
Pasadena, California

In this report we discuss constraints on
the time of crust formation in Vester§len,
northern Norway, and parent-daughter fraction-
ation of Sm-Nd, Rb-Sr and U-Pb during the
subsequent granulite facies metamorphism. The
rocks collected at Vikan, Langgdy, are heterog-
eneous migmatitic granulite facies gneisses with
granitic neosome grading into tonalitic to
dioritic palaeosome. A Rb-Sr whole-rock study
by Heier and Compston (1969) demonstrated a
complex thermal history with events at ~ 2.8
b.y. and ~ 1.8 b.y. Green and others (1972)
showed that adjacent amphibolite facies
gneisses have REE distribution patterns similar
to the granulite facies gneisses, whereas Heier
and Thoresen (1971) demonstrated that the
granulite facies rocks have been depleted in Rb,
U, and Th relative to the amphibolite facies
rocks. Taylor (1975) reported a Pb-Pb whole-
rock "isochron" age of 3.41 + 0.07 b.y. and a
Rb-Sr whole-rock "isochron" of 2.30 + 0.15 b.y.
with a high initial 87Sr/86Sr of 0.7126 for the
migmatites at Vikan. He interpreted the Pb-Pb
age as the time of migmatite formation and the
Rb-Sr age as the time of a granulite facies
metamorphism resulting in Rb-depletion and
argued that the U-Pb system was not disturbed
during granulite facies metamotrphism. In an
attempt to solve this conflict, we analyzed
these rocks for Sm and Nd isotopes because the
limited available data indicated that the REE
did not fractionate during the granulite facies
metamorphism. From previous studies, however
(Heier and Compston, 1969; Griffin and others,
1978), it seems firmly established that a period
of granulite facies metamorphism took place
~ 1.8 b.y. ago.

Approach: We assume that the major REE-
fractionation for crustal rocks occurs during
their derivation from a mantle reservoir. The
mantle reservoir used as a reference for the
Sm-Nd system (CHUR) has a chondritic Sm/Nd
ratio with (147Sm/144Nd)Q = 0.1936 and

143Nd/144Nd ratio of 0. 5%1836 today (De Paolo
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and Wasserburg, 1976a). The reference reservoir
for Rb-Sr (UR) has (87Rb/865r)UR = 0.0839 and
87Sr/86Sr = 0.7045 today (De Paolo and
Wasserburg, 1976b). These reference reservoirs
may be representa§1ve of the bulk Earth. Model
ages TCHUR and TR can be calculated relative
to these reference reservoirs and date the time
in the past at which 43Nd/1““Nd or 87Sr/86Sr
ratios in the samples were identical to those
in the reference reservoirs CHUR and UR,
respectively. A1l Archean rocks that have been
measured so far have initial !“3Nd/1““Nd ratios
very close to CHUR (De Paolo and Wasserburg,
1976a, b; Hamilton and others, 1977). Further,
McCulloch and Wasserburg (1978) have shown that
for Canadian Shield composites TCH R = TaR

for samples ranging in age from ~ ? 0 2.7
b.y.

Results: Sm-Nd and Rb-Sr data on one
dioritic and one granitic gneiss sample from
Vikan are given in table 1. Their 147Sm/144Nd
ratios are much lower than chondritic and also

lower, Bhan the average crustal ratio of 0.11.
The T model ages of both rocks are identi-
cal a% 5.6 b.y. within analytical error although

their Sm/Nd ratios are different by ~ 20
percent. This suggests that Sm-Nd did not
fractionate during the much later granulite
facies metamorphism. These model ages provide
the best estimate for the time of formation of
the proto]iths of the migmatites. We will use

the more ﬁrec1se model age of the granitic
samp]e = 2.64 + 0.02 b.y.) in the follow-
ing mode] ca?cu]ations for the Rb-Sr and U-Pb
systems.

Taylor (1975) obtained a fairly good linear
array of data points in a Rb-Sr evolution
diagram for these rocks; some scatter about
the best-fit line, however, suggests a disturbed
Rb-Sr system. We present two additional
analyses from the same locality in table 1.

Both of these plot far from Taylor's Rb-Sr
isochron. Further, all points plot to the left
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of a ng = 2.64 b.y. reference isochron which
sugges%s Rb-depletion significantly later than
the time of formation of the protoliths of the
migmatites.

Table 1.--Analytical results and model ages

Rb-Sr 87Rp /84Sy 875r/865r TE?
Dioritic granulite--- 0.0368-3 0.70890+8 -7.06+0.18
Granitic granulite--- 2.01 =21 0.79026:6 3.13:0.02
& 1 2
Sm-Nd 1475/ “4Nd 143N/ 144Ng L5
Dioritic granulite--- 0.10332:5 0.510316:46 2.55:0.08
Granitic granulite--- 0.08602:3 0.509961:16 2.64:0.02

'Normalized to !“6Nd/!“2Nd = 0.636151.
2Decay constants »(1“7Sm) = 0.00654 x 109 yr~1;
0.0139 x 10% yr-1.

A(B7Rb) =

Discussion: The Pb-Pb and Rb-Sr data by
Taylor (1975) and our Rb-Sr data for the
gneisses at Vikan display significant scatter
and neither age nor initial Sr or Pb isotopic
ratios can be precisely determined from these
data. Taylor excluded three data points from
the Pb-Pb "isochron" regression analysis and
even then the analytical errors of some of the
remaining points would have to be expanded by a
factor of seven for all the data to fall on the
isochron. Although there is no evidence for Rb
or U depletion in the amphibolite-facies
migmatites, the Rb-Sr data by Heier and Compston
(1969) imply that the Rb-Sr whole-rock systems
have been significantly disturbed but still
indicate an age of ~ 2.5 b.y. Thus, it seems
doubtful that further Rb-Sr and Pb-Pb total rock
analyses of either the amphibolite or the granu-
lite facies migmatites will help to define the
age of this gneiss complex more precisely.

If we accept the model age obtained from
the Sm-Nd data, then the Pb and Sr isotope data
can be well explained in terms of a two-stage
model with the time of formation of these crust-
al rocks at Ty = 2.64 b.y. and the time of
granulite facies metamorphism at Ty = 1.8 b.y.
Choosing ay = 13.896 and gy = 14.836 as initial
lead from the normal growth curve of Gancarz
and Wasserburg (1977)--essentially that of Doe
and Stacey (1974)--at 2.64 b.y., we can then
calculate a uy value for the time interval from
Ty to Ty (stage 1) and a up value for the time
intervaq Ty to 0 (stage 2). The U/Pb fraction-
ation factor at Ty is then given by F g =
u,/u;, and from the data of Taylor (]9965 we
c§1c51ate an average FU Pp v 0.25, which
compares well with the éverage (u/Pb)g/(U/Pb)p
of ~ 0.36 (G = granulite facies, A =
amphibolite facies) calculated from the U-Pb
data of Heier and Thoresen (1971) for these
migmatites. Similarly, by using the 87Sr/86Sr
value in UR at 2.64 b.y. of 0.70136 we can
calculate an average Rb-Sr fractionation factor
Fro/sr = (Rb/Sr)p/(Rb/Sr)1 at TM of ~ 0.46.

From the concentration data of Heier and
Thoresen (1971) we obtain (K/Rb)a/(K/Rb)g ~
0.47. It thus appears that both concentration
data and isotopic data are well explained by
assuming a bulk loss of U and Rb from the
granulite facies gneisses. If this two-stage
model is approximately correct, then the iso-
topic data require this loss to have occurred
at ~ 1.8 b.y. This is one of the rare cases
where granulite facies metamorphism postdates
rock formation by as much as 0.8 b.y.

We further note that the average Fy/pp and
FRb/Sy vary systematically with the mineralogy
or major-element composition of the gneisses at
Vikan.

Fuspb - FRo/Sr
Granitic granulites--------ou-n- 0.15 0.7
Granodioritic-tonalitic
granulites-------ccccomeoo 0.4 0-25
Dioritic granulites------------ 0.5 0.15

Taylor (1975) obtained the apparently
erroneous old Pb-Pb age (3.41 b.y.) by forcing
his data into a model with a first stage
covering the time between the origin of the
earth and 3.41 b.y. and a second stage extending
from this age to the present. The very low
u-values of the granulite facies gneisses today
(mainly in the range ~ 1 to 3) imply that their
Pb isotope composition has changed much less
since 1.8 b.y. than in the time interval from
2.64 to 1.8 b.y. when the u-values averaged ~13.
Thus, the isochron that was produced in the time
interval from 2.64 to 1.8 b.y. has mainly been
preserved and only been slightly shifted to the
right in a a-g diagram. )

Our results strongly suggest that total-
rock Rb-Sr and Pb-Pb data have to be interpreted
with great care for granulite facies gneisses.
Complex Rb-Sr and U-Pb systematics displayed by
granulite facies gneisses may, however, be
resolved by ages obtained with independent
methods and can be used to trace U/Pb and Rb/Sr
fractionations during high-grade metamorphism.
For migmatite complexes T{jyr model ages appear
to provide the best time constraints for the
formation of the protoliths as the dominating
REE-fractionation will be associated with this
event rather than with subsequent metamorphic
events. If a granulite facies metamorphism
occurred long after the time of_crust, formation,
then in general we may expect Taﬁ > TCHUR-

We conclude that the interpretation
presented by Taylor (1975) for a very ancient
crustal component in the Archean terrane of
Vester8len is not valid. Instead this terrane
appears to be part of the worldwide crustal-
forming event at 2.6 b.y. The possibility
that very ancient crustal segments may really
be present in other areas of the Fennoscandian
Shield must remain the subject of future
investigations.
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APPENDIX 6.

Nd AND Sr ISOTOPIC STUDY OF THE PERMIAN OSLO
RIFT

By S. B. Jacobsen and G. J. Wasserburg
The Lunatic Asylum
Division of Geological and Planetary Sciences
Caltech, Pasadena, California 91125

We regort measurements of initial 1%3Nd/
144Nd and 87Sr/86Sr on volcanic and plutonic
rocks from the Permian Oslo Rift to evaluate
models of magma genesis in this continental
riftzone. In addition we report data on the lo-
cal Precambrian basement in order to decide
whether this could be the source for any of the
Oslo igneous rocks and to evaluate effects of
crustal contamination or mixing with anatectic
melts.

A likely source for the magmatic rocks in
the rift is a body of dense material extending
along the entire length of the Oslo Rift at the
base of the crust (Ramberg 1976). While the ma-
jor part of this lower crustal body may be gab-
bro, the block probably also includes signifi-
cant amounts of ultramafic rocks. The presence
of a large gabbroic magma chamber would probably
also cause significant melting of the lower
crust. Ramberg has interpreted this deep crust-
al magma chamber to be due to the rapid develop-
ment and rise of a hot asthenospheric diapir and
to discharge of basaltic material into the base
of a gradually thinned crust.

Previous workers that have studied the
variation of initial Sr in the volcanic and plu-

tonic rocks of the Oslo Rift (Heier and Comp-
ston, 1969; Sundvoll, 1977) have concluded that
these can be explained without postulating any
contamination by country rock, and that an ob-
served increase in initial 87Ar/88Sr in the more
differentiated products can be accounted for by
an increase in Rb/Sr ratio with time in a frac-
tionating magma chamber. They further conclude
that the magma source is restricted to the upper
mantle or the lower crust.

Sm-Nd and Rb-Sr systematics: Initial 1%3Nd
/Y44Nd and 8/Sr/B%Sr of a rock of age T are ex-
pressed as fractional deviations in parts in 10%
from the values in a uniform reference reservoir
at time T and denoted ey4 and ey respectively.
The reference reservoir used for Nd (CHUR) has a
chondritic Sm/Nd ratio with (1“7Sm/3%“Nd)g,

0.1936 and 143Nd/}“*Nd = 0.511836 today ( BeHao]o
and Wasserburg, 1976a). The reference reservo1r
for Sr (UR) has (87Rb/®6Sr)0, = 0.0839 (Rb/Sr =
0.029) and 87Sr/965r = 0. 702% today (DePaolo and
Wasserburg, 1976b). These reference reservoirs
for Nd and Sr are thought to be close approxima-
tions to the bulk earth values. A major problem
in the interpretation of variations in initial
Sr, Pb, and Nd data has been to decide whether
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the variations are due to longterm heterogenei-
ties in the mantle sources or to recent mixing
of crustal and mantle material. Measurements of
young basaltic rocks from oceanic and continen-
tal regions have shown that eyq and egy are
strongly correlated for samples with egy < +10
(DePaolo and Wasserburg, 1976b; 0'Nions and oth-
ers, 1977). This correlation appears to be
characteristic of mantle reservoirs and may pro-
vide a reference line against which effects due
to crust-mantle mixing processes can be evaluat-
ed and separated from the variations due to
Tongterm mantle heterogeneity.

Results: Nd isotopic data on twelve Oslo
Rift samples are shown in figure 1. A1l samples
have eyg lying in the relatively narrow range
from -1 to +4. These values are distinct from
the bulk of the MOR basalts, ocean island ba-
salts, and island arc rocks but overlap with the
bulk of continental flood basalts and fill in
the gap between ocean island basalts and conti-
nental flood basalts. The Oslo Rift is a mildly
alkaline province with sodic alkaline rocks.

The eng values are very different from those of
potassic alkaline rocks (fig. 1). The egy val-
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Figure 1.--Histogram of eyngq values for the ig-
neous rocks in the Os?o Rift compared with
histograms of eyny values for young basalt
samples and inferred REE pattern of their .
parental reservoirs. Also shown in the enq
value measured today of a composite sample
of the Precambrian basement in the Oslo
Rift. Data on continental flood basalts
(CFB), oceanic island basalts, mid-ocean
ridge basalts (MORB), island arcs (ARCS)
and continental potassic alkaline rocks
from DePaolo and Wasserburg (1976a, b,
1977), 0'Nions and others (1977), Richard,
Shimizu, and Allegre (1976), and Carter and
others (1978).

ues on the same samples show a much larger

range from -15 to +33. The data plot on both
sides of the eNg - eg, correlation 1ine and show
no immediate relation to it. From the enq data
we conclude that the source materials of these
rocks must have time-integrated REE patterns
that range from approximately chondritic to
slightly 1ight REE-depleted. The strong light
REE-enrichment observed in these alkaline rocks
by Neumann and others (1977) must, therefore,
result from fractionation during recent magmatic
processes. It is clear from the eng data that
none of the rocks could have formed by anatexis
of either upper or lower continental crustal ma-
terials. This includes such felsic rocks as sy-
enite, trachyte, biotite granite, and peralkal-
ine granite.

Two samples from the Skien basalt series of
ankaramites, nephelinites, and basanites that
represent the earliest volcanism in the rift
have end = +1.5 and egp ~ -15. They plot fur-
ther to the left of the eNd - ey correlation
line than any other terrestrial rocks that have
been measured so far.

One explanation for this may be interaction
with old lower crustal materials, as low-Si0,
magmas seem to have a very strong tendency to
interact with the quartz-bearing crustal rocks
(Turi and Taylor, 1976). However, this would
require an extremely Rb-depleted lower crust
with a low Sr/Nd ratio. Alternatively they may
have been derived from some special mantle res-
ervoir.

One ankaramite from the subsequent alkali-
olivine basalt volcanism further north (Holme-
strand basalt series) had eyq = +3 and eSy =
+20. This was followed by tholeiitic volcanism
in the northern part of the rift (Ko]sgs basalt
member) and two samples give eyg = -0.7 and esy
~ +18. They thus plot on a trend typical for
continental tholeiitic flood basalts. This
trend extrapolates back to the correlation lines
at eNd ®# 0 and eSy & 0 and thus indicates a
chondritic source with respect to the REE ele-
ments. This trend has been interpreted by De-
Paolo and Wasserburg (1977) to be due to contam-
ination of tholeiitic magmas to varying degree
at shallow levels in the crust.

Intermediate volcanic and plutonic rocks
have eyg ~ +3 to +4 and egp = -8 to -5 and the
felsic members have eNyg ~ +3 to -1 and egp ~ 0
to +33. They all plot to the right of the eyq -
esy correlation line and suggest that small
amounts of crustal contamination may be impor-
tant in the genesis of these rocks. The compo-
sition of the local Precambrian basement in Per-
mian time was eyg ~ -10 and esy ~ +160. The
dashed line in ¥1gure 2 shows the shape of a
mixing curve with the monzonitic magmas and the
Precambrian basement as end members. The curve
was calculated from the Sr and Nd isotopic com-
positions and concentrations measured for the
end members. Variable contamination could prob-
ably in part account for the great variety of
differentiation trends observed from major- and
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trace-element studies of these rocks (Neumann,
1976; Neumann and others, 1977). If crustal
contamination is the reason for the variability
in the Sr and Nd isotopic composition for the
intermediate and felsic rocks, then the uncon-
taminated parent magmas must have had eyy > +4
and eg, < -10.

% . . :
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+4 + N B
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Figure 2.--engq versus esy for rocks from the Os-
lo Rift. The eng - esy correlation line
for young oceanic and continental basalts
with egp < +10 is shown. Also shown is a
trend with a different slope defined by
some continental tholeiitic flood basalts
with eg. > 0 (DePaolo and Wasserburg,
1977). Dashed curve is a mixing curve with
monzonitic magmas and local Precambrian
basement as end members. S = nephelinite
and ankaramite from the Skien basalt se-
ries; H = ankaramite from the Holmestrand
basalt series; K = two tholeiite samples
from the Kols8s basalt member.

Discussion: The data presented here show
that current magma models for this rift zone are
oversimplifications. It seems clear that most
of the igneous rocks in the Oslo Rift must have
been derived from a mantle source with eyy > +4.
The possibility of crustal contamination makes
it difficult to use the isotopic -data to put de-
tailed constraints on the mantle sources of
these rocks. However, the data suggest that
three different sources should be considered: 1)
one that is the source of alkali-olivine basalts
and intermediate to felsic maamas, 2) one that
is the source of nephelinites and ankaramites in
the Skien area, and 3) one that is the source of
the tholeiitic basalts. The fact that tholei-
itic and alkalic rocks alternate in the volcanic
series indicates that both tholeiitic and alka-
1ic basaltic magma chambers occurred within the
lower crust at the same time. The alkalic mag-
mas are, however, volumetrically the most im-
portant.

In this study of eyq and egp variations in
a continental rift zone, we have attempted to
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sort out effects due to crustal contamination
and thus obtain information about the mantle
sources. This was done by using previously es-
tablished rules for variations of eygq and esy in
mantle sources. The data base for eyy - eSr
systematics is, however, still small and our un-
derstanding of the principles governing these
rules is at present inadequate.
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APPENDIX 7.

Stein B. Jacobsen and G. J. Wasserburg, The Lunatic Asylum, Division of
Geological and Planetary Sciences, Calif. Inst. Tech., Pasadena, CA.

EARTH DIFFERENTIATION MODELS,THE MEAN AGE OF MANTLE AND CRUSTAL RESERVOIRS.
The evolution of mantle and crustal reservoirs (j) is discussed in

terms of two simple transport models for arbitrary rates of crustal growth.

In Model I continents (j=3) are derived by melt extraction from undepleted

mantle (j=1) and the residue form a depleted mantle (j=2) which today is

the source of MORB. In Model II new additions to continents (3) are derived

from a mantle (2) which is being depleted through time by partial melting.

The transport equations have been solved for stable (s), radioactive (r)

and daughter (d) isotopes for arbitrary mass growth curves Nﬁ(r). We assume

equilibrium partial melting so the enrichment (d;j) of a species i in the

melt relative to the source is given by di=[1/(F+Dij(1-F)] where F=degree

of melting and D; = bulk distribution coefficient. Let Ni,j denote the

number of species i in j. The solutions for Model I are :

- * * r/s T 4. | N l(T)

Ed,j(T)=Qd(T)[fj /Mj(T)]&r Mj(E)exp[A(T-i)]dE where Q}(1)=10"A m s

d,

f§/S=(dr/ds)-l and f§/S=(Drdr/Dsds)—l. The mean age E%,. of stable isotopes

is equal to the mean age of the mass of j; zﬁ,j= OIT[Mj(g)/Mj(T)]dE. For

longlived isotopes (A™! 3 4.5 AE) 93 j=Q§fF/sffb1- where Q§==constant.

Knowledge of 83 . and f¥/S at a single point in time fixes F, .. The mean

age shows the i%lationship (dz/dt)=1-£(d1nM/dt) so if Pﬁ(r) 12 known

eﬁ j(r) is known. For Model II the concentrations "are functions of time

and we obtain

en 2(0=Q5(0 [ 5/ (Dexpr(r-0) 1at=c} (0 1€}/ (0 /555 (01,

(1) | (d,~d) M (1) | (-d)
f;/s(r)= [zz 0)] . —1=f]3:/s(T){l- [ 2 ] S } and M, (1)+1,(1)=H, (0).

o 1, (0)

De fine ir/s E(JIT [f;ls(gjlfgls(r)]dE then for longlived isotopes we have

Eg;j(T)=Q§fF S(T)Ir/s where Z,/; is the time required to generate e} ;with

the present”value of fi/S. Note that Ir/s_depends on the parent daugﬁ%er
system and is in general different from tM,3' The difference is given by
d -d
tr/s—tM,TN"—__-—Zbrd_fs(i)Mz(O) oJ My (E) [M(1)-M,4(8) 1dE for small [(d -d)/M,(0)].
Decay systems with small (d,-dg) may be used to estimate 2%h3' Available
Sm-Nd and Rb-Sr data were used to evaluate these models and yield IM,3 of
1.8 AE for Model I and 1.5 AE for Model II. Both models indicate that the
rate of growth of the continents for the last 0.5 AE is much less than
the average growth rate. Therefore most of the crust probably formed from
0.5 AE to 3 AE ago. Search for old crustal rocks by direct dating has
established a low abundance of ~ 3.6 AE old crustal rocks and the apparent
absence of much older rocks at the surface. An alternative way of looking
for old crust is to look at the residue in the mantle after crust forma-
tion. The depleted mantle gives a young'zM 3 and this implies either that
the early crust was destroyed by rapid refiuxing into the mantle in the
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period from 4.5 AE to 3.6 AE ago or that very little early crust ever
formed. Both models show that the continents were only formed from ~ 307
of the total mantle leaving 707 of the mantle as undepleted. For Model I
the trace element concentrations in new additions to the crust is constant
and the isotopic values are those of the undepleted mantle in agreement
with Nd isotopic studies. The correlation between epxg and egy for young
basalts can be explained with Model I by mixing of magmas but it cannot in
any simple way be explained by Model II. Model II implies that new addi-
tions to the continents have the isotopic characteristics of depleted
mantle and that the concentration of Rb, U, and Ba in newly added material
have changed by a factor of ~ 10 through time for which there is no
evidence. The analytical expressions derived permit calculations of simple
earth models with great facility without requiring heavy calculations.
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Stein B. Jacobsen and G. J. Wasserburg, The Lunatic Asylum, Division of
Geological and Planetary Sciences, Calif. Inst. of Tech., Pasadena, CA.

Nd AND Sr ISOTOPIC COMPOSITION OF EARLY PALEOZOIC OCEANIC CRUST AND
MANTLE AND THE EVOLUTION OF THE SOURCE OF MID-OCEAN RIDGE BASALTS

Initial Nd, Sr, and Pb isotopic compositions are available on very
young (~0 AE) mid-ocean ridge basalts (MORB) and give information on the
isotopic composition of the present-day oceanic mantle. To better
understand the time evolution of the source of MORB we have undertaken a
study of the initial Nd and Sr isotopic composition of the oldest well
preserved ophiolite, the Bay of Islands Complex. Two Sm-Nd internal
isochrons for pyroxene-gabbros give well-defined ages of 50816 m.y. and
501%13 m.y. with identical initial }%3Nd/!"%Nd of eyq = +7.7 and eyq =
+7.5. This age agrees with a previously determined U-Pb age (504 m.y.)
on zircons from the trondhjemite and shows the usefulness of the SmNd
method for dating basic rocks in ophiolites. This time refers to the
time of crystallization as a part of the Proto-Atlantic oceanic crust.
The time of obduction occurred ~35 m.y. later as indicated by published
K-Ar ages. All other total rock samples lie on these isochrons except
one two-pyroxene gabbro which gives eygq = +6.5%0.4. The initial
875r/86Sr obtained on a pyroxene-gabbro is egy = -19.3%0.3. However, the
initial 875r/8%Sr within the different phases of the complex is found to
be highly variable (~37 e-units) and shows the effect of seawater
alteration. The isotopic and trace element data demonstrate a clear
oceanic affinity of this complex consistent with earlier interpretations
made on the basis of structure and geochemistry and suggests that high
ENd-reservoirs are sources of oceanic crust through the Phanerozoic. The
ENd values are somewhat smaller (by ~2.5€-units) than for typical
present-day MORB (enyq = +10). This is the shift we would expect for the
oceanic mantle (with £Sm/Nd ~ 0.22) over the past 0.5 AE in terms of
simple mantle evolution models. For a model with a single differentiation
event at time Tp to produce the depleted mantle we have at a time T
subsequent to Tp that

Sm/Nd 1

24.74 AE

eng(™) = Qq £ (TyT) 5 Quq

Rb/Sr 1

16.70 AE

(T)

Qg, £

r (T;-T)

®sr Qe

Sm-Nd and Rb-Sr isotopic data for MORB give (T _-T) ~ 1.8 AE at T = 0 AE.
Similarly for the Bay of Islands Complex we get (Tp-T) ~ 1.3 AE at
T=0.5 AE, so Tp =~ 1.8 AE for two points in time. This is similar to
proposed differentiation ages from '"mantle isochrons." This age is,
however, interpreted as the mean age of the MORB source and does not
refer to a unique event. The total time for producing this source by a
uniform process would be on the order of 2 x 1.8 AE = 3.6 AE. Rapid
mixing in the oceanic mantle is indicated for at least the past 1.0 AE.
The major distinction between oceanic basalts (eyg =~ +10) and continental
basalts (eNyg ~ 0) sources observed in recent rocks is preserved through
the Phanerozoic and may be used to identify old obducted oceanic
segments on continental blocks.
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APPENDIX 9.

THE ISOTOPIC SIGNATURE OF OCEANIC CRUST AND MANTLE AND THE IDENTIFICA-
TION OF MELTS DERIVED FROM SUBDUCTED OCEANIC PLATES

Stein B.Jacobsen and G. J. Wasserburg, The Lunatic Asylum, Division of
Geological and Planetary Sciences, Calif. Inst. of Tech., Pasadena, CA

The oceanic mantle has distinctive LIL element patterns and high me/Nd
and low fRDP/ST values. This is the reason for the observed present-day
isotopic abundances of eNd==+10 and €. =-27 in the oceanic mantle. These
values are clearly distinct from the sources of continental crustal mate-
rials. The oceanic mantle is residual material left after previous con-
tinent forming events and has developed over 3.6 AE. Newly formed crust
at ocean ridges reflects these isotopic characteristics; however, muchof
the observed elemental fractionation patterns in oceanic crust is due to
recent magmatic fractionation. The upper oceanic crust is an important
sink for seawater Sr due to hydrothermal alteration at the ocean floor.
This gives the upper oceanic crust positive €g -values up to +20. The low-
er oceanic crust mainly preserves its low eq -values. Because of thevery
low £Rb/ST of -0.9, changes in 875r/885r due gg decay are }nsignificant.
In contrast,the oceanic crust shows a large range in £SM/Nd £rom 10 to
+0.6 so variations in !“3Nd/1“%Nd of ~3 e-units may develop due to decay
during plate motion over 200 m.y. but eyg is not changed by alteration.
This distinctive isotopic signature of oceanic crust and mantle is pre-
served through the Phanerozoic. Melts derived from subducted oceanic
crust must reflect these characteristics, which are very different from
the isotopic signature of subducted sediments or old continental crust
(ENd = -10 to -20; Egy = +65 to+200). Island arc magmas appear to be domina-
ted by melting of upper oceanic crust. Magmas derived by melting of sub-
ducted oceanic plates along continental margin magmatic arcs are emplaced
through older continental crust and subducted sediments so we would expect
to see blends of these different sourcematerials in the magmas . This is in
general agreement with the large range in €grs ENd in this type of magma.



285

APPENDIX 10,

MANTLE-CRUST TRANSPORT MODELS AND THE MEAN AGE OF MANTLE AND CRUSTAL
RESERVOIRS
JACOBSEN, Stein B. and WASSERBURG, G. J.; The Lunatic Asylum,
Division of Geological and Planetary Sciences, California Insti-
tute of Technology, Pasadena, CA 91125
Crustal evolution may be traced by looking at the depleted residue left
in the mantle after crust-forming events. Mantle and crust evolution is
discussed in terms of two models. In Model I continents (j=3) are de-
rived by melt extraction from undepleted mantle (j=1) and the residue is
isolated to form depleted mantle (j=2). In Model II, continents are
derived from a mantle (2) which is depleted through time by repeated ex-
traction of melts. Transport equations were solved for stable (s), ra-
dioactive (r) and daughter (d) isotopes for arbitrary mass growth curves
M. (1). The enrichment factor of a radioactive isotope to a stable iso-
tope relative to that in 1 is callled f /S, For longlived isotopes
-1

@) > 4. 5 AE) for Model L., i dZM Jf S where

3% I [M (E)/M (T)]df is the mean age of the mass of j. In Model II
r i85 _pTret/s r/s .

we have Ed (T) Q f ()T 5 s where Ir/s _J"O[f2 (E)ifz (1)1dE is

different from Iﬁ . Both Sm-Nd and Rb-Sr data yield IM 3 of 1.8 AE

(Model [) and 1.5 AE (Model II). This young IM 3 1mp11es that early
crust was destroyed by rapid fluxing into the mantle from 4.5 AE to

3.6 AE ago or that very little early crust ever formed. Both models
show that the continents' were only formed from ~30% of the total mantle.
For Model I the trace element concentrations in new additions to the
crust are constant, whereas in Model II they change markedly for K, Rb,
U and Ba. The correlation between € and € for young basalts can be
explained with Model I by mixing but it cannot be explained simply by
Model II. Simple solutions for feedback for crust to the mantle will
also be presented.
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APPENDIX 11.

Sm-Nd ISOTOPIC SYSTEMATICS OF CHONDRITES., S.B. Jacobsen and G.J.

Wasserburg, The Lunatic Asylum, Div. of Geol., Caltech, Pasadena, CA 91125

We present Sm-Nd results for two carbonaceous chondrites (Murchison and
Allende), two ordinary chondrites (Peace River and Guarefia), and one achondrite
(Juvinas). Our purEose is to obtain an estimate of the average "solar" system
values for '“*7Sm/l!“*“Nd and 1“3Nd/l1%“Nd using chondrite samples. The first seri-
ous meteorite measurements were made by Lugmair,et al.[1],who chose a eucrite
(Juvinas) which had a 1"‘7Srn/1““1‘1d isotope ratio close to the average chondritic
value and crystallized ~4.5 AE ago. Lugmair,et al.[2] used the Juvinas values as
an approximation to chondritic Sm—-Nd evolution. No serious attempt has been made
yet to measure both 143Nd/144Nd and 1%7Sm/14“Nd in chondrites. The determina-
tion of the solar values depends on whether the solarnebulawas initially iso-
topically homogeneous for the elements of interest and whether we have samples
of material which is chemically unfractionated in Sm relative to Nd. The re-
fractory lithophile elements Si, Mg, and Cr show a factor of two fractionation
relative to Al in chondritic materials which is most likely due to fractional
condensation. The extent to which such processes have fractionated Sm relative
to Nd is not known, but must be less than 107 as isotope dilution measurements
of REE patterns in chondrites indicate a total range of 147gm/144Nd from 0.188
to 0.206. The averages of the individual chondrite classes C, E, H, L, and LL
show a smaller range in 147gm/144Nd, from 0.194 to 0.199[3,4,5]. The CI1 chon-
drites have a special significance as their chemical composition compares very
closely with the solar abundances of the condensable elements. They do, how-
ever, show a 6% range in 147gm/ 144Ng (0.192 to 0.204) so a unique value cannot
be obtained from these objects. The average values of individual chondrite
classes are the same as the less precisely known solar value of (1“7Sm/1“‘*Nd)o
= 0.195[6]. Much of the variation must be due to sample heterogeneity rather
than differences between the parent bodies as different total rock samples of
a single meteorite may show a variation comparable to the total range in chon-
drites. The evolution of chondritic meteorite parent bodies is shown schemati-
cally in Fig.l; at time TC; solid objects condense from the solar nebula (SN).
Planet A accretes at time Tpy with an Sm/Nd ratio lower than the solar value
and Planet B accretes at time T,y with Sm/Nd higher than the solar value. The
acronym CHUR ("chondritic wniform reservoir'") is used for a bulk planet with
1475m/14%Nd and 1%3Nd/1%%Nd isotopic ratios the same as in average chondrites.
The Sm~Nd results were obtained using previously published procedures (Table 1
and Fig.2). All non-radiogenic isotope ratios for Nd were found to lie within
#0.5 € units of terrestrial and lunar samples measured in this laboratory.
There are thus no isotopic anomalies in Nd for bulk chondrites. The data are
shown on a Sm-Nd evolution diagram. If all chondrites are isochronous from an
isotopically uniform source, they should today lie on a line (slope ~4.6 AE -
see ref. line in Fig.2). The present-day range in these chondrites is only 2¢
units in 1“3Nd/14“Nd and 2% in !%7Sm/!““Nd. A variety of chondrites and the
achondrite Juvinas lie within #0.5 ¢ units of the reference line shown. This
conclusion is insensitive to the particular choice of age in a plausible neigh-
borhood of 4.6 AE. As there is variation in the Sm/Nd ratio between chondrite
samples, there is no unique way of picking a set of values for 143Nd/1%%Nd and
1475m/14%Nd as representing the true "solar" ratios. Note that the precision
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with which the CHUR evolution should be known corresponds to an uncertainty in
the 1%7sm/14Nd ratio for CHUR of ~3% . A single set of reference values for
143Ng/144Nd and 147Sm/1%4Ng today must be consistent with the data array in
Fig.2. The approach used here will be to define the present-day "solar' refer-
ence values. We have chosen the modern value INdUR(O) = (0,511836 for 143ng/
1L”*Nd, which is the currently used value for CHUR from the revised data of
Lugmair,et al.[7]. The corresponding self-consistent 1*7Sm/1““Nd ratio on the

reference isochron is 0.1967, and is very close to the average values for chon-
drites discussed earlier. The !“*7Sm/l““Nd chosen here is 1.6% higher than that
of Lugmair,et al.[7]. This yields an initial IléﬂUR(Tc) at 4.6 AEwhich is 1.8 ¢
units below the earlier data and will consequently change the growth curve and
model ages. Based on the data reported here and the extensiwve tracer calibra-
tions carried out in this laboratory, we believe that the new values given here
are sufficiently reliable to justify their use and may be used as the basis for
calculating the CHUR curve. Previously published data on achondrites that fall
in the neighborhood of our new data on chondrites and Juvinas are shown (Fig.
3). The Juvinas data of Lugmair [1,2](Ll) is about 3.8 € units above our ref-
erence line. A revised value (L2) with the same Sm/Nd ratio was reported by
Lugmair,et al.[7] and is 1.9 € units above our reference line. Recently Lugmair
and Carlson (8] reported a 1.4 e unit reduction in their measured 1%3Nd/!%*“Nd
for their laboratory standard. They chose, however, to correct theirnew data to
be compatible with their previously published data. Their current Juvinas val-
ue (L3) as measured is 1.4 € unit lower and as shown in Fig.3, this value is
within error of our data array for chondrites. The values obtained by Nakamura,
et al.[9] for Juvinas plot distinctly above our data array. Recently Nyquist,
et al.[10] published data on Juvinas which agree with the 143Ng/14%Nd of L3 by
Lu;mair and the value by Nakamura,et al.[9] but with a significantly higher
147sm/144Nd ratio. Data on Juvinas by Nyquist,et al.[10] and the data obtained
independently by us agree to within 1% for 1475p/144Nd and 0.3 € wnits for
143Ng/144Nd. It would appear that the 143Nd/!1““Nd of Nakamura,et al.[9] and the
revised data (L3) of Lugmair and Carlson [8] are consistent with the 143ng/
144Nd obtained by Nyquist,et al.[10] and by us, but their *7Sm/1%%Nd ratios
are significantly lower and suggest an error in tracer calibrations by these
workers. The data for Pasamonte [11] and the isochrons of Moama [12], and ADOR
[13] also lie significantly above our reference line (Fig.3). It is clear that
there ir either major Sm/Nd fractionation in achondrite parent bodies in the
very early solar system or that the isotopic data or Sm/Nd ratios of the USGS
and UCSD laboratories are subject to some errors. The actual cause of these
discrepancies must be resolved before one may safely use data from different
laboratories. Although the initial Nd and age of chondrites are not sufficient-
ly well known, we may in principle pick any set of self-consistent initial
143Ng/144Nd ratio, age, and !*7Sm/l4“Nd ratio that plot on the CHUR curve as
reference values to describe the CHUR evolution curve instead of the present-
day values we are using. We may pick the values as Tg = 4.6 AE and Lgd(Tc) =
0.505829 which are compatible with the new CHUR curve. There is no a priori
basis for assuming that the bulk moon precisely follows the CHUR evolution
curve. We have no oun§ samples from the moon so it is difficult to get a good
time-integrated 14 Sm/!““Nd value for the moon. In addition, there is clear
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evidence of early lunar differentiation which resulted in large Sm/Nd fraction
ation in lunar magmas [14]. Assuming that CHUR is representative of lunar Sm-
Nd ewvolution, we may calculate Tr‘éﬁ model ages relative to the CHUR evolution
curve. Lunar highland rocks have £Sm/Nd 5 -0.1 and for such samples, it is
not possible to determine precise TI&%UR model ages as they will be very sensi-
tive to analytical uncertainties and to small shifts in the CHURevolution line
[15]. The new CHUR values changes the Tz model ages of Oberli,et al.[15] to
~0.5 AE younger values thus being more in agreement with Rb-Sr and U-Pb data
on the same samples. The revised CHUR evolution curve reported here does not
alter the basic conclusion of other workers that a variety of terrestrial
crustal rocks follow the evolution of a reservoir with a chondritic Sm/Nd ra-
tio. However, the ~ 3.8 AE old Isua volcanics [16] now plot distinctly above the
CHUR curve by 2.5+1.0 € units. Such a shift implies that the source of the
Isua volcanics was residual mantle material that was involved in crust-forming

events at least 4.2 AE ago. For typical continental crustal rocks with £Sm/Nd
-0.4, the new model parameters will only cause small changes in previously
published T g model ages.

REF.: 1.EPSL 27(1975)79; 2.Proc. 6th(1975)1419; 3.GCA 37(1973)239; 4.GCA 38
(1974)757; 5.GCA 42(1978)1199; 6.Science 191(1976)1223; 7.Proc. 7th(1976)2009;
8.Proc. 9th(1978)689; 9.Proc. 7th(1976)2309; 10.Proc. 10th(1979); 11.EPSL 37
(1977)1; 12.Proc. 9th(1978)1115; 13.EPSL 35(1977)273; 1l4.Proc. 8th(1977)1639;
15.Lunar Sci. IX(1978)832; 16.Nature 272(1978)41. Div.Contrib.No.3387(341).
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Fig.l, Schematic representation of the evolution of 143Nd/!“YNd with time for
chondrite parent bodies. Solid objects began to condense from the solar nebula
(SN) at time T and accreted to parent bodies at time T, and Tp2.

Fig.2. Sm-Nd evolution diagram for chondrite samples and Juvinas. A reference
line with a slope of 4.6 AEis shown. The dashed lines represent the new present
day values selected for average chondrites (CHUR). The eNgq(0) values are given
on the right side of the diagram.

Fig.3. Sm-Nd evolution diagram comparing our new chondrite data (black dots)
with our new Juvinas value and previous data for achondrites. The points
labelled L1, 12, L3 represent three successive revisions of the Juvinas total
rock value by Lugmair,et al.[1,7,8]. The eyg(0) values are given on the right
side of the diagram.





