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ABSTRACT 

This thesis is divided into two parts, The first part has as 

its theme the chronology of . crustal formation, The times at which 

new segments of crust were formed has been ascertained by using Sm-Nd 

and Rb-Sr isotopic systematics,together with plausible assumptions 

regarding the geochemical evolution of the crust and mantle. The 

general approach that has been used is to assuioo that the differentiation 

processes which produce magmatic rocks occur with a marked chemical 

fractionation of the Sm/Nd and Rb/Sr ratios relative to the source 

region. It is then the time of this chemical fractionation which has 

been dated. This approach is valid insofar as the dominant contribution 

to the crust comes from the emplacement of magmatic rocks derived from 

a "uniform" mantle reservoir. 

Sm-Nd stuµies of early Archean complexes from the Minnesota 

River Valley, Labrador, and the Pilbara of Western Australia have shown 

that these rocks were derived at~ 3.6 AE from a mantle with a time­

average Sm/Nd ratio approximately equal to that in chondrites (CHUR). 

These results, together with a 3.6 AE Sm-Nd model age from a tonalitic 

gneiss in northern Michigan, confirm that this time period marks one 

of the earliest episodes of major continental crustal formation on the 

earth. 

In contrast to the apparent tmiformity of Sm/Nd in the mantle of 

the earth, many lunar magmatic rocks have initial 143Nd/144Nd ratios 

which indicate variability in the Sm/Nd ratios of their source reservoirs 

of up to 60%. These highly fractionated reservoirs must have formed 

within about 200 m,iY .. after the accretion of the moon. The Sm-Nd data 
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on highland breccias and KREEP samples indicate a low Sm/Nd ratio 

for these samples which was also plausibly established early in lunar 

history and is complementary to the early production of high Sm/Nd 

mare basalt source regions. The contrast between the lunar and 

terrestrial Nd isotopic data implies a grossly different early 

differentiation history for these two planets. 

A study of the Nd, Sr, and O isotopic characteristics of the 

Samail Ophiolite is also presented. This complex represents oceanic 

crust that was abducted onto the Arabian continental margin during late 

Cretaceous times. Using the Sm-Nd method, internal isochrons were obtained 

from three gabbros establishing a Cretaceous crystallization age for the 

Samail Ophiolite. These results appear to be highly consistent in spite 

of extensive hydrothermal exchange which has altered the primary 

87s 1s6s d 1s01160 t· r ran ra ios. Gabbros from Ibra give an age of 130±12 rn.y., 

and a gabbro in the northern part of Oman gives an age of 100±20 m.y. 

These results show that the Sm-Nd technique can be used to determine 

crystallization ages and initial Nd ratios of relatively young, Mesozoic 

and Cenozoic mafic complexes, 

In part two of this thesis, isotopic anomalies are reported 

for Ba, Nd, and Sm in two inclusions from the Allende meteorite. These 

inclusions are typical Ca-Al-rich objects associated with early 

condensates from the solar nebula but have distinctive O and Mg 

isotopic anomalies of the FUN type. Sample Cl shows 144sm enrichments 

and a depletion in 135Ba of 2 parts in 104 and normal Nd. Sample 

EKl-4-1 shows large positive excesses in the tmshielded isotopes 135Ba 

137 4 and Ba of 13.4 and 12.3 parts in 10, respectively, The Nd and Sm 

isotopic composition in EKl-4-1 is highly aberrant in at least five isotopes. 
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The Ba, Sm, and Nd anomalies in EKl-4-1 can be explained by a model of 

r-process addition. From the observations of 144sm isotopic anomalies 

in Cl, it is inferred that the p-proces.s is decoupled from the r-process. 

All these anomalies are found to be uniform between coexisting 

mineral phases. These observations show the existence of substantial 

isotopic anomalies in refractory e.lements in the neighborhood of Xe 

and extend the range of elements showing isotopic effects to O, Ne, 

Si, Mg, Ca, Sr, Kr, Xe, Ba, Sm, and Nd. These observations, in conjunction 

107 c· 6 06 ) 26 c s with the presence of Pd . _,-1_ = , 5 x 1 yrs and Al . _,-L = 7 x 10 
-2 ' - 2 

yrs), are interpreted as the result of a .nearby supernova explosion 

which produced elements over a wide mass range and injected them into 

the early solar nebula shortly before condensation. 
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PART I. Sm-Nd AND Rb-Sr CHRONOLOGY OF CRUSTAL FORMATION 
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CHAPTER 1. REVIEW 

INTRODUCTION 

The ability to determine the time of formation of new crustal 

segments is of ftmdamental importance in attempting to understand 

the growth and evolution of continental crust. New crust is considered 

to be the addition to the continents of material that has not 

previously been present in the crust but which is newly added during 

periods of continental growth and has its penultimate origin from the 

mantle as a result of differentiation processes. However, as a 

consequence of multiple generations of crustal formation, metamorphism, 

remelting and erosion, the actual time of formation of new continental 

crust is not always easy to ascertain. For example, it is often 

difficult to establish whether yotmger parts of continental crust as 

defined by relative geologic age or by isotopic age determinations, 

represent the addition of new material, or are simply the product of 

metamorphism of older pre-existing provinces or materials, 

To determine the time of formation of crustal segments using 

the Sm-Nd technique, there are basically two different approaches. 

The first approach which is analogous to that connnonly used in the 

Rb-Sr method, is to obtain an isochron by measuring 143Nd/144Nd and 

147sm/144Nd ratios from a suite of cogenetic minerals or whole rocks 

h • h h • 147s J144Nd t· S Nd • 1 w ic ave a range in m ra ios, m- minera 

isochrons have been obtained from a number of ltmar igneous 

rocks (see, for example, Lugmair et al., 1976; Papanastassiou 

et al., 1977; and Nakamura et al., 1976) and more recently terrestrial 

igneous rocks (DePaolo and Wasserburg, 1976a,1979a;McCulloch et al.,1979a, 

and Jacobsen and Wasserburg, 1979). These rocks appear to be relatively 

pristin~, . having undergone at most a minor or low grade metamorphism 
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and the resultant isochrons have been interpreted as indicating the 

time of crystallization of the magmas. The internal isochron approach 

has the disadvantage that later metamorphism may cause re-equilibration 

between the mineral phases. At present there is almost no direct 

information available on the response of Sm-Nd in minerals to high 

grade metamorphic conditions. 

Examples of terrestrial Sm-Nd whole rock isochrons have been 

given by Hamilton et al. (1977, 1978, 1979a,b). The main difficulty 

with this type of approach is in establishing that the whole rocks are 

• 

0 th th ••• 1 143Nd/144Nd t· d a cogenetic system wi e same 1n1t1a ra 10 an 

crystallization age, Recent detailed studies of ophiolite complexes 

by McCulloch et al. (1979a) and Jacobsen and Wasserburg (1979) have 

shown that even within a suite of contemporaneous and closely related 

k h 11 b • • f. • t. • • • • 1 143Nd/ 144Nd roe s t ere are sma ut s1gn1 icant varia ions. in 1n1t1a 

and 87sr/86sr ratios. This problem is further exacerbated in the 

Sm-Nd system where, due to the more limited range in 147 smJ144Nd 

ratios, it is often necessary to include minor or exotic lithologies 

to construct an "isochron." This problem will be discussed later with 

respect to the Minnesota River Valley rocks, 

The second approach to finding the time of formation of crus.tal 

segments is to use model ages. In this approach it is assmned that 

the differentiation processes which produce magmatic rocks occur with 

a marked chemical fractionation of the Sm/Nd and Rb/Sr ratios relative 

to their mantle source reservoirs. It is then the time of this 

chemical fractionation which is dated. This approach is valid insofar 

as the dominant contribution to the crust comes from the emplacement 
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of magmatic rocks derived from a ''tmiform" mantle reservoir. This approach, 

particularly with respect to Sm-Nd model ages, has been shown (McCulloch 

and Wasserburg, 1978, 1979b; and Jacobsen and Wasserburg, 1978) to have 

considerable utility. Although this latter approach is subject to 

uncertainties in the model parameters, it has the advantage of providing 

age constraints from single samples. This is particularly useful in complex 

polymetamorphic terranes where it is not always possible to identify 

samples which have a range in 147 sm/144Nd ratios and are cogenetic , 

In the following sections we will outline the systematics involved 

in both approaches and describe the effects expected in systems 

disturbed by metamorphism and contamination. 
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Sm-Nd AND Rb-Sr ISOTOPIC SYSTEMATICS 

1. Model Ages 

The 
143

Nd/
144

Nd ratio neasured today for a rock derived T years 

ago from a source with an initial 143Nd/144Nd ratio of I(T), is given 

by 

(1-1) 

where c147
sm/

144
Nd) is the ratio measured in the rock today and the m 

147 -12 -1 decay constant for Sm is ). = 6 .54 x 10 yr 

Nd 
The Sm-Nd model age (TCHUR) is the time in the 

past when the major REE fractionation in a rock occurs during its 

derivation from a mantle reservoir. The mantle reservoir (.CHUR) used 

as a reference for the Sm-Nd system has a nominal chondritic ratio of 

c147
smt1

44
Nd)CHUR = 0,1936 and a 

143
Ndt1

44
Nd ratio today of 

ICHUR(O) = 0 .511836 (DePaolo and Wasserburg, 1976 a). The evolution of 

143Nd/ 144Nd in CHUR at any time in the past is given by: 

I (0) I (T) (147S /144Nd) (eAT -1' 
CHUR • = CHUR · + · m CHUR 1 (1-2) 

A magma derived from CHUR at time T in the past has from equations (1-1) 

and (1-2), ICHUR(T) = I(T) and thus the Sm-Nd Il!Odel age is given by: 

( 

I (O) - (143Nd/144Nd) ) ~Nd 1 CHUR • m 
rCH_:UR = ' .0n. l + -14_7 __ 1_4_4 _____ 1_4 __ 1_4_4 __ 

11. ( Sm/ Nd)CHUR- ( 
7
sm/ Nd)m 

(1-3) 

The validity of these model ages directly depends on the 

correctness of the assumption that magmas are derived from a source 
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Figure 1-1. Fracti.onal deviations ip, pa,rts in 10
4 

of th.e initial 

143
Nd/

144
Nd ratio of Archean rocks, from the evolution to be 

fotmd in a reservoir with a chondritic Sm/Nd ratio (_CHUR), Data 

for Stillwater, Gt. Dyke, Louis Lake, Preissec Lacome, 

Fiskenaesset, and Amitsoq, from DePaolo and Wasserburg (J976a,b; 

1979b); Rhodesian Greenstones, Lewisian, Onverwacht, and Isua, 

from Hamilton et al. (1977, 1978, 1979a,b); and Duffer Dacite, 

Montevideo-Morton, and Uivak from this work. Within analytical 

uncertainty, m~st of the samples plot on the chondritic evolution 

line , The only exception is the Lewisian sample with 

sNd = +1.4±1.0 and the Stillwater complex with sNd = -2 , 8±0,2. 

The offset for the Lewisian gneiss is probably an artifact caused 

by an incorrect age assignment, and the negative sNd value for 

the Stillwater complex may be due. to contamination (see 

discussion), However, the coherence observed for most of the 

Archean sNd values provides strong evidence for th.e derivation 

of both basaltic and sialic rocks from a CllUR source and supports 

Nd 
the validity of the TCHUR model ages, 
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reservoir with CHUR characteristics. In Fig. 1-1, the fractional 

deviations in parts in 104 of the initial 14~d/144Nd ratio from the 

evolution in a CHUR reservoir are shown. These deviations are given by: 

e:Nd = [ I (T) / ICHUR (.T) - 1] 10
4 (1-4) 

In this figure it can be seen that most of the Archean rocks which have 

been studied have an initial 143Nd/144Nd ratio which is identical within 

experiirental error to that in a CHUR mantle. The exceptions are the 

Lewisian gneisses and the Stillwater complex. The Lewisian gneiss has 

e:Nd = +1.4±1.0 for an age of 2,92 AE (Bamilton et al., 1979b). However, 

this age is derived from a Sm-Nd isochron which includes both 

quartzofeldspathic and basic whole rocks and is mainly controlled by 

the basic gneisses. A younger age of; ~ 2.8 AE would eliminate this 

apparent discrepancy in the e:Nd value and would also be more 

consistent with the zircon ages from the quartzofeldspathic gneisses. 

The Stillwater complex has e:Nd = -2,8±0,2 and an age. of 2,701±0,008 AE 

(DePaolo and Wasserburg, 1979b) . The disparity from the CHUR evolution 

of this high precision point does raise the question of whether Nd 

isotopic heterogeneities are present in the Archean mantle, However, 

the authors have suggested that the lower ~d value may be due to 

contamination with older country rock. This is plausible as the 

Stillwater complex has low measured concentrations of Nd(~ 1 ppm), 

low inferred Nd concentrations in the magma(~ 6 ppm), and is adjacent 

to older country rock of suitable composition for a contaminant. 

The coherence observed for most of the Archean e:Nd values 

provides strong evidence for the derivation of both basaltic and 
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silicic rocks from CHUR and supports the validity of the ,t~UR model 

ages. In addition, even if deviations of 1 part in 104 from CHUR 

exist in the Archean mantle for most tonalitic and granodioritic 

gneisses with highly fractionated Sm/Nd ratios, this would still 

Nd 
only produce an error of~ 0.08 AE in the TCHUR model ages. 

In a manner analogous to that described for Sm-Nd, model ages 

can also be calculated using Rb-Sr isotopic systematics. For the 

Rb-Sr system, the reference mantle reservoir (UR) has a nominal value 

87 86 87 86 . of ( Rb/ Sr)UR = 0.0827 and Sr/ Sr ratio today of IUR(O) = 0.7045. 

These reference mantle parameters for Rb-Sr are derived from the 

correlation of £Nd and £Sr observed in young mid-ocean ridge basalts 

and ocean islands (DePaolo and Wasserburg, 1976b; O'Nions et al., 

1977). A magma derived from UR at time T has a Rb-Sr model age of 

IUR(O) 

(87Rb/86Sr)UR 
(1-5) 

where A= 1.42 x 10-ll yr.-l and m denotes the ratio measured in the 

rock today. 

In Fig. 1-2 the systematics involved in calculating ~~UR 

and T~; model ages are illustrated. The evolution of 143Nd/144Nd in 

the mantle reservoir CHUR is shown in Fig. 1-2a. From 4.55 AE to the 

present day, the 143Nd/144Nd ratio in CHUR is assumed to have evolved 

from the Juvinas initial ratio of 0.505975 (Lugrnair et al., 1976) to a 

value today of 0.511836. This is equivalent to a total variation in 

~d of 115 £-tmits. 

. 87 86 In Fig. 1-2b the evolution of Sr/ Sr is shown in the Sr 
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Fi 1 2 ( ) 143Nd/144Nd • • 11 t • h 1 • f gure - . a ve rs.us time, i us rating t e evo ut1.on o 

14 ~d/144Nd in the reference mantle. rese·rvoir CHUR and a sample 

derived from this reservoir at time ,t~UR . Typical continental 

. Sm/Nd crustal samples have f < 0 and therefore the evolution of 

143Nd/144Nd in the continental crust is retarded relative to 

CHUR, The total evolution in 143Nd/144Nd during the earth.' s 

history is equivalent to 115 e:-units. The shaded area is for 

mid-ocean ridge basalts (M0RB) which are derived from a reservoir 

Sm/Nd which has been depleted in Nd relative to Sm (f > 0) for at 

least a billion years or more. 

(b) 87sr/ 86sr versus time, illustrating the evolution of 

87sr/86sr in the reference mantle reservoir UR and a sample 

Sr derived from this reservoir at time TUR. Typical continental 

Rb/Sr crustal samples have f > 0 and therefore the evolution of 

87sr/ 86 sr in the continental crust is enhanced relative to UR. 

The evolution of 87sr/ 86sr in UR from 4.55 AE to the present day 

is equivalent to a change in e:Sr of 78 e:-units, This is only 

~ 2/3 of the change in 143Nd/ 144Nd for the same period. The 

shaded area is for M0RB which are derived from a long-tine 

(> 109 yrs) depleted (£Rb/Sr < 0) reservoir, 

(c) 143Nd/144Nd versus time showing the effect of an 

additional Sm/Nd fractionation (at time TMET) on the T~UR model 

age. In general, T~UR > TMET and therefore ,t~UR ages provide 

a strict upper limit for the time of the last fractionation event. 

T~d is the apparent Nd model for a multiple stage sample evolution. 

87 86 (d) Sr/ Sr versus tine showing the effect of an additional 

Sr 
Rb/Sr fractionation (at time TMET) on the TUR model age. 
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reference mantle reservoir UR, In this case the 87sr/86sr ratio in 

UR is assumed to have evolved from the value in BABI of 0.69898 

(Papanastassiou and Wasserburg, 1969) to the present-day value of 

0.7045. This is equivalent to a total variation in £Sr of 78 £-units 

which is only~ 2/3 of the evolution of Nd in CHUR. The use of the 

87sr/86sr initial value from Allende, 0.69877 (Gray et al., 1973) 

will in general cause only an insignificant change in the T~~ 

model ages. 

__Nd Sr 
The TCHUR and TUR model ages are given by the intersection of 

the sample evolution with the reference mantle evolution. For Sm-Nd, 

typical continental crustal rocks have £Sm/Nd< 0 (Appendix 1) 

where £Sm/Nd= [(147sm/144Nd)m/(147sm/144Nd)CHUR - 1]. For this 

reason, the evolution of 143Nd/144Nd in the crust is retarded 

relative to CHUR. For the Rb-Sr system, the opposite applies, as 

continental crustal rocks typically have fRb/Sr ~ 0 (Appendix 1) 

where £Rb/Sr= [(87Rb/86Sr)m/(87Rb/86Sr)UR - 1). 

In Figs. 1-2c, d the effect of an additional fractionation 

Nd event due to metamorphism at time TMET is shown for TMET < TCHUR If 

£
1
Sm/Nd is the Sm/Nd ratio between • Nd Sm/Nd times TCHUR and TMET and f 2 

between TMET and the present day, then for £
2
Sm/Nd > fSm/Nd we have 

_Nd Nd 1 
TMET < T~~UR < T* where T* is the calculated or apparent time of 

derivation from CHUR. For f
2
Sm/Nd < fSlm/Nd h Nd Nd we ave TMET < T* < TCHUR 

Using the equivalent notation for Rb-Sr we have for 

fRb/Sr 
2 > 

£Rb/Sr 
1 TMET < Tsr 

* < 
Tsr 

UR 

and for f Rb/Sr £Rb/Sr 
TMET < 

Sr TSr 2 < 1 TUR< * 

From these systematics it is apparent that the ~:UR and T~; model 
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ages can still place constraints on the time and nature of the most 

recent fractionation event as well as the primary age. Actual 

examples of these systematics will be discussed later in this chapter 

and in chapter 2. 

2. Closed Systems 

The closed system evolution of two minerals (ill and M2) and 

a whole rock (WR) is shown in Fig. l-3a. If the minerals all have 

the same initial Nd isotopic composition but different Sm/Nd ratios, 

they will all initially lie on a horizontal straight line. T years 

following the condition of Nd isotopic homogeneity, all the mineral 

phases will lie on an isochron as shown in Fig. l-3a. As long as 

the minerals or rocks remain closed systems for Nd and Sm, they evolve 

143 144 147 144 with a sloped( Nd/ Nd)/d(_ Sm/ Nd) = -1,(Lanphere et al,, 

1964) and therefore lie on an isochron given by equation 1-1. For 

1 3b h h h f 143Nd/144Nd • h • • the comparison, Fig. - sows t e growt o , wit time, in 

same systems. It can be seen that the sample evolve from the initial 

composition I to the present-day 14~d/144Nd ratio, with a slope 

proportional to 11. c14 7 Sm/ 144N d) . 

These systematics also apply to a series of cogenetic whole 

rocks which initially had the same Nd isotopic composition. In this 

case it is not necessary to assume that each individual mineral 

phase is closed, but only that the rock sampled, represents a closed 

system. 
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Figure 1-3. (a) Neodymium evolution diagram showing closed system 

evolution of 143Nd/144Nd and 147sm/144Nd in mineral phases Ml 

and M2 and the whole rock WR. At the time of crystallization T 

all samples of a comagmatic suite of igneous rocks are assumed 

to have the same initial 143Nd/144Nd ratio I, but may have 

different 147sm/144Nd ratios depending on the mineralogy. As 

long as the minerals or rocks remain closed systems for Nd and 

Sm, they evolve with a slope d(14~d!144Nd)/d(147smt144Nd = -1, 

and therefore lie on an isochron given by equation (_1-1). 

(b) Neodymium growth curve ~or the systems in 

Fig. l-3a, showing the evolution of 143Nd/144Nd with time from 

the initial composition I. The 143Nd/144Nd ratio of the 

minerals or rock of a comagmatic s.uite increase with time, as 

described by equation (1-1). The slopes of the evolution curves 

are equal to . A(147sm/144Nd). For a closed system, the evolution 

curves calculated from the measured 143Nd/144Nd and 147sm/ 144Nd 

ratios converge to a point giving the age T and the initial 

143Nd/144Nd ratio I. 

(c) Neodymium evolution diagram showing the effects at 

time T MET , of open system behavior in the mineral phases Ml and 

M2. The whole rock system WR is assumed to have remained closed. 

As in Fig. l-3a, at time T, Ml, M2, and WR are assumed to have 

the same initial Nd ratio I, and from T to TMET the systems 

evolve in an identical manner to that shown for the closed systems. 

. . 143 144 However, at time TMET the Nd/ Nd ratio in systems Ml and 

M2 is re-equilibrated with the whole rock WR, to form a new 
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isochron with zero slope and 143Nd/
44

Nd = IMET From TMET to 

the present, Ml, M2, and WR evolve to define an isochron of 

age TMET and initial 
143

Nd/
144

Nd ratio ½iET, 
(d) Neodymium growth. curve for the systems in Fig, 1-3c 

showing isotopic homogenization of Nd in -minerals Ml and M2 

during metamorphism at time TMET . In this diagram (and Fig. 1-3c) 

the 
14 7 sm/

44
Nd ratios of Ml and M2 are assumed to have remained 

tmchanged during metamorphism at TMET . The difference in the 

present-day 
143

NdJ144Nd ratio between closed and open (at time 

TMET) system behavior for M2 is given by oM2. 
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3. Reset Internal Isochrons 

These constructions are also particularly useful in studying 

more complex systems which at some time have been subject to 

redistribution of 143Nd, Nd, or Sm. Fig. l-3c is an isochron diagram 

showing the effects of internal isotopic re-equilibration on the 

mineral constituents (Ml and M2) of a whole rock (WR). At time T 

the whole rock and its minerals have the same initial 143Nd/144Nd 

ratio I, forming an isochron with a slope of zero. From T to T~fET , 

the whole rock and minerals evolve along trajectories, 

with a slope of -1. At time T~T the 143Nd/144Nd ratios of 

the minerals are re-equilibrated with the 

whole rock during, for example, a short episode of metamorphism. In 

Fig. l-3c it can be seen that the 143Nd/144Nd ratio of Ml is raised, 

while that of M2 is lowered to the same ratio as WR. For clarity, 

in Fig. l-3c the 147sm/144Nd ratios are assumed to have remained 

constant during metamorphism, but if new mineral phases are produced 

147 144 . at time \mT, then the Sm/ Nd ratios may change. At the end of 

the episode of metamorphism, the minerals form a new isochron with a 

slope of zero, but with a new initial 143Nd/144Nd ratio of IMET. 

From TMET to the present, the minerals evolve to define a metamorphic 

isochron of age rMET and 143Nd/
144

Nd ratio, ¾fET. The whole rock 

point WR is both on the metamorphic and primary isochron. 

. 143 144 In Figs. l-3c and 1-3d, the evolution of Nd/ Nd is 

shown for both open and closed systems, The difference between the 

open and closed systems is defined in this diagram as 6 where 
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measured today in closed and open systems respectively. From 

equations (1-1) and (1- .€,) it can be shown that for the system M2, 

(1-6) 

(1-7) 

Where ( 14 7Sm/ 144Nd) M20 • h d • • h M2 is t e present- ay ratio int e open system ; 

(14 7sm/144Nd)WOR • h d • • h 1 d WR is t e present- ay ratio int e c ose system , 

with which M2 was in isotopic equilibrium with at time THET ; and T 

is the primary age of the systems M2 and WR. Thus from equation (1-7), 

it can be seen that to produce large values of 6 requires either a 

large difference in the 147smJ144Nd ratios between open (}Q) and 

closed (WR) systems, or a large difference between the primary and 

metamorphic ages. The importance of these parameters will be 

discussed later with respect to the Sm-Nd and Rb-Sr systematics in 

rocks from the Minnesota River Valley. 

To distinguish a reset mineral or whole rock system from a 

"pristine" or undisturbed system of the same age, requires a 

comparison of the initial 143Nd/144Nd ratios in the two systems. 

Assuming that the "pristine" system is a direct mantle derivative, 

then this is approximately equivalent to comparing the differential 

evolution of 143Nd/144Nd in the mantle (CHUR) and crust. As typical 

crustal rocks have £Sm/Nd< 0, the evolution of 143Nd/144Nd in the 

crust is retarded relative to the mantle evolution, The effect of 
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Figure 1-4. Neodymium evolution diagram (_to scale) showing the 

effects of metamorphism at tiire TMET = 2.6 AE on a whole rock 

WR and its mineral constituents Ml and M2. At time T = 3.6 AE, 

the whole rock and its comagmatic minerals are derived from a 

CHUR source and have a l.llliform 143Nd/
144

Nd ratio of ICHUR (3.6 AE). 

From T, until TMET , the minerals and whole-rock evolve as a 

closed system. At time TMET, the 143Nd/144Nd ratios of the 

minerals Ml and M2 are re-equilibrated with the WR to form a 

143 144 new isochron of zero slope and Nd/ Nd ratio of IMET (_2. 6 AE). 

From TMET to the present day, the minerals and whole-rock again 

continue to evolve as a closed system to define an isochron of 

age TMET = 2.6 AE and initial 143Nd/144Nd ratio of ~T (2.6 AE). 

The isochron for a system derived from a CHUR source at 2.6 AE, 

and h f h • • • • 1 143Nd/144Nd • f I (2 6 AE) t ere ore aving an initia ratio o CHUR . 

is also shown. This isochron is parallel to the metamorphic 

isochron, but due to the more rapid evolution of 143Nd/ 144Nd in 

CHUR, compared to continental crust, ICHUR (2.6 AE) > IMET (2.6 AE). 

Therefore, metamorphic Sm-Nd isochrons are typically characterized 

by negative ENd values. 
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this differential crust-mantle 14~d/144Nd evolution is shown in the 

evolution diagram of Fig. 1-4 . This figure is the same as the open 

system example described in Fig . 1~3c, except that appropriate numerical 

values have been assigned to the parameters, with a primary age of 

T = 3.6 AE, a metamorphic age of TMET = 2.6 AE, £Sm/Nd< O, and 

I= ICflUR (3.6 AE). Also shown in Fig. 1-4 is the evolution of 

143Nd/144Nd in the reference mantle reservoir CflUR. Due to the 

retarded evolution (relative to CHUR) of Nd in the reset systems Ml 

and M2, we have 

In general , for fs m/N d < 0 , 

For Rb-Sr, typical crustal rocks have £Rb/Sr ~ 0 and therefore 

LS_:T(T) Sr(T) f 11 • _ME > IUR or a time. This contrast between the initial Nd 

and Sr ratios of reset systems has important implications which will 

be discussed further with respect to natural systems. 

4. Open Systems: Contamination 

The effects of contamination on the Rb-Sr system have been 

discussed in detail by Riley and Compston (1962) and Lanphere et al. 

(1964). Comparable effects are also present in the Sm-Nd system and 

have been discussed by DePaolo and Wasserburg,(1979b).An example is 

given in Fig. 1-5. 

The most important distinction between the effects on 

contamination on the Sm-Nd and Rb-Sr systems is the nature of the 
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Figure 1-5, (a) Neodyro:lulll evolution di.agrall} sh.owing th_e effects of 

contamination, Sm contaminat;i:on will cause the. points to be 

shifted horizontally to the right. Sm and Nd contamination 

will displace a point from the true isochron along a chord to 

the contaminant of composition (~
43

Nd/
144

Nd)contam, and 

(14 7 Sm/144Nd) 
• contam, 

(_b) 
143Nd/144Nd versus time showing the effects of 

contamination at time T Contaminated samples will no longer 
C 

converge to time T. 
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contaminant. For example, contamination of a yotmger mantle derived 

melt by older upper continental crust generally produces positive £Sr 

values and negative £Nd values. This is due to the evolution of 

87sr/ 86sr being enhanced in the upper continental crust, relative to 

the mantle, while the evolution of 143Nd/144Nd is retarded in the 

continental crust relative to the mantle. 
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EXAMPLES FROM NATURAL SYSTEMS 

1, Samail ophiolite, Sultanate of Oman 

As an example of a simple closed system evolution, Sm-Nd 

mineral isochrons from the Samail ophiolite are shown in Fig. 1-6. 

The upper array shown in Fig. 1-6 is defined by two gabbros K9 and 

G224-2 from the Tora locality. The gabbro K9 is extremely fresh 

with only clinopyroxene exhibiting minor alteration to brown 

hornblende. The clinopyroxene from K9 has a significantly higher 

Sm/Nd and 143Nd/ 144Nd ratio than the coexisting plagioclase; 

together they indicate a crystallization age of 128±20 m.y. with 

an initial 143Nd/144Nd ratio of £Nd= 7.7±0.3. The other 

gabbro (G224-2) is from the upper part of the same gabbro unit as 

K9. This gabbro contains uralite as a late-stage replacement of 

both pyroxene and primary hornblende. The uralite has the highest 

147sm/144Nd and 143Nd/144Nd ratios for this rock, and together with 

the plagioclase gives an age of 150±40 m.y, and an initial 143Nd/ 144Nd 

ratio of £Nd= 7.8±0.4. The larger uncertainty in the age for this 

gabbro compared to K9 is due to the smaller difference in the 

147sm/14LfNd ratios for the plagioclase and uralite. Both gabbros 

have the same age and initial ratio within analytical uncertainty, 

and the Sm-Nd systematics do not appear to be disturbed by the 

presence of hydrous alteration products such as uralite. The combined 

data are shown in Fig. 1-6 and give a crystallization age of 

130±12 m.y. and £Nd= 7,8±0.2. 

The lower array shown in Fig. 1-6 is defined by the gabbros 
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Figure 1-6. Sm-Nd evolution diagram showing the data for whole rocks 

and coexisting pyroxene-plagioclase and uralite~plagioclase pairs 

for gabbros from the Samail ophiolite at Ibra, Wadi Fizh, and 

Rustaq. The gabbros from Ibra give an age of 130±12 m.y. and 

eNd = 7.8±0.2. The gabbro from north of the Samail gap gives an 

age of 100±20 m, y. and eNd = 7. 6±0. 2. These isochrons are 

examples of simple closed system Sm-Nd evolution. The ages are 

considered to be the times. of formation of the oceanic crust that 

was formed in the Hawasina ocean basin and is now preserved as 

the Samail ophiolite. The distinctive positive eNd values of 

oceanic crust may be used to recognize dismembered ophiolite 

complexes. 
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OM251 and OM28. These two gabbros were collected from Wadi Fizh and 

Rustaq, which are located north of the Samail gap. The 

clinopyroxene and plagioclase from OM251 give an age of 100±20 m.y. 

and an e:Nd = 7.6±0.3. Although the isochron ages from Tora and 

Wadi Fizh overlap within analytical uncertainty, the Sm-Nd results 

suggest that there may be an age difference of approximately 30 m.y. 

between these two areas. More precise neasurements will be required 

for this to be established definitively, but the present results 

clearly indicate that these rocks crystallized in the time interval 

from 100 m.y. to 130 m.y. These results show that the Sm-Nd technique 

can also be used to determine crystallization ages of relatively 

young Mesozoic and Cenozoic mafic complexes. 

In contrast to the regular Sm-Nd systematics, the Rb-Sr 

data from the same samples of the Samail ophiolite give highly 

discordant results. In Fig. 1-7, a 130 m.y. reference isochron is 

shown. This isochron is a near horizontal line, and shows that the 

change in 87sr/86sr from 87Rb decay is negligible in these samples. 

The large deviations from the reference isochron and the isotopic 

relationships between coexisting mineral phases indicate open system 

behavior due to partial exchange with a source of high 87sr/86sr. 

These systematics are similar to those illustrated for ~din the 

contamination diagram of Fig. 1-5. 
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Figure 1-7. Rb-Sr evolution diagram showing wh.ole rock and mineral 

data from the Samail ophiolite. The near horizontal line is a 

130 m.y. isochron. The large discrepancy of the data from the 

reference isochron is an example of open system behavior and is 

.b d • • b •• h h. h 87s /86s attri ute to contanunation y seawater wit 1g . r r 

(see Appendixes 3 and 4) . 
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2. Early Archean gneisses from the Minne.so ta River Valley 

The purpose of this study is to use the Sm-Nd isotopic 

system to better constrain the time and nature of formation of the 

gneisses of the Minnesota River Valley and to test the effect of 

metamorphism on Sm-Nd whole rock and mineral systems, The gneisses 

of the Minnesota River Valley are among the oldest rocks on the earth, 

but the time of formation of these rocks is not yet well constrained 

because of their polymetamorphic history and intimate association with 

yotmge r igneous rocks. 

The first radiometric age measureirents from the Minnesota 

River Valley were K-Ar and Rb-Sr age measurements on feldspars and 

biotites (Goldich, et al., 1956; and Goldich and Hedge, 1962) 

which suggested two events at 2.5 AE and 1.8 AE. However, the first 

definitive evidence for the antiquity of this complex was provided by 

U-Pb zircon ages by Catanzaro (1963). These gave a minimum age of 

3.25 AE and suggested a maximum age of up to 3.50 AE (using decay 

constants reconnnended by the International Subcommission on Geochronology, 

Steiger and Jager, 1977). More comprehensive U-Pb zircon studies by 

Goldich et al. (1970), Farhat (1975), Michard-Vitrac et al. (1977), 

and Goldich and Wooden (1979) have given similar minimum ages in the 

range of from 3.15 AE to 3.30 AE, but have revealed a more complex 

discordance pattern for the zircons. For this reason there is 

disagreement on the U-Pb zircon age with the results ranging 

from 3.23 AE (Farhat, 1975; and Michard-Vitrac et al., 1977) to 3.60 AE 

(Goldich et al., 1970; and Goldich and Wooden, 1979), A similar 

situation also exists for the Rb-Sr studies by Goldich 

et al. (1970), Goldich and Hedge (1974), Farhat (1975), Goldich and 

Wooden (1979), and Goldich et al, (1979). These studies have generally 

shown discordant systematics and have been interpreted as indicating 
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ages of from 3,60 AE to 3.72 AE (.Goldich et al., 1979; and 

Goldich and Hedge, 1974) to as young as 3.10 AE - 3.30 AE (Farhat and 

Wetherill, 1975). In this study it is hoped that by using an 

independent isotopic system that is relatively inert to metamorphic 

processes some of the ambiguities in the tine of formation of the 

Minnesota River Valley gneisses may be resolved. 

a. 
_Nd Sr rCHUR and TUR model ages 

In Fig. 1-8, the Sm-Nd and Rb-Sr model ages of the 

Montevideo and Morton gneisses are compared. The diagonal line in 

this figure represents the special case of ~c:UR = 
Sr 

TUR • Rocks which 

lie on this line presumably have relatively simple Sr-Nd and Rb-Sr 

isotopic systematics which have been undisturbed since crustal formation 

and are consistent with derivation from the model source reservoirs 

(CHUR, UR). 

The Sm-Nd and Rb-Sr results for the Morton and 

Montevideo gneisses are tabulated in Tables 1-1 and 1-2. The geology 

and sample descriptions are presented in Appendix 5. The most 

striking feature of these rocks, particularly the tonalitic gneisses, 

is the strongly fractionated Sm/Nd ratios (i.e., LREE enriched) and 

extremely primitive measured 143Nd/144Nd ratios. For example, the 

tonalitic gneiss 339 has a measured ratio of 143Nd/144Nd = 0.508880±22 

which is the lowest yet reported for a whole rock and corresponds to 

an €Nd(0) = -57.7. For comparison, a sample which has been Sm free 

during the earth's history would today have €Nd(0) = -115. Thus even 

without correction for 147sm decay, the primitive 143Nd/ 144Nd ratios 

in these gneisses shows unequivocally that this is an ancient complex. 

In the Montevideo gneiss four felsic samI>les (_~08, 605, 

606, 609) and one ma.fie sample (GC-9) appear to follow these simple 
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Figure 1-8. 
Nd Sr 

TQ-lUR versus TUR model ages.. The diagonal line 

_Nd Sr 
represents the special case of rCHUR = TUR • Rocks which lie 

on this line presumably have relatively simple Sm-Nd and Rb-Sr 

isotopic systematic which are consistent with derivation from 

the roodel source reservoirs CHUR and UR. The felsic Montevideo 

gneiss samples with ~~UR= T~; form a coherent group having 

Nd Sr 
TCHUR and TUR ages ranging from 3.56 AE to 3,72 AE, indicating 

that this is the time of formation of this crustal segment. 

The interlayered mafic gneiss GC-9 is also part of this category 

with T~UR = 3.54 AE and T~~ = 3.57' AE, The other group of 

Montevideo gneiss samples which lie on the ~~UR = T~; line are 

the adamellite 431 and the massive mafic gneisses 817 and 845. 

The Montevideo gneiss samples which have ~~UR< T~; are 

607, 54GN, and GC-2. These also have lower ~:UR ages (3. 41 AE 

to 3.53 AE) than the concordant felsic gneisses. This suggests 

that in these rocks both the Rb-Sr system and to a lesser 

extent the Sm-Nd system has been disturbed, 

Most of the Morton gneiss samples (apart from 659 and 

clay (LOC 5) have a narrow range in ~~UR age of from 3.50 AE to 

3.62 AE, but a wider range in T~; ages , In general the Morton 

_Nd Sr 
gneiss has rCHUR > TUR • 

It is noted that mixtures of two rock which lie on the 

T~UR = T~~ line, will not in general lie on this line (see 

appendix 1). 
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systematics having Sm-Nd and Rb-Sr model ages that are approximately 

identical and in the range of from 3. 56 AE to 3. 72 AE (Table 1-2). 

The close concordance of these oodel ages for this group of samples 

provides strong evidence for a 3. 6 AE age of formation for these rocks. 

The 'Montevideo gneiss samples which do not lie on the 

_.Nd TSr 1 . 
TCHUR = UR me 

ages of 6 . 89 AE, 

are GC-2, 607, and 54GN. These have high T~; model 

4. 66 AE, and 3. 88 AE and ~~UR ages of 3. 41 AE, 

3.49 AE, and 3.53 AE, respectively. It therefore seems plausible 

that the discordant ages are due to disturbance of both the Rb-Sr and 

to a lesser extent the Sm-Nd whole rock .systems. This would require 

. 87 143 both gain of Sr and Nd or loss of Rb and Sm. This type of 

effect may be expected if, for example, during, or prior to, 

segregation of minerals into mafic and felsic layers, they were 

isotopically re-equilibrated. This would produce felsic layers with 

tmsupported radiogenic 87sr and 14~d and mafic layers with excess 

Rb and Sm. 

The other group of Montevideo gneiss samples which lie on 

the ~~UR= T~; line have distinctly younger oodel ages. These are 

the adamellite 431 and the massive mafic gneisses 817 and 845. The 

Nd Sr younger model ages of TCHUR = 3.02±0.05 AE and TUR= 2,96±0.02 AE 

for the adamellite 431 is consistent with the field relationships 

which indicate that the adamellite is a younger neosome component of 

the Montevideo gneiss. The close agreement of these model ages also 

indicates that the adamellite is a younger mantle derived component 

and not a remelted or derivative phase of the older granodiorite-

tonalite gneiss complex. 
_.Nd Sr 

The younger TCHUR and TUR ages of 
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2.72 AE to 2.84 AE which were obtained for the mafic gneisses 817 

and 845 from the Memorial Park body (_see Appendix 5) indicate that 

this body is a younger component of the Montevideo gneiss. However, 

the interlayered mafic gneiss GC-9 (Green Company) has a ~c:UR age 

Sr of 3.54±0.04 AE and a TUR age of 3.57±0.02 AE, which indicates that 

there are also mafic rocks of essentially the same age as the older 

felsic Montevideo gneiss. 

fust of the Morton gneiss samples (apart from 659 and the 

residual clay from LOC 5) have a narrow range in ~a'iuR ages (3.50 AE 

to 3.62 AE), but a wide range in T~; ages (2.13 AE to 3.54 AE) with 

Nd Sr 
TCHUR > TUR . For some of these samples, such as the residual clays 

from the weathered Morton gneiss, the low and more deviant T~; ages 

are clearly due to loss of Sr relative to Rb during weathering. For 

Sr the fresh Morton gneiss samples such as 673 and S-1, the lower TUR 

ages are probably due to their low 87Rb/ 86sr ratios which makes the 

T~; ages extremely sensitive to the model parameters. 

b. Whole rock data from the Montevideo and Morton gneisses 

Most of the samples of the Montevideo gneiss had 

previously been analyzed for Rb-Sr by Goldich and Hedge (.1974) and 

Goldich et al. (1970). These samples have £Nd(O) values ranging 

from -33.0 to -52.5, reflecting a relatively restricted range in 

Sm/Nd ratios despite a factor of x5 variation in concentrations. Due 

to this limited range in Sm/Nd ratios, the samples do not define 

an isochron. Therefore, for comparis.on, a 

~c:UR reference isochron of age 3,6 AE is shown in Fig, 1-9. It can 

be seen in this figure that most of the samples are within experimental 
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Figure 1-9. Sm-Nd evolution diagram showing the whole rock data 

from the Montevideo and Morton gneisses. The filled symbols 

are the samples of the Montevideo and Morton gneisses which 

define a whole rock isochron of age 3.54±0.11 (2cr) and 

+o 7 1 ' Th •·t • Nd TSr ( f 1 • h £Nd = • ± • .., . e cr1. er1.on of TCHUR = UR . or samp es wit 

fRb/Sr > 1) was used to distinguish concordant and discordant 

samples. The £Nd value of the Montevideo-Morton gneiss complex 

is consistent with derivation from a CHUR mantle. 
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Nd 
uncertainty of this reference isochron with TCHUR model ages of from 

3.54 AE to 3.62 AE. Samples GC-2, 607, and 54GN are displaced above 

the 3.6 AE reference isochron and have ,?~UR model ages of from 3.41 AE 

to 3.53 AE. 

The Morton gneiss consists predominantly of tonalites with 

generally somewhat more fractionated Sm/Nd ratios and, as already 

mentioned, the most primitive ~iO) values ranging from -41.4 to 

-57.7. As shown in Fig. 1-9 the tonalites from Morton gneiss also 

have a restricted range in Sm/Nd ratios and also do not define a 

whole-rock isochron with adequate precis~on. However, as for the 

Montevideo gneiss, most of the Morton gneiss samples are within 

analytical uncertainty of the 3,6 AE ,?~UR reference isochron. The 

exceptions are 339 and 659, which lie above the reference isochron 

Nd 
and have TCHUR model ages of 3,50:!:0.04 AE and 3.27±0.06 AE, 

respectively, Included in the suite of samples which 

are within analytical tmcertainty of the 3. 6 AE reference isochron 

is a residual clay sample from L0C 3. This analysis had been reported 

previously by McCulloch and Wasserburg (1978) together with an analysis 

of another clay sample from LOC 5 which gave a somewhat younger model 

age of 2. 90 AE. 

To construct a whole rock Sm-Nd isochron with a sufficient 

range in the Sm/Nd ratios, it is necessary to combine the data from 

both the Montevideo and Morton gneisses. This is not unreasonable, 

as the terranes are juxtaposed, have a similar range in ~~UR model 

ages, and have overlapping chemical characteristics (Goldich et al., 

1979 ). In addition, it is also necessary to exclude from the whole 
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rock isochron calculation samples in which the Sm-Nd system has been 

disturbed and those samples which represent younger generations of 

gneisses, or mixtures of old and yotmg gneisses . From the geological 

relationships, it is apparent that the adamellite 431 is a yotmger 

phase . This may also be the case for the sample 659 which was collected 

approximately 40 km S.W. from Morton, The mafic and felsic components 

of the funtevideo gneiss can also be considered separately , However, 

due to the complex geological setting, the field relationships alone 

do not allow disturbed, contaminated, or concordant yotmger components 

within the older felsic gneiss to be dis~inguished. This is in 

contrast to West Greenland where the Ameralik dykes have been used to 

distinguish the older Amitsoq gneiss from the younger Nuk gneiss 

(McGregor, 1973) and in Labrador where the Saglek dykes have been used 

to distinguish the Uivak I gneiss from the Uivak II gneiss (Hurst 

et al., 1975). 

Due to the lack of comparable field relationships in the 

Minnesota River Valley, we will us.e instead the combined T~:UR and 

Ti~ model ages as a sample selection cr:j.terion to calculate Sm-Nd and 

Rb-Sr whole rock isochrons. Using the criterion of ~~UR= T~ (for 

samples with £Rb/Sr> 1), the Montevideo gneiss samples 607, 54GN, 

and GC-2, and the Morton gneiss samples 339 and 659 are excluded from 

the whole rock isochron calculation. 

With this criteric;m the combined Sm-Nd data for the 

Montevideo and Morton gneisses (solid symbols Fig, 1-9) give an age 

of 3. 54±0. 11 AE (2cr) with an initial 
143

Nd/144Nd ratio of 

0.5072frf8 (2cr). This corresponds to E:Nd (3 . 5:4 AE) = 0, 7±1. 7 or to a 
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Figure 1-10. Rb-Sr evolution diagram showing the whole rock data 

for the Montevideo and Morton gneisses (data from Goldich and 

Hedge, 1974; Goldich and Wooden, 1979; Goldich et al., 1979; and 

this work). The solid symbols show the samples with 

.,~UR= T~; (for £Rb/Sr> 1). These samples define an age of 

3. 53±0 .15 AE (2cr) and an initial ratio of 87 Sr ; 86 Sr = 0. 7018=!=13 

d • 22±18 Th • ·t· 1 87s ; 86 s • • correspon ing to £Sr= ' . e ini ia r r ratio is 

approximately consis.tent with derivation of the Montevideo­

Morton gneiss complex from a UR mantle. However, due to the 

1 • 1 1 • • h • • • al 87s / 86s • re ative y arge uncertainty in t e -initi r r ratio, an 

additional short period {< 0 .1 AE) of crustal evolution with 

£Rb/Sr > £Rb/Sr cannot be excluded. 
UR 
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titre average ratio in the source reservoir from 4.55 AE to 3.55 AE of 

147sm;144Nd = 0.19±0.01. This datum point is also shown in Fig. 1-1. 

The Rb-Sr data for the Montevideo and Morton gneisses is shown in 

Fig. 1-10. 
. _Nd Sr Rb/Sr 

Using the same criterion of TCHUR""" TUR (for f > 1), 

the satre samples give an age of 3.53:1:0.15 AE (2cr) and an initial 

87sr/86sr ratio of 0. 701S:f13 (2o-). This corresponds to £Sr(3.53AE}= 

+22±18. The excellent agreement between the SIIrNd and Rb-Sr whole 

rock isochron ages of 3. 54:1:0.11 AE and 3. 53±0 .15 AE, respectively, 

supports the validity of the combined SIIrNd and Rb-Sr approach 

described here. For comparison, the Rb-Sr results from Goldich et al. 

(1979) give an age of 3.62±0.07 AE with an initial ratio of 

87sr/86 sr = 0. 7011±14. This relatively low initial 87sr/86sr ratio is 

also consistent with a mantle source reservoir having a time average 

87 Rb;86sr ratio of 0.15±0.10. Therefore both the initial 143Nd/144Nd 

and 87sr/86sr ratios indicate derivation from a mantle source, rather 

than reworking or remelting of a substantially older (i.e. ,a> 3. 6 AE) crust. 

c. Mineral data from the Morton gneiss 

To obtain a better tmderstanding of the response of the 

SIIrNd system to high grade metamorphic conditions, mineral phases 

were separated and analyzed from the tonalitic Morton gneiss S-1. 

This sample contains plagioclase, K-spar, quartz, biotite, and trace 

amotmts of hornblende, sphene, apatite, and zircon. The gneiss 

consists of coarse-grained, light gray, irregular 1-2 cm quartzo­

feldspathic layers and dark gray, thinner discontinuous biotite layers. 

In Tables 1-1 and 1-2 and Fig. 1-11 the results of the analysis 

of the whole rock and mineral separates of plagioclase, hornblende, and 

apatite are shown. The apatite has the highest Sm/Nd and 143Nd/ 144Nd 

ratios. Together, the apatite, hornblende, and whole rock define a 
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Figure 1-11, Sm-Nd evolution diagram showing the mineral and whole 

rock data from the Morton gneiss S-1. The apatite, hornblende, 

and whole rock define a linear array corresponding to an age of 

3.22 AE and e:Nd = -6.0, This line is clearly offset from the 

primary ~a'iuR = 3.60 AE reference isochron , The initial 

143
Nd/144Nd ratio of e:Nd = -6.0 and the linear relationship 

suggests re-equilibration of 143Nd/144Nd in the apatite and 

hornblende with the whole rock at 3 , 22 AE, The discordant 

plagioclase point indicates disturbance of this phase at a time 

< 3.2 AE together with an as yet tmidentified complementary 

phase or phases. 
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l:inear array which is clearly offset from the primary ~~UR = 3. 6 AE 

reference whole rock isochron. The linear array defined by these 

minerals corresponds to an age of 3,22 AE and an initial ratio of 

eNd = -6.0. From the previous discussion of the Sm-Nd isotopic 

systematics in metamorphic systems, it is plausible that the rotated 

apatite, hornblende, and whole rock linear array is due to 

re-equilibration of 143Nd/144Nd in the apatite and hornblende, with 

the whole rock, at 3.22 AE. The initial 143Nd/144Nd ratio of 

eNd = -6.0 is consistent with this interpretation. The 3.22 AE 

"event" is ~ O.l• AE younger than the inferred primary age of the 

tonalitic gneiss of~ 3.6 AE. The plagioclase mineral separate from 

S-1 is highly fractionated with £Sm/Nd= -0.705 and contains extremely 

primitive 143Nd/144Nd, with eNd(.0) = -58.2. The plagioclase does not 

lie on either the primary T~:UR = 3.6 AE reference isochron, or the 

apatite, hornblende, whole rock array. Its position suggests 

disturbance< 3.2 AE ago. The phase required by mass balance to be 

complementary to the plagioclase has not yet been identified. 

The results of Rb-Sr analyses of plagioclase, hornblende, 

apatite, and the whole rock are shown in Fig. 1-12. The hornblende 

is by far the most radiogenic point and together with whole rock, 

apatite, and plagioclase defines an approximately linear array 

corresponding to an age of 2.51 AE and eSr = -0.6. For comparison, 

Sr 
the primary reference isochron of TUR= 3.60 AE is also shown. The 

87 86 Rb-Sr data suggest that Sr/ Sr in the hornblende, apatite, and 

plagioclase was re-equilibrated with the whole rock at~ 2.5 AE. 

The low initial 87 Sr/ 86sr ratio in the reset isochron requires the 

whole rock to have a low 87Rb/ 86sr t· f £Rb/Sr £Rb/Sr ra 1.0 o ~ UR from 

3.6 AE to 2.5 AE. The low measured value of £Rb/Sr= 0.753 

(Table 1-2) suggests that this may be plausible. In the inset of 
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Figure 1-12. Rb-Sr evolution diagram showing the mineral and whole 

rock data from the Morton gneiss S-1. The hornblende, apatite, 

plagioclase and whole rock define an approximately linear array 

corresponding to an age of 2.51 PE and €Sr= -0.6. The 2.51 PE 

array is almost completely controlled by the high 87Rb/86sr 

ratio in the hornblende and is clearly offset from the primary 

TSr = 3.60 /iE reference isochron. The low initial 87sr/86sr ratio UR 

at 2. 51 PE of €Sr = -0. 6 indicates that from 3. 6 PE to 2. 5 /iE , 

Rb/Sr~ f Rb/Sr Thus, the Rb-Sr data 
the whole rock had f UR 

provide no evidence of the crustal history of this sample prior 

to 2. 5 PE . 
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Fig. 1-12, it can be seen that the Rb-Sr systematics for the apatite 

and plagioclase are slightly, but clearly, distinct from the 2.51 AE 

line defined by the hornblende and whole rock. This also suggests a 

more complex pattern of disturbance, as indicated by the Sm-Nd data 

for the plagioclase. 

From the more extensive Rb-Sr and U-Th-Pb geochronological 

studies reported by Goldich and Wooden (1979), it is clear that the 

shearing and high grade metamorphism associated with the formation of 

the tonalitic gneisses occurre.d at or prior to ~ 3.0 AE. This is 

based on emplacement ages for the pegmatitic granite and 

adamellite-1 of 3.04 AE, and the disturbed Rb-Sr systematics recorded 

in the amphibolite (.Goldich and Wooden, 1979). The 3. 2 AE event 

recorded by Sm-Nd in the apatite and hornblende of S-1 may be due to 

the emplacement or high grade metamorphism of the gneissic complex. 

This event presumably also reset the Rb-Sr mineral system and may 

have disturbed the U-Th-Pb systematics in the zircons. 

The younger 2. 5 AE event which is still recorded by the Rb-Sr 

mineral systems is probably due to the emplacement of aplite dikes 

which are post-kinematic, clearly crosscut the Morton gneiss, and 

have a Rb-Sr age of 2.59±0.04 AE (.Goldich and Wooden, 1979}. This 

yotmger event presumably almost completely removed the record of the 

3.2 AE event from the Rb-Sr mineral system, but left the Sm-Nd 

mineral system (_apart from plagioclase ?) essentially undisturbed. 

Further work on other mineral phases is being undertaken to 

substantiate this hypothesis. 

From the Sm and Nd concentration data listed in Table 1-1, it 



50 

is also apparent that the minor phase apatite, which has a nndal 

abundance of< 1% but a Nd concentration of 419 ppm, makes up a 

substantial part of the Nd budget in the whole rock (Nd = 15. 9 ppm). 

In contrast, the Nd concentration in the major phases plagioclase 

and quartz (~ 80% modal abundance) is almost insignificant (Nd = 2 .1 

ppm). The important role in the whole rock, Sm, Nd budget of the 

minor phase apatite may account for some of the discordant Sm-Nd whole 

rock samples, These may be due to inadequate whole rock sampling. 

The Rb,Sr mineral concentration data indicates that the major phase 

plagioclase contains most of the Sr in the whole rock budget. This 

suggests that although the Rb-Sr mineral system is more easily 

disturbed than the Sm-Nd system, representative whole rock sampling 

may be less of a problem for Rb-Sr, 
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IMPLICATIONS FOR TIIE FORMATION OF EARLY ARCHEAN CONTINENTAL CRUST 

The presence of ~3.6 /£ gneisses in the Minnesota River Valley has 

regional importance as rocks of similar age have now been recognized 

(see Fig. 1-13) in the upper peninsula of Michigan (Peterman et al., 

1979; McCulloch and Wasserburg, 1979b; Labrador (Hurst et al., 1975; 

Barton, 1975), and western Greenland (Moorbath et al., 1972; Baadsgaard, 

1973). The possibility, therefore, exists that the gneisses in the 

Minnesota River Valley represent renD1ants of a 3. 6 J:iE proto-continent 

that extended at least as far as western Greenland. The widespread 

occurrence of rocks of age 3.5 f£ - 3.6 J:iE is also clearly illustrated 

Nd 
in Table 1-3 and the histogram of TCHUR model ages (Fig. 1-14). This 

histogram also shows the period of major crustal formation at 2.6 /£ to 

2. 7 f£. No attempt has been made to make this histogram representative 

of the volumetricor areal distribution of these rocks. These data 

together with the well established crustal formation events at ~1.8 PF. 

(Hudsonian regime) and ~1.1-0.9 J:iE (Grenville regime), suggest 

intervals of ~0.9 J:iE between major crustal formation events. Similar 

compilations for example, of K-Ar ages, have been made by a number of 

workers (see for example Dearnley, 1965), indicating the presence of 

"magic numbers". However as pointed out by Wasserburg (1961) many of 

these apparent hiatuses are probably due to resetting of the radiometric 

chronometers. 
Nd 

The TCHUR model ages presumably do not suffer from these 

deficiencies and thus the 0.9 J:iE period may be a more fundamental 

evolutionary constant of the earth. 

There are basically two types of hypotheses that have been 
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Figure 1-13. Localities (stippled areas and dots) in Minnesota, 

northern Michigan, Labrador and western Greenland where ages of 

approximately 3.6 PE or greater, have been determined. Compiled 

from Baadsgaard (1973, 1976), Barton (1975), Catanzaro (1963), 

Goldich et al. (1970, 1979), Goldich and Hedge (1974), Hurst 

et al. (1975), McCulloch et al. (1979b) , Moorbath et al. (1972), 

Peterman et al. (1979), and this work. 
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Figure 1-14. Histogram of Archean T~~ model ages (the smallest 

vertical division represents one locality). There is a strong 

bimodal distribution, reflecting periods of major continental 

crustal formation at 2.6 AE-2.8 AE and 3.5 AE-3.6 .AE. No attempt 

has been made to weigh the data according to areal or geo­

graphical distribution. 

Sources: Louis Lake, Preissec Lacorne, Gt. Dyke, Stillwater, 

Fiskenaesset, and Amitsoq (DePaolo and Wasserburg, 1976a,b); 

Rhodesian greenstones, Lewisian, Onverwacht and Isua (Hamilton 

et al., 1977, 1978, 1979a,b); Montevideo, Morton, Duffer Dacite, 

and Uivak (this work); Canadian Shield composites, KH44 (Black 

Flag Beds, Coolgardie W.A.), and Figtree Shale (McCulloch and 

Wasserburg, 1978); Watersmeet (McCulloch and Wasserburg, 1979b); 

and Lofoten-Vesteralen gneisses (Jacobsen and Wasserburg, 1978). 
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proposed to explain the origin of Archean continental (sialic) crust: 

1) They are derived by partial melting and anatexis of pre-existing 

sialic crust or 2) They are derived by partial melting of the mantle 

or basalti:c, crust. 

The present available Rb-Sr isotopic data clearly exclude the 

derivation of most of the Archean gneiss complexes from substantially 

older (>0.1 AE) high Rb/Sr ( fRb/Sr ~ 10) sources. However due to the 

1 t • 1 1 t • • • h • • • 1 87s 186s • ( re a ive y arge uncer ainties int e initia r r ratios see 

Fig. 1-15) an origin from an older (>0.4 .AE) low Rb/Sr crustal source 

(e.g. granulite facies lower crust) is still permissible. Bridgwater 

and Collerson (1976) and Collerson and Fryer (1978) have suggested that 

the Labrador Uivak gneisses were derived from a substantially older 

(>0.4 .AE) lower crustal granulite facies source with a low Rb/Sr ratio. 

Although this generally satisfies the requirement for a primitive 

87
sr/

86
sr source reservoir, it has been shown by Green et al. (1969) 

and McCulloch and Wasserburg (1978) that the REE patterns in granulites 

are uneffected by metamorphism and similar to upper crustal patterns 

with LREE enrichments (i.e. low Sm/Nd ratios). Therefore remelting of 

older lower crustal sources would produce magmas with E:Nd <<O or 

• 147S /144Nd • • h • ·f· 1 1 h time average m ratios int e source signi icant y ower tan 

in CHUR. This is contrary to the observations (see Fig. 1-1). 

Although the isotopic data exclude the derivation of these 

gneisses from a crustal source which is significantly older than 3.6 .AE, 

it is still possible, within the age uncertainties (----0.10 PE), to have 

a multiple-stage derivation. An origin of this type is in fact suggest­

ed by the trace element data. In particular, the highly fractionated 

Sm/Nd ratios (LREE enrichments) are exceedingly difficult to produce 
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Figure 1-15. Fractional deviations in parts in 104 of the initial 

87sr/86sr ratio of Archean rocks, from the evolution in the 

reference mantle reservoir UR. The evolution in UR is calculated 

assuming an initial 87sr/86sr ratio of 0.69898 at 4.55 /ili 

(Papanastassiou and Wasserburg, 1969) and present-day values of 

87sr/86sr = 0.7045 and 87Rb/ 86sr = 0.0827 (DePaolo and 

Wasserburg, 1976b). Compiled from Davies et al. (1970), Hart and 

Brooks (197n, Jahn and Shih (1974), Hurst et al. (1975), Moorbath 

and Pankhurst (1976), Moorbath et al. (1972) and this work. The 

87 86 . high precision initial Sr/ Sr ratios of ultramafics in the 

Abitibi and Onverwacht greenstone belts are in excellent 

agreement with derivation from a mantle with UR characteristics. 

The Montevideo-Morton, Uivak and Amitsoq gneisses have somewhat 

high initial 
87

sr/
86

sr ratios (ESr = +14 to +22) but within their 

relatively large uncertainties are approximately consistent with 

derivation from a UR mantle. Due to the relatively large un­

certainties in these initial 87sr/86sr ratios, an additional 

Rb/Sr . stage of evolution, with for example f ~ 10 (typical upper 

crustal value) for a period of from 0.05 /ili to 0.1 Ni', cannot be 

excluded. 
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by directly melting of a chondritic Sm/Nd source such as a garnet 

peridotite or quartz-eclogite (Green and Ringwood, 1968; Barker and 

Arth, 1976). This can be illustrated using equation (11) of Shaw 

(1970) for equilibrium modal melting, which gives 

1 = Do+ F (1-Do) 
(1-8) 

where Fis the fraction of melting, Co the initial trace element 

concentration of the solid, c1 the trace element concentration of the 

liquid and Do the bulk distribution coefficient. The maximum fractiona­

tion between liquid and solid is obtained when F approaches zero and 

equation(1-8)reduces to 

CL~~ 
Co Do 

For the optimum case of partial melting of a quartz-eclogite source, 

the mineral/liquid partition coefficients (Shimizu, 1974) 

and Schnetzler and Philpotts, 1970) and modal abundances gives DoSm 

----0.22 and DoNd ----0.11 and from equation (1-9) 

(Sm/Nd) 1 

(Sm/Nd) 
0 

o.s. 

Therefore for partial melting of a chondritic Sm/Nd source the most 

fractionated (i.e. lowest Sm/Nd ratio) melt would be expected to have 

147sm/144Nd ~ 0.10. However from Tablel-1 it can be seen that many of 

h • h •. f. 1 1 147S /144Nd . t e gneisses ave signi icant y ower m ratios. A plausible 

scenario which could account for these strongly LREE enrichments 

would be firstly the formation of a sequence of moderately LREE en­

riched basalts and basaltic andesites which are comparable to modern 

day island arcs. This sequence could then, within ----0.1 AE, be partially 

melted, producing more fractionated magmas with strong LREE enrichments. 

This type of scenario could also account for the connnon occurrence of 
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basic or mafic amphibolitic xenoliths on the gneisses. Alternate models 

could include partial melting of short-lived graywackes (Arth and 

Hanson, 1975) or a combination of partial melting and fractional 

crystallization of an eclogite type component. 
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Table 1-1. Nd and Sr isotopic data from the Minnesota River Valley 

Sample Nd(ppm) Sr(ppm) 87Rb/86Sra 147Sm/144Ndb 87Sr/86Src 143Nd/144Ndd 

Morton Gneiss 

339e 12.1 588 0.191 0.0658 0.7097 0.508880±22f 

649e 51.4 362 0.537 0.1046 o. 72 79 0. 509715±19 

659e 19.6 283 0.888 0.0717 0.7459 0.509196±34 

673e 16.8 1448 0.123 0.0869 0.7059 0.509297±24 

Clay 3 51.3 38.1 8.375 0.0926 0.9545±3 0.509445±18 

Clay 5 102.3 35.1 5.910 0.0955 0.85224±8 0.509946±14 

S-1 WR 15.9 913 0 .145 0 .0786 0.70673±8 0.509080±19 

Apatite 419.2 527 0.019 0.1188 0. 70231±5 0.509936±27 

Hbd. 115.4 106 6.409 0.1011 0.93428±10 0.509563±25 

Plag. 2.12 1019 0.024 0.0572 0.70219±2 0. 508859±25 

Montevideo Gneiss 

605e 18.8 288 0.808 0.1023 0.7434 0.509673±34 

606e 18.8 257 1.009 0 .1048 0,7544 0. 509726±25 

607e 29.3 388 0.318 0.0770 0. 7206 0.509148±19 

608e 18.0 308 0.873 0.1234 0.7474 0.510146±18 

609e 6.66 339 0.613 0.0827 0, 7324 0,509222±23 

54GNe 17.9 270 o. 807 0.1004 0.7455 0. 509662±25 

GC-2 30.6 469 0.308 0, 1003 0. 72766±10 0.509735±35 

431 Adm. e 
11.3 170 2.388 0.1037 0.8033 0.510040±28 

Mafic Gneiss 

817e 24.6 324 0.495 0.1064 0. 7211 0.510199±28 

845 34.7 474 0.230 0.1243 0. 71040±3 0.510593±43 

GC-9 WR 32. 4 315 0,686 0. 0964 0.73587±4 0.509559±25 

Plag. 4.34 198 0.607 0 .0841 0.73495±6 0.509360±28 

Sacred Heart Granite 

SH-1 54,2 379 1.182 0.0673 o. 74101±6 0.509452±21 

aUncertainty ±0.4%. bUncertainty ±0.1%. ~ . 86 88 ormalized to Sr/ Sr= 0.1194. 

~ormalized to 146Nd/142Nd = 0.636151. eRb-Sr data from Goldich and 

Hedge (1974) and Goldich et al. (1970). f Errors are 2cr mean. 
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Table 1-2, Evolutionary pa,;ra,n:ie.te;rs to;r Nd and Sr 

Sample £Rb/Sr 
c:s/0) 

im/Nd 
c:Nd (0) TSr 

UR ~~UR 
AE AE 

Morton Gneiss 

339 1.31 73.8 -0.660 -57.7 3.30±0,13a 3.50±0.03 b 

649 5.49 332 -0.460 -41.4 3.54±0.03 3.60±0.03 

659 9.73 588 -0.630 -51.6 3.53±0.02 3.27±0.05 

673 0.487 19.9 -0.551 -49.6 2.41±0.34 3.60±0.04 

Clay LOC 3 100.3 3548 -0.522 -46.7 2.09±0.02 3.58±0.03 

Clay LOC 5 70,4 2097 -0.506 -36.9 1. 76±0.02 2.90±0.03 

S-1 WR o. 753 31.6 -0.594 -53.8 2.48±0.11 3.62±0.03 

Apatite -0. 770 -31.1 -0.386 .-37.0 2.38±0.10 3.82±0.05 

Hbd. 76.5 3262 -0. 4 77 -46.7 2.51±0.01 3.91±0.04 

Plag. -0.710 -32 .8 -0.705 -58.2 2. 72±0. 03 3.30±0.03 

Montevideo Gneiss 

605 8. 77 552 -0 .472 -42.3 3.68±0.02 3.58±0.06 

606 11.20 708 -0.459 -41.2 3.70±0.02 3.59±0.04 

607 2.85 228 -0.602 -52.5 4.66±0,03 3.49±0.03 

608 9.56 609 -0.363 -33.0 3. 72±0.02 3.64±0.04 

609 6.41 396 -0.573 -51.1 3. 61±0 .02 3.56±0.03 

54GN 8.76 582 -0 .481 -42.5 3.88±0,02 3.53±0.04 

GC-2 2. 72 329 -0.482 -41.0 6.89±0.03 3.41±0,06 

431 Adm. 27.9 1402 -0.464 -35.1 2.96±0,02 3.02±0.05 

Mafic Gneisses 

817 4.99 236 -0.450 -32.0 2.78±0.02 2.84±0.05 

845 1. 78 83. 7 -0.358 -24.3 2. 77±0. 03 2.72±0.09 

GC-9 WR 7.29 445 -0.502 -44.8 3.57±0,02 3.54±0.04 

Plag. 6.34 432 -0.566 -48.4 3.98±0,02 3.42±0.04 

Sacred Heart Granite 

SH-1 13.3 518 -0.652 -46.6 2,30±0,02 2.86±0.03 

a 11. 87 Rb = -11 -1 1,42 X 10 yr • b_A147sm = 6.54 x 10-12 yr-l. 
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Table 1-3. Sm-Nd evolutionary parameters and model ages for early 

Archean complexes 

Sample Nd fSm/Nd 
E:Nd(0) 

Nd 
TCHUR 

(ppm) 
AE 

Morton Gneiss 

S-1 15.9 -0 . 594 -53.8±0.4 3.62±0.03 

Montevideo Gneiss 

606 18.8 -0.459 -41.2±0.5 3.59±0.04 

Watersmeet Gneiss a 41.0 -0.612 -55.0±0.5 3.60±0.04 

Uivak Gneiss 45.8 -0.522 . -47 .6±0.3 3.64±0.03 

Amitsoq Gneiss b 
75.0 -0.390 -35.4±0.6 3.62±0.09 

Duffer Dacite 18.6 -0.458 -40.3±0.3 3.52±0.03 

Figtree Shalec 10.8 -0.317 -28.0±0.4 3.53±0.06 

a. McCulloch and Wasserburg, 1979b. 

b. DePaolo and Wasserburg, 1976a. 

c. McCulloch and Wasserburg, 1978. 
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CHAPTER 2. MODEL AGES AND CONTRAINTS FROM THE LUNAR HIGHLANDS 

INTRODUCTION 

The lt.mar highlands are one of the oldest features in the solar 

system and contain a record of the first 0.5 AE of planetary 

differentiation. This record of differentiation, from, ~ 4.5 AE to 

~ 4.0 AE, is t.mique, as rocks of equivalent age do not appear to have 

been preserved on the earth. Unfortt.mateiy, the interpretation of the 

lunar highland record is difficult, as it has been largely overprinted 

by meteoritic impacts. 

In this study we will use the Sm-Nd isotopic system in an attempt 

to obtain further constraints on the evolution of the lt.mar highlands. 

Studies of terrestrial rocks (McCulloch and Wasserburg, 1978; 

Jacobsen and Wasserburg, 1978) have shown that the Sm-Nd isotopic 

system is relatively inert during metamorphic processes. Therefore, 

by using the Sm-Nd system it may still be possible to trace the 

history of early lt.mar differentiation despite the effects of impact 

metamorphism. 

To obtain Sm-Nd (or Rb-Sr) ages that are pertinent to early 

lt.mar evolution, there are two different methodological approaches 

available. The direct approach is to obtain an isochron using the 

variations in the Sm/Nd and 143Nd/ 144Nd ratios from genetically 

related specimens as opposed to the approach of using model ages which 

give age constraints rather than definitive ages for individual 
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samples. As most of the highlands has been intensely brecciated by 

meteorite impacts, it has so far been possible to obtain only two 

internal Sm-Nd isochrons. These are the troctolite 76535 which gives 

an age of 4.26±0.06 AE (Lugmair et al., 1976) which is distinctly 

younger than the Rb-Sr age of 4. 5:4±0 .07 (Papanastassiou and 

Wasserburg, 1976), and the norite breccia 77215 which gives a Sm-Nd 

age of 4.37±0.07 AE and Rb-Sr age of 4.35±0.04 AE (Nakamura et al., 

1976). In addition, Rb-Sr isochrons have given ages of 4.48±0.1 AE 

for the dt.mite 72417 (Papanastassiou and _Wasserburg, 1975) and 

although not as well constrained, an age of~ 4.45 AE for the 

polymi.ct breccia 12013 (Lunatic Asylum, 1970). Thus apart from the 

norite breccia 77215 and the discordant Sm-Nd age from the troctolite 

76535, these data indicate a major differentiation event at . ~ 4. 50 AE. 

Information on the early differentiation of the moon has 

also been obtained from the U-Th-Pb isotopic system. This system 

has recorded a rather well defined event in the interval 4.44 AE to 

4. 49 AE from a broad variety of highland lithologies (Tera and Wasserburg, 

1974; Oberli et al., 1978). Although slightly younger than the 

Rb-Sr ages, this event or events also probably represents the time of 

major differentiation of the moon into core, mantle, and crust. 

The U-Th-Pb system has also recorded yot.mger events. at 3.8 AE 

to 4.0 AE. These younger events have been attributed to a "terminal 

It.mar cataclysm" characterized by major impact melting and 

redistribution of lunar crustal rocks on a semi-global scale. 

Secondary isochrons of. ~ 4.0 AE obtained from 12013 and the dunite 
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(72417) matrix also show that the small scale isotopic systems have 

been modified by the l1.n1ar cataclysm. This has been substantiated by 

. 39 40 numerous Rb-Sr mineral isochrons and Ar- Ar ages from highland 

rocks (see compilation of Nyquist, 1977, and Turner, 1977) giving 

ages from 3.8 AE to 4.1 AE. The pre-cataclystic 39Ar-40Ar record has 

also with few exceptions (see for example Oberli et al., 1979) been 

largely obliterated from most of the lunar highlands. 

In contrast to these results, Rb-Sr TBABI model ages from a 

wide variety of highland lithologies have given intermediate ages in 

the range of, ~ 4.1 AE to~ 4.4 AE. It is not a priori apparent that 

these intermediate ages are due to partial resetting as a consequence 

of the terminal cataclysm. The results instead suggest that the 

highland crust was fonned continuously, rather than during a single 

event at~ 4.5 AE as indicated by U-Th-Pb and Rb-Sr isochrons. 

In an attempt to resolve this apparent conflict we examined 

the Sm-Nd isotopic systematics in a suite of highland breccias for 

which TBABI and U-Th-Pb ages had been obtained. The highland breccias 

that were analyzed are major and direct representatives of the early 

l1.n1ar crust but cannot a priori be shown to be genetically related. 

It is, therefore, necessary to evaluate the Sm-Nd data using 

constraints from model ages. The validity and applicability of 

these model ages will depend on the external boundary conditions and 

the systematics involved in calculating the ages. We will now 

examine the systematics and the assumptions involved in the boundary 

conditions. 
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MODEL AGES 

There are two types of model ages that we will consider. They 

require different assumptions and depending on the fractionation 

history and evolution of the sample can give different information. 

The first type of model age is the TJUV model age which is analogous 

to the TBABI model age of the Rb-Sr system (Wasserburg and 

Papanastassiou, 1976). This model age requires the assumption of a 

unique and well-defined initial value of 143Nd/ 144Nd. In the case of 

the moon, it requires that the moon formed with the same initial 

143Nd/ 144Nd ratio as that determined for the Juvinas meteorite by 

Lugmair and Marti (1977). This assumption cannot be directly tested on 

the moon as the initial 143Nd/144Nd ratio has not been determined on 

a lunar sample of age 4. 56 AE. Based on the initial 143Nd/144Nd 

ratios in the~ 3.38 AE green glass 15426 and the troctolite 76535 

which are consistent with a "chondritic" Sm-Nd evolution (i.e., 

chondritic as represented by Juvinas) Lugmair and Marti (1978) have 

concluded that "the lunar initial 143Nd/144Nd is consistent with the 

chondritic Sm-Nd data." However, as will be discussed later, the 

assumptions of Lugmair and Marti (1978) are untenable as other 

samples such as the norite breccia 77215 and most of the mare basalts 

143 144 . have initial Nd/ Nd values which are highly deviant from a 

chondritic Sm-Nd evolution. However, indirect evidence which may 

support the contention that the moon has the same initial 143Nd/144Nd 

and age as Juvinas,is that within analytical uncertainty this is a 

characteristic other meteorites such as Angra dos Reis (Lugmair and 
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Figure 2-1. Schematic diagram showing the evolution of 143Nd/144Nd in 

the lunar highlands. The TJUV model ages correspond to the 

intersection of the sample evolution with Juvinas initial 

(I JUV). TJUV model ages are given by the intersection of the 

sample evolution with Juvinas initial (IJUV). ,/~UR model ages 

are given by the intersection of the sample evolution with 

chondritic evolution. 
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Marti, 1977) and Pasamonte (Unruh et al., 1977). For lack of a 

better estimate but being cognizant of the uncertainties, in this 

study we will continue to assume that the moon initially had 

chondritic Sm/Nd and 143Nd/144Nd ratios as defined by the Juvinas 

meteorite. 

Using these assumptions, the TJUV age then gives the time 

• d f 1 1 • 143Nd/ 144Nd 1 • h require or a samp e to evo veto its present va ue wit 

its measured 147sm/144Nd, from the initial 143Nd/ 144Nd in Juvinas. An 

example is shown in Figure 2-1 for a sample that has had a two-stage 

evolution, with a ratio (Sm/Nd) 0 between T0 (the time of formation of 

the moon) and (Sm/Nd) 1 between T1 and the present. Then, the model 

age TJUV is given by 

(2-1) 

where (143Nd/ 144Nd)m is the ratio measured in the sample, IJUV is the 

initial 143Nd/144Nd in Juvinas (Lugmair and Marti, 1977) and is equivalent 

to 0.505975, and c147sm/144Nd) 1 is the ratio measured in the sample. 

To a good approximation it can be shown that 

(Sm/Nd) 0 
T JUV = Tl + (Sm/Nd\ (TO - Tl) (2-2) 

As these samples have only small fractionations of Sm/Nd (Table 2-1) 

the ratio (Sm/Nd) 0/(Sm/Nd) 1 ~ 1.1 and therefore TJUV ~ T0 and thus 

for these samples the TJUV ages are relatively insensitive to T1 the 
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time of Sm/Nd fractionation. For Rb/Sr the opposite is true, as the 

samples have relatively high Rb/Sr ratios (Table 2-2) in a low Rb/Sr 

environment (Papanastassiou and Wasserburg, 1976 ). Thus the TBABI 

model ages are sensitive to the time of Rb/Sr fractionation. 

Nd 
The second type of model age is the TCHUR or TICE age of 

Lugmair and Marti (1977), and is the time in the past at which the 

143Nd/ 144Nd in the sample coincides with the 143Nd/144Nd in a 

chondritic reservoir. If the sample was fractionated during derivation 

from a magma reservoir which had a chondritic Sm-Nd evaluation, then 

the ~~UR age would represent the time of this fractionation. This 

time is given by 

where CHUR is the CHondritic !Jniform Reservoir (DePaolo and Wasserburg, 

1976a)with (
143

Nd/ 144Nd)CHUR = 0.511836 and (
147

sm/144Nd)CHUR = 0.1936. 

It is apparent from this equation that for precise determination of 

~:UR ages, a relatively large fractionation of the sample Sm/Nd 

ratio from the chondritic ratio is required. 

Nd Because of the considerable utility of the TCHUR model ages 

on the earth (McCulloch and Wasserburg, 1978) we will now consider in 

detail their applicability to the moon. The major assumption 

required for the validity of ~:UR model ages, is that the sample 

was derived from a magma reservoir which has had a chondritic Sm/Nd 

ratio. An example of a reservoir with these characteristics is the 
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Figure 2-2. Fractional deviations in parts in 104 of the initial 

143Nd/144Nd ratio from the evolution to be found in a reservoir 

with a chondritic Sm/Nd ratio. Open symbols are Archean 

terrestrial data from DePaolo and Wasserburg (1976a, 1976b), 

Hamilton et al. (1977, 1978, 1979, 1979a, 1979b),and McCulloch et al. 

(1979). Solid symbols are lunar data which display a large 

dispersion from the chondritic growth curve. The large positive 

ENd values of the Apollo 12 and Apollo 17 maria basalts are 

consistent with an early differentiation of the moon at 

approximately 4.5 AE. The lower lines illustrate the evolution 

of the lunar highland and KREEP samples as determined by this 

study and Lugmair and Carlson (1978). Nd 
The TCHUR ages are given 

by the intersection of these lines with CHUR and for these samples 

is very sensitive to the model parameters. The offset of the 

U.C.S.D. data correspond to a variation in 143Nd/144Nd of 

approximately 1.5 parts in 104 and is presumably caused by an 

interlaboratory bias. Note that only two lunar samples lie within 

error of the ~d 

rocks. 

= 0 line in contrast to the Archean terrestrial 



1
0

 

8 6 4 

"C
 z 

2 
\J

) 

12
05

1 
f 

T
 

'-

i 70
13

5 
14

7s
m

/1
44

N
d 

=
 0

.2
6_

; 
75

07
5 

f ~
75

03
5 

91
20

14
 

12
03

9 
~
 t

 12
07

6 
JI

 
~1

55
55

 

LA
CO

RN
E 

• 
24

17
0 

70
01

7 
f-'! 

75
07

5 

75
05

5 

! 10
06

2 

LE
W

IS
IA

N 
IS

UA
 

{[:]
 

TE
RR

ES
TR

IAL
 

0 

LU
NA

R 
j: l ~ 

JS
C 

CA
LT

EC
H 

LA
MO

NT
 

UC
SD

 
CA

LT
EC

H 
DE

NV
ER

 

PR
EI

SS
AC

I 
12

03
1 

\
.
.
J
.
.
-
-
-
¥

-
-
-
-
-
~
-
-

--
;;;

;,r
--

-.,
--

--
-:

:;:
~:

:::
:::

::'
:::

:-
:::

:-
:~

:;:
:::

::J
 

O
 L

OU
IS 

DU
FF

ER
 D

AC
IT

E,
; 

• .
 • 

1f
38

2 
-

-:,
-::

:. 
-

LA
KE

 •
 

• 
FIS

KE
NA

ES
SE

T 
~
 

AM
ITS

OQ
 

-
-

-

-4
 

_ 
2 
~
 

t-
I 

OV
ER

WA
CH

T 
'_

) 
_ 

--
:-

-_
:-

UC
 SD

 
KR

EE
P 

U
l'0

K
-

-
RH

OD
ES

IA
 

Q
A

T~
 ~

:::
-::

:. 
~

:/
/·

//
::

//
~

 
• 

77
21

5 
;,

.,
, 

--
-6

 
~
 

·:-::-:
.·:-:.·

:-:.·:-
::-:.·:.
~

 
. ·

 ..
. , .

....
.... 

2.
6 

3.
0 

3.
4 

3.
8 

4.
2 

T
IM

E
 

tE
 

F
ig

. 
2-

2 

4.
6 

CA
LT

EC
H 

LU
NA

R 
HI

GH
LA

ND
S 

DA
TA

 

5.
0 

~
 



81 

terrestrial reservoirs whose evolution is shown in Figure 2-2. The 

figure shows the fractional deviations in parts in 104 of the initial 

143Nd/144Nd ratio of Archean terrestrial samples from the evolution to 

be found in a reservoir with a chondritic Sm/Nd ratio. It can be seen 

that within the experimental uncertainties, the terrestrial source 

reservoirs are remarkably consistent with a chondritic Sm/Nd evolution 

(DePaolo and Wasserburg, 19 76a, b).In contrast to this uniformity, the 

fractional deviations of lunar initial 143Nd/ 144Nd ratios which are 

also shown in Figure 2-2 produce a highly disparate array indicating 

source reservoirs with variable Sm/Nd ratios. This distinction 

between the lunar and terrestrial Nd isotopic evolution has been 

discussed by Papanastassiou et al. (1977) and must reflect a fundamental 

difference in planetary evolution. In any case it is apparent that 

there is no evidence for lunar source regions with only chondritic 

Sm/Nd ratios as in the earth. The only lunar samples which meet this 

requirement are the troctolite 76535 and the green glass 15426 

(Lugmair and Marti, 1978). However, initial 143Nd/144Nd values from 

other samples (Figure 2-2) indicate different evolutions for the 

moon. For example, the norite breccia 77215 indicates either a source 

reservoir with a low Sm/Nd or a lower (~ 4 parts in 104) initial 

143Nd/144Nd value for the moon. Thus, the ~:UR ages for the moon, 

in contrast to the earth, cannot be interpreted as giving the time of 

magma derivation from a source reservoir. 
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SAMPLE DESCRIPTIONS 

The samples analyzed comprise seven highland breccias from the 

Apollo 14, 16 and 17 missions, representing a broad variety of lithologies 

and metamorphic textures.. Due to the heterogeneity of lilOSt of these 

rocks, the chunks selected are not representative of the total breccia. 

All samples reported here consist of interior, uncrusted chtmks obtained 

from larger fragments by careful removal of exterior surface by means of 

stainless steel chisels. 

14311 and 14321 

These rocks are classified as crystalline matrix 

breccias belonging to the Fra Mauro group. In 

Warner's (1972) classification scheme, 14321 is the least 

annealed breccia (class 4) and 14311 is in an intermediate position 

(class 5). 14311 and 14321 have typical KREEP rare earth patterns and very 

high KREEPUTh concentrations (Hubbard et aL, 1974; Wanke et al., 1972). 

Lindstrom et al. (.1972) show that KREEPUTh concentration in 14321 is 

higher in some microbreccia clasts than in the surrounding last-stage 

matrix, suggesting the presence ot introduction of KREEP material in an 

early stage of brecciation. 

Breccia 66075 

Parallel to the isotopic work, the petrology of 66075 

was examined by Quick et al. (1977). These authors 

describe the rock as a coherent light-matrix breccia comprised of lithic 

ANT-suite clasts, impact-generated melt rocks, mineral fragments of 

plagioclase and subordinate amotmts of pyroxene and olivine. No mare 

basalt components were found. Trace amotmts of K-rich glass clasts, 
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however, were recognized, representing an exotic component that could 

have a profound effect on the U-Th-Ph, • Rb-Sr and Sm-Nd systems of this 

rock. 

Breccias 73235 and 732 75 

Both breccias are coherent, displaying annealed fabrics, 

Approximately 95% of 73275 is a fine-grained breccia comprising,~ 80% 

plagioclase. Its clast population is dominated by plagioclase 

generally lacking shock features, low Ca-pyroxene 

and olivine. 

The breccia 73235 has a fine-grained matrix which reflects the 

mineralogical composition of its clast population, consis·ting of noritic 

microbreccias, anorthositic and troctolitic fragments as well as 

rnono-mineralic fragments of a similar (coarser-grained) 

ANT-suite provenance. Two samples were studied from 73235. 

A homogeneous chunk (73235,50B) consisting predominantly of 

matrix material and a plagioclase-rich white clast (73235,50W). The 

REE-pattern of 73235 is KREEP-like, with abundances distinctly low com­

pared to KREEPUTh-rich Apollo 14 breccias (Philpotts et al., 1974). 

79215 

The rock has been studied in detail by Bickel et al. (1976), 

who describe it as a granulitic gabbroic anorthosite, averaging ~81% 

plagioclase, 4.1% high-Ca pyroxene and 9.2% olivine. This nearly monomict 

breccia is thought to have been derived by relatively deep-seated anneal­

ing of a crushed plagioclase-olivine cumulate. The rock is distinct from 

other ANT-suite derived rocks by its high ratio of high-Ca pyroxene to 

total pyroxene and high apatite content (~.8%). Some of the specimens 
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analyzed by Blanchard (1977) have positive heavy REE slopes in 

contrast to HREE depleted KREEP, whereas all specimens show a distinct 

positive Eu anomaly. Warner et al. (1977) link the breccia to a suite 

of granulitic early impactites with low to negligible KREEP components. 

76055 

This sample is a recrystallized noritic breccia and has been 

described by Albee et al. (.1973). It contains two distinct lithologies 

consisting of a vesicular non-poikilitic portion containing fragments of 

plagioclase olivine and high-Ca pyroxene in a meta-elastic mattix and a 

non-vesicular, poikilitic portion containing plagioclase and olivine 

clasts set in a fine-grained poikilitic meta-elastic matrix. 76055 has 

high KREEPUTh concentrations and has a typical KREEP rare earth 

pattern (Hubbard et al., 19 74). 
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RESULTS 

1. Sm-Nd. The Sm-,-Nd analytical data and model ages are given in 

Table 2-1. The samples have Sm/Nd rati.os lower by only 10 to 14 percent 

from the chondritic ratio, and have an extremely limited range in Sm/Nd ratios. 

In contrast, the Sm and Nd concentrations vary by almost a factor of 50 

from the REE rich KREEP rock 14311 (227. 5 ppm Nd) to the white anor-

thos i tic clas t in the b re ccia 7 32 35 , SOW (.4. 79 ppm Nd} . There is no 

correlation between the Sm/Nd ratio and Sm and Nd concentrations in these 

samples. 

The TJUV model ages listed in Table 2-1 range from 4.46 AE for 

76055 to 4.52 AE for 73235 ,SOB. These model ages are still distinctly 

lower than the Juvinas age of 4, 56 AE and imply at least a two stage 

evolution history from 4.56 AE . However, because of the small Sm/Nd 

fractionation the TJUV ages do not provide any resolution of this frac­

tionation history (.see equation 2-2). 

The second type of model age which has been discussed is the 

~~UR ages. They are shown in Table 2-1 and Figure 2 ... 2 and range from 

4.82 AE to 5.40 AE . These ages are significantly greater than the age 

of the moon indicating either a more complex evolution (.as shown for example 

in Figure 2-1) or incorrect model parameters. Due to the near parallel 

relationship between the sample evolution line and the chondritic evolu-

tion the ~:UR ages are particularly sensitive to the model parameters. 

For example, a shift in 
143

Nd/
144

Nd in CHUR of only -1. 5 parts in 10
4 

would reduce the ~:UR ages by 'v0. 5 AE which is equivalent to the complete 

time scale of possible lunar highland formation (4.0-4.5 AE). Considering 

• • 1 • • • 1 143Nd/144Nd t· h • Fig re 2 2 the dispersion in unar imtia ra ios ass own in u - , 
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Table 2-1. Sm-Nd analytical data and model ages for the lunar 

highlands 

Sample Sm 144Nd 147Sm 143Nd TJUV 
~~UR 

10-8 mole/g 
144Nd 144Nd 

AE AE 

73235 ,SOB 6.9809 6.1820 0 .1693 0 .51105 7±17 4.52±0.02 4.82±0.13 

73235 ,sow 0.8752 0. 7903 0 .1661 0.510931±21 4.50±0.02 4. 95±0 .13 

73275 9.5346 8.3462 0.1713 0 .511092±19 4.50±0.02 5.02±0.15 

79215 0. 9388 0.8087 0.1740 0.511159±20 4.49±0.02 5.19±0.18 

76055 6 .6485 5. 7905 0 .1721 0.511063±27 4.46±0.03 5.40±0.21 

66075 3. 66 79 3.2306 0.1702 0.511073±23 4.51±0.02 4. 91±0.19 

14311 42.122 37 .515 0. 1683 0.511004±24 4.50±0.02 4.95±0.18 

14321 28.641 25.500 0 .1684 0.511008±27 4.50±0 .03 4.94±0.18 

Decay 147 -1 constant A( Sm)= 0.00654 AE 
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a shift of this amount (or greater) cannot be discounted. An offset of 

this magnitude is also required to explain the discrepancy between the 

KREEP model ages of Lugmair and Carlson (1978) and those reported here. 

Thus, although the analytical data are of a high quality, the 

sensitivity of the ,,~UR ages to the model parameters do not enable the 

~:UR ages to provide a useful chronology of the formation of the lunar 

highlands. 

Despite this limitation, the Sm-Nd system does provide some 

resolution of the variations in either th~ formation age or initial 

143Nd/144Nd ratios between the highland samples. This is evident in 

Figure 4-3 which shows the initial 143Nd/144Nd ratio for these rocks 

. 147 144 as a function of Sm/ Nd at 3.9 AE. The data points therefore 

represent whole rock data as would be measured in the laboratory at 

3.9 AE. Figure 2-3 therefore has the advantage of amplifying the sample 

evolution from~ 4.5 AE to 3.9 AE. An age of 3.9 AE was chosen as 

other isotopic systems have shown that at approximately this time many of 

the samples were recrystallized during the "lunar cataclysm" but 1:tave 

since remained undisturbed. If the samples were undisturbed at 

3.9 AE and all derived contemporaneously from a magma reservoir with 

the same initial 143Nd/144Nd ratio then they will produce a linear 

array with the slope corresponding to the time of formation (i.e., 

Sm/Nd fractionation). However, if the Sm-Nd system in these samples 

was completely reset at 3.9 AE, then they would form a horizontal array. 

The data do not produce a linear array and with the exception of 76055, 

all the data points form a tight cluster with deviations (parts in 104) 
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Figure 2-3. Sm-Nd evolution diagram for lunar highlands with 

143Nd/144Nd and 147sm/144Nd ratios corrected to 3.9 AE assuming 

a single stage evolution since this time. The data points 

therefore represent whole rock data as would be measured in a 

laboratory 3.9 AE ago. The data do not define an isochron and 

provide evidence for significant variations in the initial 

143 144 . 4 Nd/ Nd ratio between the samples of at least 1 part in 10 . 
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of the initial 143Nd/144Nd from the chondritic ratio at 3.9 AE of 

approximately £Nd (3.9 AE) = -3. However, 76055 has £Nd (3.9 AE) = 

-3.8 which is significantly different from the other points, indicating 

a distinct source reservoir with initial 143Nd/144Nd lower than that in 

the other samples by approximately 1 part in 104. Smaller variations 

in the initial 143Nd/144Nd may also be present between the other 

samples. It is also apparent in Figure 2-3 that due to the limited 

dispersion of the 147sm/144Nd and variable initial 14~d/144Nd ratios 

that these points do not define a useful whole rock isochron. 

2. Rb-Sr. The Rb-Sr analytical data and TBABI model ages are 

given in Table 2-2. The samples have an extremely wide variation in Rb 

concentrations of from 0.984 ppm (73235,50W) to 17.9 ppm (14321) and a 

more limited range in Sr of from 132 ppm to 229 ppm. In contrast to 

h • d f 147S ;144Nd • h 87Rb/86S . h t e restricte range or m ratios, t e r ratios ave 

a wide variation of from 0.02159 to 0.2754. 

The TBABI ages (which are equivalent to the Sm-Nd TJUV ages) 

are listed in Table 2-2 and range from 4.16 AE (66075) to 4.39 AE 

(76055). As many of the samples have large enrichments in Rb/Sr 

compared to the low Rb/Sr source reservoirs, TBABI ages can provide 

useful constra:iints on the time of the last Rb/Sr fractionation. The 

range in TBABI ages could therefore indicate magmatism from, ~ 4.4 AE 

to as late as~ 4.2 AE or could reflect a multiple stage evolution between 

~ 4.5 AE and the time of recrystallization of these rocks at~ 3.9 AE. 

To amplify the evolution prior to recrystallization at~ 3.9 AE, in 

. 87 86 87 86 . Figure 2-4, we show the Sr/ Sr and Rb/ Sr ratios corrected to 
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Table 2-2. Rb-Sr analytical data and model ages for the lunar 

highlands. 

Sample Rb 88Sr 87Rb 87Sr TBABI 
10-8 roole/g 86Sr 86Sr AE 

73235,SOB 6 .639 136.2 0.1137 0,70606±5 4.27±0.03 

73235 ,sow 1.151 124.4 0.0216 0. 70030±5 4.18±0.16 

73275 10.66 155.6 0.1598 0.70870±5 4.16±0.02 

76055 6.090 151.1 0.0940 0.70503±6 4,39±0.04 

66075 2.635 174.5 0.0352 0.70112±5 4.16±0.10 

14311 18.64 216.3 0,2010 0.71192±6 4,39±0.02 

14321 20.94 177.5 0.2752 0.71620±9 4.27±0.02 

Decay 87 constant >.( Rb) = 0,0142 AE-1 
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Figure 2-4. Rb-Sr evolution diagram for lunar highlands with 

87 86 87 86 . . Sr/ Sr and Rb/ Sr ratios corrected to 3.9 AE assUII11.ng a 

single stage evolution since this time. The data points therefore 

represent whole rock data as would be :treasured in a laboratory at 

3.9 AE. The Rb-Sr data do not define a whole rock isochron and 

for a BABI initial ratio give ages from 0,2 AE (4.1 AE) to 

0.5 AE (4.4 AE). Three Apollo 17 samples form a near horizontal 

array suggesting Rb (or Sr) redistribution at 3. 9 AE. 
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Figure 2-5. Sm-Sr evolution diagram for lunar highlands with 

87sr;86sr and 147sm/ 86sr ratios corrected to 3.9 AE. If the 

dispersion in the Rb-Sr data {_Figure 2-4) is only due to 

redistribution of the more volatile Rb at 3.9 AE, then 87sr/86sr 

versus the refractory 147sm/86sr ratio should eliminate this 

scatter. Although the scatter is reduced somewhat, the data 

do not produce a linear array indicating either variable Sm/Rb 

or initial 87sr/ 86sr ratios at 3.9 AE. A reference line is shown 

. 147 87 
which corresponds to TBABI = 4.46 AE for Sm/ Rb= 1.0. 
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3.9 AE in a manner analogous to that described for Sm-Nd (Figure 4-3). 

Redistribution of Rb/Sr at 3.9 AE,presumably due to the effects of 

impact metamorphism, appears to be evident in at least three samples, 

76055, 73235,50B, and 73275. They form an approximate horizontal array. 

Similar effects may also be present for the Apollo 14 samples 14311 and 

14321. Assuming that this disturbance of the Rb-Sr system is only due 

to redistribution of Rb at 3.9 AE, then as described by Palme (1977) 

87 86 147 86 . a plot of Sr/ Sr versus Sm/ Sr should produce a linear array. 

This is shown in Figure 2-5 and it can be .seen that the scatter is 

somewhat reduced. However, some dispersion is still present 

• d. • • h • bl S /Rb • • • 1 87s ; 86 s • • in icating eit er varaa e m or initia r r ratios prior 

to 3.9 AE. 

3. U-Th-Pb. The U-Th-Pb results and their interpretation have 

already been discussed in detail by 0berli et al. (1979), and therefore 

only the conclusions relevant to the interpretation of the Sm-Nd and 

Rb-Sr results will be presented here. In Figure 2-6, the data are 

shown on a U-Pb evolution diagram (Tera and Wasserburg, 1972) with 

. 238 206 207 206 . coordinates ( U/ Pb, Pb/ Pb). The data form an approximately 

linear array with a lower-intersection with the concordia at 3.86±0.05 AE 

and an upper-intersection at 4.46±0.03 AE. For 238u;206 Pb = 0, the 

initial radiogenic 207Pb/206Pb = 1.475±0.004. 

In the U-Pb evolution diagram, a mixture of two components 

lie on a straight-line segment between two end members. In tenns of 

a simple two stage evolution, the two end members are (1) the initial 

radiogenic Pb produced in the interval 4.46 AE-3.86 AE which corresponds 
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Figure 2-6. U-Pb evolution diagram after Tera and Wasserburg (1972) 

showing radiogenic Pb data (corrected for PAT) of Oberli et al. 

(1978) for terra samples from Apollo 14, 16, and 17. The 

numbers in parentheses next to the sample number is the 

measuredµ= 238u/204Pb and U concentration for that sample. 

The line intersecting the concordia at 4.46 AE and 3.86 AE in a 

reference isochron which is a best-fit line to the data array 

and has an initial radiogenic 207Pb/206Pb ratio of 1.475. The 

upper intersection is interpreted as the time of formation of 

the lunar highlands and the lower intersection as the time of 

impact metamorphism (Oberli et al., 1978). 
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to the intersection of the data array with the y-axis and 2) the lower 

intersection of the data array with the concordia (3.86 AE) and corresponds 

to the Pb produced only by in situ decay since 3.86 AE. 

The upper intersection of the data array with the concordia 

(4.46 AE) does not have a unique interpretation (Tera and Wasserburg, 1974). 

It may represent 1) The time of formation and instantaneous differentiation 

of the moon at 4.46 AE with U-Pb fractionation resulting in highµ values 

of surface materials. 2) 4.46 AE represents the age of the crust while the 

moon itself accreted earlier, say at 4.55 AE. 3) The upper intersection 

at 4.46 AE has no specific time meaning, but is the consequence of a spectrum 

of initial Pb values resulting from continuous crustal formation from 

~4.55 AE to ~4.0 AE, being averaged and homogenized by the terminal cata­

clysm at ~3.86 AE. 

However the most plausible interpretation of the upper intersection 

(Oberli et al., 1978) is with the crust forming at 4.46 AE and the moon 

itself accreting earlier (~4.55 AE). This constraint will now be used 

to interpret the Sm-Nd and Rb-Sr data and to further characterise the 

processes which could have formed the crust at 4.46 AE. 
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DISCUSSION 

1. A multi.;;-stage evolutiort ·mo'del. 

For these samples, it is apparent that the .most powe·rful constraint 

on the time of lunar crust formation is provided by the 4,46 AE upper 

intersection age of the U~Pb system, Although the interpretation of the 

upper intersection is somewhat model dependent, the 4.46 AE age probably 

represents the time of differentiation of the lunar crust and .mantle (Oberli 

et al., 1978). We will now consider the implications of forming the 

lunar crust in a single event at 4. 46 AE. • 

As first pointed out by Tera and Wasserburg (1972), a crustal 

formation age of 4.46 AE is ''significantly younger than the age of the 

solar system." Therefore, in interpreting the results, three s.tages of 

evolution must be considered, These are from1 1) the time of accretion 

of the moon at 'v4.55 AE to the time of crustal formation at 4,46 AE; 

2) 4.46 AE to the lunar cataclysm at 3.86 AE; and 3} 3.86 AF. to the 

present. For U-Pb, a three stage evolution model gives, for example, 

a measured 
206

Pb/
204

Pb of~ 

(2-4) 

where T0 = 4,55 AB, t 1 = 4,46 AE and t 2 = 3.86 AE, (206
Pb/

204
Pb)m and 

µ 2 = 238u;204
Pb are measured ratios and (

206
Pb/

204
Pb)PAT = 9.307 

(Tatsumoto et al., 19 73). The unknowns in this equation are thus µ
0 

and 

h • h h 238u;204 b • f 4 55 AE 4 46 AE d f 4 46 ii 1 w ic are t e P ratios ram . to . an rom . AE 
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Table 2-3. . 238 204 Three-stage evolution of U/ Pb (µ) 

µo µl µ2 

Sample 4.55 AE - 4.46 AE 4.46 AE - 3.86 AE 3.86 AE - Present 
(meas) 

73235 ,SOB ~ 200 1910 1899 

73275 ~ 200 1240 1410 

79215 ~ 200 1250 1515 

76055 ~ 200 1570 12840 

66075 ~ 200 1490 179 

14311 ~ 200 3540 10950 

14321 ~ 200 2260 2036 
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to 3r86 A,E respe.ctiyely~ An independent constraint can be placed on 

µ , if it is assunEd that the mantle reservoirs from which the lunar 
0 

crust and maria basalts were derived had a tmiform value ofµ. If 

this is the case, then the very primitive measured 
206

Pb/ 204Pb and 

207
Pb/

204
Pb ratios in the orange glass balls from 74220 (Tera and 

Wasserburg, 1975) imply that µ , «200, 
0 

Using this constraint, µl can now 

be evaluated for each sample with equation 2-4. The results are tabulated 

in Table 2-3. It can be seen that µ
0 

<< µ
1

, indicating an increase in JJ 

,at 4. 46 AE of about a factor of 6 to 20. Thus, the calculated value of 

µ
1 

is relatively insensitive to U· forµ <200. Depending on whether the 
0 0 

samples either gained or lost Pb during the terminal cataclysm, then 

JJ
1 

< µ2 or µl > ·JJ.2 respectively, 

The 232Th/ 238u fractionation history can also be ascertained in 

an analogous manner from the Th-Pb systematics. For this system, the 

d 208Pb/206Pb . • b measure ratios are given y 

(2-5) 

The (232To;204Pb) ratios are evaluated in a similar manner as described 
1 

for the µ
1 

ratios except that it is assumed that (232Th/ 204Pb) 0 = 0. Thus, 

c232 Th;238u)
1 

= c232Th/ 204Pb)
1

/µ
1 

(see Table 2-4), It is apparent that in 

contrast to theµ values the c232 Th/
238

u) ratios are relatively constant 

reflecting the geochemical coherence of these two elements, 
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Table 2-4. . 232 238 Three-stage evolution of Th/ U 

Sample (
232Th) 
238u 

0 
(

232Th) 
238u 1 

( 
232Th~ 
238u 2 

4.55 AE - 4.46 AE 4 . 46 AE - 3. 86 AE 3.86 AE - Present 
(meas) 

73235 ,SOB 3.73 3.85 

73275 3. 70 4.05 

79215 3.57 2.62 

76055 

66075 3.83 3.96 

14311 

14321 2.78 3.96 
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For Rb~Sr, a three st_age evolution gives 

. 87 86 87 86 where ( Sr/ Sr)m and (. Rb/ Sr) 2 are the measured ratios and 

( 87Rb/ 86sr)
0 

and c87Rb/ 86sr\ are the ratios from 4.55 AE to 4.46 AE 

and 4.46 AE to 3.86 AE respectively. In a manner analogous to that 

described forµ , an independent constraint can also be ascertained 
0 

for ( 87Rb/ 86sr) from the very primitive measured 87sr/86sr of • 0 

0. 69896±3 for the breccia 60025, This is essentially identical to 

BABI (0.69898) and implies c87 Rb/ 86sr) 
0 

< 0.02 for an initial 87sr/ 86sr 

of BABI. With this value of ( 87 Rb/86sr) and using equation 2-6, 
0 

( 87Rb; 86sr) 1 ratios have been calculated and are tabulated in Table 2-7. 

It can be seen that c87 Rb/ 86sr)
0 

~ c87Rb/ 86sr) 1 < c87 Rb;86sr) 2 . Thus 

at 4.46 AE an increase in 87Rb/ 86sr of about a factor of 4 to 10 is 

required, which is similar to that estimated forµ, However, in contrast 

87 86 . to the U-Th-Pb system, at the terminal cataclysm, the Rb/ Sr ratios 

are only increased. This indicates that volatile loss or gain of Rb 

cannot be a dominant process and suggests that magmatic fractionation of 

Rb/Sr occurred at~3.86 AE, 

For Sm-Nd, a similar approach could be used, but in this case 

the limited Sm/Nd fractionations from the chondritic ratio make the 

multi-stage model extremely sensitive to the initial 143Nd/ 144Nd ratio. 



105 

Table 2-5. . 87 86 Three-stage evolution of Fb/ Sr 

Sample 
(

87Fb) 
86S r o 

(
87Fb) 
86sr 1 

( 
87Fb) 
86sr 2 

4. 55 AE - 4 . 46 AE 4.46 AE - 3.86 AE 3.86 AE - Present 
(meas) 

73235 ,SOB . ~ 0.02 0.072 0.1137 

73235,SOW . ~ 0.02 0.009 0.0216 

73275 . ~ 0.02 0 . 077 0.1598 

79215 

76055 - ~0.02 0.081 0.0940 

66075 ~ 0.02 0 .015 0 .0352 

14311 . ~ 0.02 0.176 0.2010 

14321 ~ 0.02 0.187 0 . 2752 
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As the initial ratto of the moon is not at present sufficiently well 

contained, for simplicity we will assume that the Sm/Nd fractionation 

from the chondritic ratio only occurred at 4.46 AE (see Table 2-8). 

Evidence for the fonnation of magma reservoirs and concomitant 

fractionation of the REE early in the moon ls history is also provided 

by the initial 143Nd/ 144Nd ratios of the Apollo 12 and Apollo 17 mare 

basalts (Lugmair et al., 1976; Nyquist et al., 1979), These basalts 

have large positive E:Nd values (Figure 2-2) indicating derivation from 

source reservoirs enriched in Sm/Nd rela_tive to the chondritic ratio. 

If these reservoirs formed at 4 , 56 AE with the Juvinas initial 

143
Nd/

144
Nd then to produce the observed E:Nd value, they require 

147sm/ 144Nd = 0.26 compared to the chondritic value of 147sm/ 144Nd = 

0.1936. This is a relatively high Sm/Nd value and is approximately 

the same as that estimated for modern mid~ocean ridge basalt source 

reservoirs (McCulloch et al,, 1979). However, for the formation of 

these maria basalt reservoirs at a substantially younger time, say 

at 4.20 AE, then an implausibly high value of 147sm/144Nd = 0.34 would 

be required. 

2. Implications. 

The implications of a multi-stage evolution are sunnnarized in 

Table 2-9 where the fractionation factors are listed, In this table, 

for Rb/Sr for example 

(8. 7 Rb / 86 s r) 1 

cs1Rb1s6~r) o 
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Table 2-6. . 14 7 144 Three-stage evolution of Sm/ Nd 

( 14 7 smJ144N d) 
0 

(147Sm/144Nd)l (14 7 smJ144Nd) 2 

Sample 4.55 AE - 4.46 AE 4.46 AE - 3.86 AE 3.86 AE - Present 
(meas) 

73235 ,SOB 0.1936 0.1693 0 .1693 

73235,SOW 0.1936 0 .1661 0 .1661 

73275 0 .1936 0 .1713 0.1713 

79215 0.1936 0.1740 0.1740 

76055 0 .1936 0.1721 0.1721 

66075 0 .1936 0.1702 0.1702 

14311 0 .1936 0.1683 0.1683 

14321 0.1936 0 .1684 0.1684 
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(87 Rb/86Sr) 2 

(87 Rb/86Sr) 1 

From Table 2-7 the main features which must be accounted for 

at 4.46 AE are (1) the increase inµ by a factor of 10 to 20. 

(2) the increase in Rb/Sr by a factor of 3 to 10. 

and (3) the approximate 10 to 14 percent lowering of the 

Sm/Nd ratios relative to the chondritic ratio. 

At 3.86 AE the fractionations which must be accounted for are 

(1) the increase in Rb/Sr of up to a factor of 2. 

(2) the increase and decrease inµ. 

and (3) the approximately constant Th/U ratios. 

In an attempt to account for these features we will now consider 

two types of processes. These are enrichments produced by magmatic 

processes involving either partial melting or fractional crystallization 

and fractionation resulting from depletion of volatiles as might be 

expected, for example, by derivation of the moon from the earth's 

mantle. 

3, Magmatic processes. 

For elements to be fractionated during magmatic processes 

requires differential partitioning of the element between solid and 

liquid. In Table 2-8 the solid/liquid partition coefficients are listed 

for the mineral phases which are likely to be important constituents of 

the lunar crust and source regions. From this table of partition 

I 
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Table 2-7. Fractionation factors at 4.46 AE (F
1

) and 3.86 AE (F
2

) 

87Rb/86Sr 147Sm/144Nd 238U/204Pb 232Th/238U 

Sample Fl F2 Fl F2 Fl F2 Fl F2 

73235 ,SOB ;;;;: 3.6 1.57 0.87 1.0 ~ 9.5 0.99 1.03 

73235 ,sow 2 .35 0.86 1.0 

73275 ;;;;: 3.9 2.07 0.88 1.0 ~ 6.2 1.14 1.09 

79215 0.90 1.0 ;;;;: 6. 3 1. 21 0.73 

76055 ;;;;: 4.1 1.16 0.89 1.0 ~ 7. 8 8.18 

66075 2.33 0.88 1.0 ;;;;: 7. 4 0.12 1.03 

14311 ;;;;: 8. 8 1.14 0.87 1.0 .::17. 7 3.10 

14321 ;;;;: 9. 4 1.47 0.87 1.0 ;;;;::11.3 0.90 1.42 

where for example F
1

(4.46 AE) 
(87Rb/86Sr) 1 

= 
(87Rb/86Sr) 

0 

and F
2 

( 3. 86 AE) 
(87Rb/86Sr) 2 

= 
(87 Rb /86Sr) 1 
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Table 2-8. Solid/liquid partition coefficients 

Element opx cpx plag olivine 

Rb 0.01 0.01 0.033 0.008 

Sr 0.02 0.1 1.5 0.009 

Sm 0.024 0.26 0.029 0.011 

Nd 0.016 0.17 0.037 0.01 

u 0.0005 0.01 0.01 0.0001 

Th 0.0005 0.02 0.01 0.0001 

Pb < 0.1 0.5 1.0 < 0.1 

Sources: Philpotts and Schnetzler (1970), Schnetzler 

and Philpotts (1970), Hart and Brooks (1974), Shimizu 

(1974), Beswick and Carmichael (1978). 
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coefficients it can be seen that the only minerals which are likely to 

be important in fractionating Rb from Sr and Pb from U are plagioclase 

and to a lesser extent clinopyroxene, ~or fractionating Sm and Nd, 

clinopyroxene is the most important phase, However, for U and Th the 

partition coefficients are similar and~ 1 and thus these two elements 

are tmlikely to be fractionated by magmatic processes which is consistent 

with the data (Table 2-7), 

We will now consider the plausibility of fractional 

crystallization and/or partial melting as· irechanisms for producing the 

fractionations tabulated in Table 2-7. First , at 3.86 AE, it can be 

seen from Table 2-7 that Rb/Sr is enriched by a factor of: ~ 2, For a 

simple Rayleigh fractionation process the concentration of a trace 

1 • h 1 ( • .melt) 1 • h • • • 1 1 • e ement int e met x re ative tote imtia roe t concentration 

(X
0

) is given by 

~lt K -1 
~~-=fD 

where f is the fraction of melt remaining and KD is the partition 

coefficient. Thus for Rb/Sr, 

(Rb /Sr) melt 
(Rb/Sr)o 

(2.,...7) 

(2..-8) 

So, for a factor of 2 enrichment of Rb/Sr in the melt requires 

crystallization of, ~ 40% (f = 0.6) plagioclase. 

Alternatively, partial melting of a plagioclase rich source 

material could also produce the required enrichments in Rb/Sr. For 

modal melting 



(Rb/Sr) nelt 

(Rb/Sr) solid 
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= DSr + f(l-DSr) 

DRb + f(l-DRb) 
(2-9) 

Rb Sr where D and D are the whole rock partition coefficients and f is 

the fraction of melt. For source material consisting of say 20% cpx, 

10% opx, 20% ol, and 50% plag,DRb = 0.02 and DSr = 0.8. So for a 

factor of 2 enrichment in Rb/Sr,approximately 40% partial melting 

(f = 0.4) is required. Larger enrichments would, of course, be 

produced by smaller degrees of partial melting. Therefore, 

redistribution and dilution of a more enriched component (KREEP?) 

by meteorite impacts may be a feasible variation of this process. Of 

these two processes, the latter appears to be the most reasonable 

mechanism for producing the Rb/Sr enrichment. This mixing between a 

yot.mg (3.86 AE) high Rb/Sr KREEP component with an older (4.46 AE) 

anorthositic component would also account for many of the intermediate 

TBABI model ages. 

For crystallization of1~ 40% plagioclase, or, ~ 40% partial 

melting, the U/Pb ratio would be increased by only a factor of 1.6 and 

1.8 respectively. However, Table 2-7 indicates that both enrichments 

and depletions of U/Pb of up to a factor of 10 are present, which 

indicates that volatile transfer of Pb has dominated this system at 

3.86 AE. However, for Sm/Nd and Th/U, 40% crystallization or partial 

melting would produce negligible(.< 2%) changes in these ratios. 

At 4. 46 AE significantly larger enrichments, by at least factors 

of 10 to 20, in Rb/Sr and U/Pb ratios are required (see F1 values from 
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Table(2-7). For the Rb/Sr and U/Pb enrichments to be produced by 

fractional crystallization of plagioclase, equation 2-8 indicates 

crystallization of at least 80% to 95% of the relt. This is an 

inordinately large amonnt of crystallization and apart from the 

difficulty of separating the lighter plagioclase from the melt, it 

would also require that the terra samples represent only a small 

fraction(< 5%) of the initial source. Producing the enrichments by 

partial melting enconnters similar difficulties. For example, from 

equation 2-9, to produce the enrichrents of Rb/Sr and U/Pb requires 

less than 6% to 2% partial melting. Thus in addition to requiring 

that terra rocks be only a small fraction of the source material, there 

are also difficulties in extracting the small amonnts of melt. In 

summary then, magmatic processes or a combination of these processes 

could acconnt for approximately a factor of 2 enrichment of Rb/Sr at 

3.86 AE, but they have severe difficulties in accounting for the 

larger, factor of 10 to 20, enrichments in Rb/Sr and U/Pb indicated by 

the isotopic systematics at 4.46 AE. 

4, Depletion of Volatiles. 

An alternate process which could conceivably acconnt for the 

massive enrichments in the Rb/Sr and U/Pb ratios is. volatile loss of 

Rb and Pb at 4.46 AE. In the hypothesis of Ringwood (1977) and Ringwood 

and Kesson (1977), where the moon is derived from the earth's mantle, 

loss of volatiles is an important process, and is used to accotmt for 

the drastic depletion of many volatile elements in the moon compared to 
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the earth's mantle. In Table 2-9, the parent/ daughter ratios derived 

from isotopic systematics are tabulated for the highlands source regions 

and compared to the depleted and rmdepleted terrestrial mantle and to 

Cl chondrites. The first order feature is that the highland source 

reservoirs and the terrestrial mantle are depleted in Rb/Sr by a 

factor of 10 to 30 and enriched in U/Pb by a factor of at least 50, 

compared to the primordial solar composition given by Cl chondrites . 

Th±s feature has been pointed out by a number of workers (for example, 

Larimer, 1973) and is part of a more gene·ral depletion of volatiles in 

the moon and earth compared to the primordial abundances. This 

probably reflects the environment in which the earth and the moon 

accreted. 

However, the comparison which is relevant in this work is 

that between the highland source regions and the terrestrial mantle. 

The ratios should, of course, be comparable if they have a connnon origin 

as proposed by Ringwood and Kesson (1977). However, in contrast to 

Ringwood and Kesson (1977) we recognize two types of terrestrial 

mantle, a depleted mantle and an undepleted mantle. The depleted mantle 

is the source of mid-ocean ridge tholeiites and it has been shown 

(Gast, 1968; DePaolo and Wasserburg, 1976,a)to have 

been depleted in the incompatible elements for at least a billion years 

or more. There is no evidence for the presence of an analogous depleted 

mantle in the Archean (see Figure 2-2) and thus moon-earth models based 

on MOR tholeiites (Ringwood and Kesson, 1977) are not strictly valid. 

The tmdepleted terrestrial mantle is today represented by 
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Table 2-9. Parent/daughter ratios of radioactive decay 

systems for the moon, earth, and Cl chondrites 

87 Rb/86S r 14 7 Srn/144Nd 238U/204Pb 

Cl Chondri tes 0.65 0.19 0.25 

Lunar Highlands 

Source Reservoir < 0.02 0 .19 < 200 

Terrestrial Mantle 

undepleted 0.084 0.19 9 

depleted 0.04 0.24 7 
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continental basalts (_DePaolo and Wasserburg, 197fu.) and is probably what 

should be used in comparing the earth ts mantle with the moon. However, 

from Table 2-9 it can be seen that the main difficulty in deriving the 

moon from an undepleted earth mantle is the 
87

Rb/
86

sr ratio of 0.084 in 

the earth (DePaolo and Wasserburg, 1976-a) compared to < 0.02 estimated 

for the early lunar source reservoirs. As has already been pointed out, 

the estimation of 
87

Rb/
86

sr in the moon from 4.55 AE to 4.46 AE is 

highly dependent on the assumed initial 87sr/ 86sr ratio. For a lunar 

initial ratio lower than BABI, for example, the same as that in the 

. 87 86 Allende meteon.te (_ Sr/ Sr = 0.69877; Gray et al., 1973), the 

87Rb; 86sr of the early moon is then; :;;; 0.15. This is now compatible 

with that estimated for the undepleted terrestrial mantle and therefore 

the isotopic data are consistent with a cogenetic origin of the moon and 

the earth. 
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CONCLUSIONS 

The most powerful constraint for the time of formation of the 

lunar highland crust is provided by the U-Pb system. This gives an 

upper intersection with the concordia at 4.46 AE and a lower 

intersection at 3.86 AE. The 4.46 AE age probably represents the time 

of differentiation of the ltmar crust and mantle. During this process, 

U was enriched in the highland crust relative to Pb, by at least a 

factor of 10. The lower intersection age of 3.86 AE represents the time 

of redistribution of U and Pb (with both increase and decrease in the 

U/Pb ratios) due to massive impact metamorphism. 

The Rb-Sr TBABI model ages range from 4.18 AE to 4.39 AE and 

are markedly yotmger than the U-Pb upper intersection age. Many of the 

samples (e.g., KREEP sample 14311 and 14321) have relatively high 

87 86 . Rb/ Sr ratios compared to their mantle sources, and therefore the 

TBABI ages are relatively insensitive to the model parameters. For 

the TBABI ages to be compatible with the U-Pb data, a factor of 

approximately two . . 87Rb/86S . increase in r is required at 3. 86 AE. This 

suggests that significant melting and fractionation of Rb/Sr occurred 

prior to or during the impact metamorphism. 

Due to the relatively small fractionation of Sm and Nd relative 

to the chondritic ratio, the ,!~UR model ages are not particularly 

sensitive to the time of differentiation. In addition these model ages 

are highly dependent on the model parameters. These considerations 

indicate that internal Sm-Nd mineral isochrons which identify truly 

ancient relic samples may provide more definitive constraints on the 

early evolution of the highlands. 
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APPENDIX l 

Sm-Nd and Rb-Sr Chronology of 
Continental Crust Formation 

Times of addition to continents of chemically 

fractionated mantle-derived materials are determined. 

M. T. McCulloch and G. J. Wasserburg 

One of the most obvious features of 
the outermost part of the earth is the dif­
ference between continents and ocean 
basins . This topographical duality is a re­
flection of major differences in the struc­
ture and the chemistry of the outer parts 
of the earth and of the dynamic inter­
action between the interior layers, the 
outer crustal layers, and the hydrosphere 

often biased and distorted , of the growth 
and evolution of the continents. They in­
dicate that the continents have grown by 
addition of new material from underlying 
mantle sources, accretion of island arc 
volcanic systems to the continental mar­
gins, and interaction with ocean basins. 
In this article we present some data that 
may aid in identifying the times at which 

Summary. Samarium-neodymium and rubidium-strontium isotopic systematics, to­
gether with plausible assumptions regarding the geochemical evolution of continental 
crust material, have been used to ascertain the times at which segments of continen­
tal crust were formed. Analyses of composites from the Canadian Shield representing 
portions of the Superior, Slave, and Churchill structural provinces indicate that these 
provinces were all formed within the period 2.5 to 2.7 aeons. It has been possible to 
determine the mean age of sediment provenances, as studies of sedimentary rocks 
suggest that the samarium-neodymium isotopic system is not substantially disturbed 
during sedimentation or diagenesis. 

of the earth. The crust that occupies the 
ocean basins is only - 6 kilometers 
thick, is relatively uniform in chemical 
composition, and consists of very young 
materials less than - 0.2 aeon old [l 
aeon (AE) = l09 years] . This young age 
reflects rapid recycling, which has al­
most completely destroyed all record of 
older oceanic crust within the present 
ocean basins. In contrast, continental 
crust is about 35 km thick, has a variable 
and distinctive chemical composition, 
and consists of materials ranging in age 
from Oto 3.8 AE. These constituents of 
diverse age preserve a record, although 

SCIENCE, VOL. 200, 2 JUNE 1978 

new materials were derived from the 
earth's mantle and added to the conti­
nental crust. 

The ability to determine the time of 
formation of new crustal segments is of 
fundamental importance in attempting to 
understand the growth and evolution of 
continental crust. We consider "new 
crust" to be material that has not pre­
viously been present in the crust but is 
newly added during periods of continen­
tal growth and has its origin in the 
mantle. The decay of long-lived radio­
active isotopes to stable daughter prod­
ucts has been used to obtain ages for a 
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variety of rocks . However, because 
there have been multiple generations of 
crustal formation, metamorphism, re­
melting, and erosion, these ages may not 
be related to the actual times of forma­
tion of new crust. For example, it is of­
ten difficult to establish whether younger 
parts of continental crust (as defined by 
relative geologic age or by isotopic age 
determinations) represent the addition of 
new material, or are simply the product 
of metamorphism or remelting of pre­
existing crustal provinces or materials. 
This is particularly important in attempt­
ing to estimate the rate of development 
of continental crust through time. Hurley 
and co-workers (/), using whole rock 
Rb-Sr together with K-Ar age determina­
tions, found crustal ages that indicated 
accelerated generation of crustal materi­
al from -3.8 AE to the present. How­
ever, other workers, using U-Pb values 
in beach and river sands (2) and initial 
87Sr/86Sr values in rocks of well-estab­
lished age to identify remelted crust (3), 
concluded that major rock-forming 
events have been approximately episod­
ic, with only relatively short periods of 
accelerated crustal growth. 

In this article we will show that, by us­
ing the recently developed Sm-Nd iso­
topic technique together with Rb-Sr sys­
tematics and plausible assumptions re­
garding the geochemical evolution of 
crustal material from mantle sources, the 
times of formation of new crust can be 
obtained from both igneous rocks and 
metamorphic and sedimentary deriva­
tives. In particular, we will show that by 
using Sm-Nd isotopic systematics, the 
times of formation of new continental 
crust can be obtained from a more di­
verse range of materials, including sedi­
mentary and metamorphic rocks that 
have complex histories including ero­
sion, deposition, and chemical altera­
tion. To obtain formation ages of large 
segments of continental crust, we stud­
ied sediments that were probably de­
rived from widespread source areas and 
composites consisting of a large number 
of igneous and metamorphic rock sam­
ples from the Canadian Shield (4, 5). 
This approach should yield further in­
sight into questions related to the episod­
ic or uniform growth of continental crust 
through time. In addition, it may be pos­
sible to identify source areas (prove­
nances) of sedimentary rocks because 
the sediments retain information about 
the time of formation of the crustal seg­
ments that were their sources. 

The general approach we used is to as­
sume that each time new material is add­
ed to the continental crust, the dominant 
contribution comes from the emplace­
ment of magmatic rocks derived from a 
mantle reservoir, and that the dif­
ferentiation processes that produce the 
magmatic rocks occur with a marked 
chemical fractionation of the daughter 
and parent elements relative to the 
source region. It is these times of chem­
ical fractionation that are dated; the val­
ues obtained are, of course, model-de­
pendent. 

The mantle reservoir that is taken to 
be the source of the new crust is as­
sumed to have evolved through geologic 
time with the characteristic Sm/Nd ratio 
identified by DePaolo and Wasserburg 
(6, 7). These workers used the evolution 
of Nd through geologic time and the cor­
relation of Nd and Sr isotopic variations 
in geologically young samples to identify 
the characteristics of the mantle reser­
voir. The arguments presented here are 
directly dependent on the validity of the 
mantle reservoir characteristics that they 
outlined. Such a simplified model will be 
subject to revision insofar as the Nd and 
Sr isotopic correlation is imprecise or 
not fully understood, and the mantle 
sources are chemically and isotopically 
complex regions. 
Sm-Nd and Rb-Sr Systematics 

Although the Rb-Sr method has been 
in use for some time [for example, see 
(8)], application of the Sm-Nd method 
has only recently been made possible by 
the development of high-precision mass 
spectrometric techniques and chemical 
separation procedures (9). Lugmair et al. 
(JO) first applied the Sm-Nd method to 
meteoritic and lunar samples, and De­
Paolo and Wasserburg (6, 7), O'Nions 
and co-workers (/ J), and Richard et al. 
(12) subsequently studied terrestrial 
samples. 

Both Sm and Nd are rare earth ele­
ments (REE), and 147Sm decays to 143Nd 
with a half-life of I .06 x 1011 years. The 
143Nd/144 Nd ratio measured today for a 
rock derived T years ago from a source 
with an initial 143Nd/144Nd ratio ls is giv­
en by 

(l) 

where M denotes the ratio measured in 
the rock today and A the 147Sm decay 
constant. 



Fig. I. Evolution of 
initial '43Nd/' 44 Nd in 
sources of crustal 
rocks, determined for 
a suite of rock sam­
ples of known ages 
[from De Paolo and 
Wasserburg (6, 7)). 
(Inset) Fractional de­
viation in parts in 104 

of the initial 143Nd/ 
144Nd ratio from the 
evolution to be found 
in a reservoir with a 
chondritic Sm/Nd ra­
tio. The shaded area 
is for midocean ridge 
tholeiites and island 
arc volcanics. The ini-
tial 143Nd/'44Nd ratio 
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Variations in ls in terrestrial samples 
through geologic time were first studied 
by DePaolo and Wasserburg (6, 7), who 
showed that to a reasonable approxima­
tion the evolution of 143Nd/144Nd in the 
source of continental rocks implies a uni­
form ratio essentially equal to that found 
in chondrites . Figure 1 shows the initial 
143Nd/144Nd values for a variety of ig­
neous rock types as a function of age. 
The fractional deviations in parts in 104 

of Is from 143Nd/144Nd in a reservoir with 
a chondritic Sm/Nd ratio lcttuR(I) are 
shown in the inset of Fig. 1. The maxi­
mum deviation is less than 3 parts in 104 

and is at present recognized only in con­
tinental rocks younger than 1 AE. It is 
thus plausible to assume that the mantle 
reservoir which is the source of crustal 
rocks has an Sm/Nd ratio very close to 
the relative abundance found in a chon­
dritic uniform reservoir (CHUR). The 
value of 143Nd/ 144Nd in CHUR today is 
defined as / rnuR(O) and is given by 

where lcttuR(O) = 0.511836 and lcttuR(I) 
is 143Nd/144 Nd in CHUR at any time Tin 
the past and (147Sm/144Nd)cttuR = 0. 1936 
is that in CHUR (10). A magma derived 
from the CHUR reservoir T years ago 
would have ls = fcttuR(I). Then from 
Eqs. 1 and 2, assuming that a rock re­
mains a closed system from the time of 
differentiation until today, the time of 

2 3 4 

T AGE (tE) 

fractionation and concurrent derivation 
from the CHUR reservoir is given by 

>.. 

where 

and 

[ 
(Sm/Nd)M 

fsm,Nd = (Sm/Nd)cttuR 

(3) 

(4) 

(5) 

It is apparent from Eq. 3 that T~~uR is 
indeterminate for fsm,Nd = 0. For precise 
determination of n~uR ages, a relatively 
large fractionation of Sm/Nd from the 
chondritic ratio at the time of derivation 
from CHUR is required, along with a 
value of ENct(O) distinct from zero. An ex­
ample is shown schematically in Fig. 2 
for a rock with an enrichment factor 
fsm,Nd = -1 [that is, (Sm/Nd)M = OJ and 
with the ratio of 143Nd/144Nd measured 
today (RA) unchanged since the deriva­
tion from CHUR T~~uR(A) years ago. In 
this example for a closed system (no ad­
dition of Sm or Nd), remelting and meta­
morphic and sedimentary processes are 
assumed not to change (143Nd/144Nd)M or 
Sm/Nd, and thus the n~uR age would be 
unaffected by these processes. A more 



general example is shown withfsmiNd < 0 
and the (143 Nd/144Nd)M as measured 
today (R8 ) somewhat evolved since deri­
vation from CHUR. Again, for a closed 
system, later metamorphic and sedimen­
tary events shown schematically as T MET 

and TsED, respectively, are assumed not 
to change the T~auR age. 

The classic REE distribution studies 
by Haskin et al. (13), Taylor (14) , Ronov 
et al. (15), and Shaw et al. (16) have 
shown that for most crustal rocks 
fsmiNd < 0. This can be seen in Table I , 
where estimates of fsmiNd range from 
- 0.26 to - 0.46. Regardless of the par­
ticular model invoked for the formation 
of continental crust, the observation that 
in a wide variety of crustal rocks Sm/Nd 
is markedly fractionated with respect to 
the source (CHUR) value implies that 
this is an important characteristic of con­
tinental crust. Insofar as the CHUR res­
ervoir is the source of new crustal mate­
rials, and if the major fractionation of 
Sm/Nd occurs when rocks are derived 
from this reservoir, the time of formation 
of new crustal segments is given by 
nauR• To find nauR ages of the sources 
of metamorphic and sedimentary rocks 
also requires the assumption that no 
change in Sm/Nd and 143Nd/144 Nd oc­
curred during the secondary processes 
that formed these rocks. The validity of 
this approach is suggested by REE distri­
bution studies which indicate that Sm/ 
Nd does not change with increasing 
metamorphic grade (17) and that many 
sedimentary rocks preserve the average 
Sm/Nd of their source (13, 14) . How­
ever, the validity can be fully established 
only by the self-consistency of the nauR 
ages. 

The samples we studied are com­
posites of igneous and metamorphic 
rocks from the Canadian Shield , shales, 
graywackes, loess deposits, a schist, and 
a deep-sea sediment. These samples do 
not represent a single source, but almost 
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certainly a mixture of a variety of 
sources. Although the isotopic system­
atics as outlined were for a single source, 
they are also applicable to a mixture of a 
number of sources. For example, it can 
be shown that a mixture of two rocks, A 
and B, with different T~auR ages 
nauR(A) and nauR(B) and enrichment 
factors fsm1NiA) and fsm1NiB), as in Fig. 
2, would give a mean age 

nauR(A)NdAfsm1NiA) + 
NdAfsm1Nd(A) + Ndefsm1Nd(B) 

(6) 

Here NdA is the Nd contribution from 
rock A and Nd 8 is the Nd contribution 
from rock B. From this equation it can 
be seen that ( r~nuR(A + 8)) is simply 
the average of r ~auR(A) and r ~nuR(B), 
weighted by the Nd concentrations and 
enrichment factors of the rocks. So, in 
general, the average < r~auR) is greater 
than the minimum r~auR and less than 
the maximum r ~auR in any mixture . 

From the correlation between Nd and 
Sr isotopic abundances in young igneous 
rocks, discovered by DePaolo and Was­
serburg (7) and O'Nions and co-workers 
(11), it appears possible to estimate a 
characteristic Rb/Sr value of a standard 
unfractionated reservoir (UR) that is the 
source region of continental rocks. In a 
manner analogous to that discussed for 
Sm and Nd, Rb-Sr model ages can also 
be calculated, assuming that simple rules 
apply to Rb-Sr isotopic systematics. For 
this system 

pr - _!_ 
UR - ,\ [ 

Esr(0)luR(0) X 10- 4] 
In I + Ji (s1s /B6S ) 

Rb/Sr r r UR 

(7) 
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Fig. 2. Schematic representa­
tion of the evolution of 143Nd/ 
144Nd on the earth since it con­
densed at time Tc . Assuming it 
to have a chondritic Sm/Nd, 
the growth rate of ' 43 Nd/144Nd 
in a reservoir or a rock is pro­
portional to Sm/Nd. Examples 
are shown of the evolution of 
143Nd/'44 Nd with the Sm/Nd 
fractionated from CHUR. A 
rock derived from CHUR at 
time T(B) and enriched in Sm/ 
Nd by a factor fsm,Nd will 
evolve subsequent to T(B) 
along the secondary trajectory 
to the 143Nd/144Nd ratio today, 
Ra. 

le --L------1--

:rsEo :r.,E 

where I uR = 0. 7045 is the 87Sr/86Sr ratio , 
(
87Rb/86Sr)uR = 0.084, and A = 1.39 x 
10- 11 year- 1 in the source of continental 
rocks today (7, 11 ). Similarly 

(8) 

and 

[ 
(Rb/Sr)M ] 

fRb1Sr = (Rb/Sr)uR - I (9) 

A relationship analogous to Eq. 6 for the 
mean Rb-Sr age of a mixture may also be 
derived. We have also carried out Rb-Sr 
studies on the samples for which Sm-Nd 
results are reported here. The.major dif­
ference between the Rb-Sr system and 
the Sm-Nd system is that for most conti­
nental crustal rocks !Rb/Sr>> 0. This is 
also shown in Table I, where estimates 
of the continental crustal fRb/Sr range 
from + 10.3 to+ 11.3. In addition, the re­
sponse of Rb and Sr to metamorphic and 
sedimentary processes is markedly dif­
ferent from that of Sm and Nd. In meta­
morphic processes redistribution of Rb 
and Sr between minerals has been well 
documented (18, 19). Rubidium-stron­
tium isochrons have also been obtained 
from some sedimentary rocks (20-22), 
which suggests that large enrichments of 
Rb relative to Sr and reequilibration of 
87Sr/86Sr have occurred , presumably dur­
ing or subsequent to deposition of these 
rocks. 

B 2 3 A 4 

T AGE (.lE) 

Experimental Results 

Detailed descriptions of the experi­
mental procedures are given by Papana­
stassiou and Wasserburg (23) for Rb and 
Sr and by Papanastassiou et al. (24) for 
Sm and Nd. Errors given for 143Nd/144 Nd 
and 87Sr/86Sr are 2 <Tmean (two standard de­
viations of the mean) of about 200 ratios 
for Nd and 100 ratios for Sr. The Nd, 
Sm, Rb , and Sr concentrations were ob­
tained by isotope dilution techniques . 
The errors in Rb/Sr and Sm/Nd are less 
than I percent and include an assessment 
of errors from gravimetry and measure­
ment of isotopic ratios. The 2 a-mean errors 
given for the T~auR and n~ ages only al­
low for analytical errors and do not in­
clude uncertainties in the parameters 
used for the mantle sources. Table 3 
summarizes the ENd(0), fsm,Nd, ERbisr(0), 
andfRb1sr values used to calculate T~~uR 
and TM ages. With only a few ex­
ceptions, the fsm,Nd values in Table 3 are 
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Table I. Estimates of upper crustal Sm/Nd and Rb/Sr enrichment factors. The enrichment fac­
torsfsm,Nd andfRbis, are defined in Eqs. 4 and 9, respectively . 

Composite fsm/Nd fRb/Sr Reference 

Canadian Shield -0.46 +11 .3 Shawetal. (5, 16) 
Upper crust -0.45 + IO. I Taylor(40) 
Continental crust -0.26 Ronov et al. (I 5) 
North American shales -0.46 +30.1 Haskin et al. (57); this article 
Chondrites 0.0 +8 .3 Haskin et al. (13) ; Urey (64) 
Model mantle reservoir 0.0 0.0 

Table 2. Lithologies of Canadian Shield composites. 

Composite Lithologic type Reference 

New Quebec* and Fort Enterprise 

Fort Enterprise 

Banded gneis•ses, migmatites , and 
granitic gneisses 

(4) 

(4) 
(5) North Quebec, Saskatchewan, 

Baffin Island, and Quebec 

High-level granite and quartz monzonite 
Quartzofeldspathic rocks including 

granite, granitic gneiss, pegmatite, 
rhyolite , arkose, sandstone 

•Area 12. 

relatively constant. Hence, variations in 
the calculated T~auR age are mainly de­
pendent on eNiO). For this reason, where 
appropriate, discussion of either eNct(O) 
values or the calculated T~auR ages will 
be emphasized. 

Canadian Shield Composites 

The Canadian Shield is one of the bet­
ter-studied Precambrian areas, and the 
results of these studies have been impor­
tant in formulating theories of continen­
tal growth and evolution . Based on geo­
logic evidence, derived primarily from 
field mapping and integrated with isotop­
ic dating, a number of structural prov­
inces have been recognized in the Cana­
dian Shield. From areas within different 
provinces, we measured eNct(O), fsm,Nd, 
e5 ,(0), and !Rb/Sr values and calculated 
nauR and TM ages . In an attempt to de­
termine the average age of relatively 
large areas of continental crust without a 

prohibitive number of analyses, we ana­
lyzed composite samples. These com­
posites , in some cases consisting of sev­
eral thousand samples, were originally 
used by Eade and Fahrig (4) and Shaw et 
al. (5, 16) to estimate the average chem­
ical composition of the upper continental 
crust of the Canadian Shield. The gener­
alized provinces and the areas represent­
ed by the composites analyzed are 
shown in Fig. 3. From the composites 
prepared by Shaw et al. (5) we analyzed 
the "quartzofeldspathic" lithologic type 
(Table 2), which constitutes approxi­
mately 70 percent of the area sampled. 
Two different lithologies from the com­
posites of Eade and Fahrig (4) were stud­
ied. These are the gneisses and the gran­
ite-quartz monzonites . As described in 
Table 2, the different lithologies of Eade 
and Fahrig (4) are comparable to those of 
Shaw et al. (5) and also constitute a sig­
nificant portion of the sample area. 

From Fig. 3 it can be seen that the 
New Quebec and a large portion of the 
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North Quebec composites are in the Su­
perior Province. This province contains 
some of the older rocks in the Canadian 
Shield, where a major granodiorite-form­
ing event has been recognized at ~2.5 to 
2.7 AE (25). For New Quebec ENd(0) = 
-29.4 ± 0.4 with a nRuR age of 2.66 ± 
0.06 AE. The nJ age is 2. 73 ± 0.o3 AE 
and is in excellent agreement. The North 
Quebec composite, which includes a 
small proportion of younger material 
from the Grenville Province, gives 
ENd(0) = -28.9 ± 0.3, a nRuR age of 
2.50 ± 0.05 AE, and a nJ age of 
2.52 ± 0.03 AE. The striking agreement 
between the nRuR and TM ages for New 
Quebec and North Quebec composites.is 
also fully consistent with previously de­
termined radiometric ages (25) and con­
firms that the Superior Province consists 
predominantly of new crust that was first 
formed 2.5 to 2.7 AE ago. 

The Fort Enterprise composites are in 
the Slave Province of northern Canada 
(Fig. 3). This province has some K-Ar 
(26) and Rb-Sr (27) dates of the same age 
(2.5 to 2.7 AE) as those found in the Su­
perior Province, and the provinces are 
generally thought to be of similar age. 
For the gneissic composite the T~RuR age 
is 2.62 ± 0.05 AE and the TM age is 
2.58 ± 0.03 AE. From the same area, 
the granite-quartz monzonite composite 
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Fig. 3. Location of 
the areas sampled by 
the Canadian Shield 
composites and the 
tectonic provinces of 
the Canadian Shield. 

gives a T~RuR age of 2.49 ± 0.04 AE and 
a TM age of 2.56 ± 0.Q3 AE. The T~RuR 
and nJ ages for the two different lithol­
ogies are again in excellent agreement, 
indicating that lithologic type is not im­
portant in determining the time of forma­
tion of this crustal segment. 

Composite samples from Baffin Island 
and Saskatchewan from different areas 
of the Churchill Province have been 
studied. For Baffin Island the T~RuR age 
is 2.74 ± 0.05 AE, and a TM age of 
2.56 ± 0.03 AE has been obtained. The 
Saskatchewan composite gives a T~RuR 
age of 2.68 ± 0.06 AE and a somewhat 
lower nJ age of 2.43 ± 0.03 AE. These 
crustal formation ages are much older 
than the K-Ar ages of ~ 1.8 to 1.9 AE 
that are most commonly found in these 
areas (26). In this province, the T~J ages 
are slightly younger than the T~RuR ages 
and may have been partially affected by 
the event or events that reset the K-Ar 
ages. 

Adjacent to the eastern margin of the 
Superior Province is the Grenville Prov­
ince. In the southwestern corner of the 
Grenville Province, the Quebec com­
posite with ENi0) = - 7. l ± 0.3 gives a 
T~RuR age of 0.80 ± 0.04 AE and a nJ 
age of 1.01 ± 0.01 AE. The TM age is 
consistent with previously determined 
crystallization ages (19, 28), but the 
T~RuR age is approximately 0.2 AE 
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younger. Although there is substantial 
evidence (19 , 28) that some rocks in the 
Grenville Province are remobilized 2.5-
AE rocks, particularly at the weld be­
tween the Grenville and Superior prov­
inces, the results presented here indicate 
that the bulk of the area sampled is com­
prised of much younger crust. 

The T~auR and TM ages of the Church­
ill Province are essentially identical to 
those obtained for the Superior and 
Slave provinces. Although this was sug­
gested by some previous age determina­
tions (29), there now appears to be com­
pelling evidence that the Superior, 
Slave, and Churchill provinces were all 
formed as crustal segments within the 
same period from 2.5 to 2.7 AE. This 
now poses the problem of how these 
structural provinces, ·having relatively 
distinct boundaries and structural pat­
terns but consisting of materials formed 
at nearly the same time, were juxta­
posed. The good correlation between the 
K-Ar ages and the structural provinces 
(26) suggests that the K-Ar ages repre­
sent the time at which the different prov­
inces were last metamorphosed and de­
formed and obtained their structural 
characteristics. If this is the case, the 
·structural characteristics of the Superior 
and Slave provinces were imposed at the 
time of or within 0.2 AE of their forma­
tion, while those of the Churchill Prov-
ince were obtained approximately 0.8 
AE after its formation . It is not, how­
ever, apparent whether the last meta­
morphism and deformation of the 
Churchill Province occurred before, dur­
ing, or after the time when the provinces 
assumed their present relative positions. 

The T~auR and TM ages of -0.8 to l.O 
AE for the Grenville Province composite 
show that it is markedly younger than 
the other Canadian Shield composites. 
This indicates the addition of younger 
material onto the preexisting Canadian 
Shield. However, from the T~auR and TM 
ages of the Superior, Slave, and Church­
ill composites, it ls evident that the Ca­
nadian Shield contains only a relatively 

small amount of material that is sub­
stantially younger than 2.5 AE. Older 
structural units are manifest on the 
North American continent, where rocks 
of-3.6 AE old have been found (30-32). 
Ancient cratonic components have also 
been found in Australia (33), Greenland 
(34), Africa (35), and possibly the Baltic 
(36) and Ukrainian (37) shields. How­
ever, considering the wide variety of ma­
terials and the distinctive areas that have 
been sampled, we must conclude that the 
period 2.5 to 2.7 AE was a major epoch 
of formation of new continental crust. 
This has been manifest from the studies 
of previous workers (3, 25), who ob­
served the relatively high frequency of 
radiometric ages in this period , but it can 
now clearly be extended to a much 
broader context. From our present 
knowledge of the times of formation of 
continental crust, it appears that the ac­
tivity around 2.5 to 2.7 AE ago has been 
unique in geologic history. It also ap­
pears certain that some truly major peri­
ods of continental crustal growth are 
sharply episodic. This raises the inter­
esting possibility that the dramatic de­
crease in the volume of continental crust 
produced since 2.5 AE ago may have 
been due to a change in the mechanism 
rather than only in the rate of crustal for­
mation. 

From heat flow data and the chemical 
composition of exposed lower crustal 
rocks, it is well know~ that the upper 
crustal composition represented by these 
composites c~nnot extend to a depth of 
more than 'IO km (38). It has been in­
ferred (38-40) that the Rb/Sr ratio in the 
lower crust is at least a factor of 2 small­
er than in the upper crust. The TM ages 
indicate that this enrichment of Rb/Sr in 
the upper crust occurred during the peri­
od 2.5 to 2.7 AE. Thus the younger 
events that reset the K-Ar ages in the 
Churchill Province did not redistribute 
Rb or Sr over a scale greater than that 
sampled. Furthermore, the relatively 
good agreement between the nauR and 
TM ages (that is, 2.5 to 2.7 AE) requires 



that the fractionation of Sm and Nd was 
contemporaneous with that of Rb and Sr. 
From these data, the enrichment of Rb/ 
Sr in the upper crust appears to be a pri­
mary feature of continental crust, being 
associated with the formation of new 
crust, and does not reflect metasomatic 
or metamorphic processes at later times. 
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The enrichment factors fRbtsr in the 
Churchill Province composites are ap­
proximately a factor of 2 greater than 
those in the Superior and Slave com­
posites. This distinction may be attribut­
able to more extensive erosion of the Su­
perior and Slave provinces, exposing a 
greater proportion of a lower crust more 
depleted in Rb. Consistent with this is 
the relatively widespread occurrence in 
the Superior Province of granulite facies 
rocks (41), which are indicative of forma­
tion depths greater than -20 km . An 
analogous variation of fsm,Nd is not pres­
ent in the same composites. Thus, al­
though Sm and Nd were fractionated at 
the same time as Rb and Sr, their relative 
elemental distributions through the con­
tinental crust do not appear to be corre­
lated . 

Tne Sm-Nd and Rb-Sr isotopic studies 
of composite samples can, of course, be 
applied to other continental segments to 
ascertain average times of formation 
with relatively few analyses . This ap­
proach may be particularly useful where 
there is little or no other radiometric age 
information indicative of formation times 
of new crust, or where complex meta­
morphic processes make the identifica­
tion of primary magmatic crystallization 
ages difficult. 

Sediments 

In many respects, sedimentary rocks 
are similar to the Canadian Shield com­
posites. They were originally derived 
from igneous . and metamorphic rocks 
and often consist of materials from di­
verse sources. However, although sedi­
mentary rocks cover approximately 80 
percent of the continent's surface (42), 
attempts to characterize and identify 
their provenances by using isotopic trac­
ers have not been extensively pursued 
(2, 43). This is mainly due to the distur-

bance of these systems by chemical 
processes during or after sedimentation. 
In particular, many trace elements are 
fractionated as a result of preferential 
weathering of specific mineral phases 
and of the formation of authigenic miner­
als such as clays. However, because of 
the geochemical coherence and short 
residence times of REE in seawater, the 
Sm-Nd isotopic system may be less sus­
ceptible to disturbance during sedimen­
tation and diagenesis. This is apparent 
from Table 3, where thefsm,Nd values for 
the sediments are all approximately the 
same and are also similar to those esti­
mated for the upper crust (Table 1). This 
suggests that the Sm-Nd isotopic system 
may remain closed during sedimentation 
and diagenesis, in which case the n~uR 
age would represent the average time of 
formation of the crust from which the 
sediments were derived. The sediments 
could be derived from this crust either 
directly, or indirectly from recycled ma­
terials. In contrast, fRbtSr is variable and 
in some sediments is up to a factor of 30 
greater than the average upper crustal 
estimates in Table I. These large fRbtsr 
values show loss of Sr relative to Rb in 
the sediments, probably due to the for­
mation of clay minerals such as illite and 
montmorillonite, within which Rb is 
strongly fixed relative to Sr (22, 44). De­
pending on the relative increase in fRbtsr 
and the initial 87Sr/86Sr of the sediment, 
it would be expected that the TM age will 
be less than the time of formation of new 
crust and will approach the time of depo­
sition or diagenesis of the sediment. 

In an attempt to ascertain directly the 
effect of weathering on the Sm-Nd and 
Rb-Sr isotopic systems, we analyzed two 
samples from the weathered profile of 
the Morton Gneiss in the Minnesota Riv­
er valley. These samples are the same as 
those used by Goldich (45) in his classic 
study of rock weathering. The profile 
consisting predominantly of quartz and 
kaolinite was developed during the Cre­
taceous in a humid tropical or sub­
tropical climate by weathering of Pre­
cambrian gneisses and igneous rocks. 
The sample from Goldich's locality 3 has 
a T~~uR age of 3.58 ::!: 0.03 AE and a dis­
tinctly younger TM age of 1.80 ::!: 0.02 
AE. The sample from locality 5 has a 



134 

nauR age of 2.92 ± 0.03 AE and a TM 
age of 2.14 ± 0.02 AE. The markedly 
younger TM ages and large !Rbtsr values 
of 98.7 for locality 3 and 69.4 for locality 
5 are probably due to loss of Sr relative 
to Rb during the weathering, or to earlier 
metamorphic events (32). The K-Ar and 
Rb-Sr ages of biotites were obtained 
from the same samples by Goldich and 
Gast (46). These ages are 25 to 75 per­
cent lower than those obtained from 
biotites in the fresh Morton Gneiss and 
indicate preferential loss of radiogenic Sr 
and Ar. In addition, zircons analyzed 
from locality 3 (47) are highly discordant, 
with a minimum age of 0.455 AE, which 
has been attributed to bulk loss of lead 
by leaching (47). The nauR age from lo­
cality 3 is within the age range of 3.2 to 
3.8 AE found for fresh Morton Gneiss 
(32), indicating that the Sm-Nd system 
remained closed during weathering and 
metamorphism. However, the T~auR age 
of 2.92 AE from locality 5 is difficult to 
interpret, as it could be attributed either 
to the presence of a large component of 
younger rocks, which are often associat­
ed with the Morton Gneiss (32), or to ef­
fects of weathering. This cannot be re­
solved in this geologically complex area 
and must be addressed by future studies 
in more carefully defined geologic set­
tings. 

To test this approach further, we 
chose an example of a sediment derived 
from a relatively young crustal source. 
We analyzed a shale from the Rosario 
Formation, Punta San Jose, western 
Baja California, Mexico (Baja Shale), 
which contains marine fossils of Maest­
richtian age (- 0.065 AE) and is isolated 
from older mainland material. Its source 
was most probably Jurassic or Cre­
taceous eugeosynclinal rocks, which are 
predominant in this region. No Pre-

cambrian terranes appear to be available 
as possible source regions . Its ENd(0) val­
ue of +0.7 ± 0.4 is clearly characteristic 
of a very young source and markedly dif­
ferent from the large negative ENo(0) for 
older sources. The TM age of 0.030 ± 
0.001 AE, although more reasonable 
than the nauR age, is somewhat younger 
than the time of deposition. These re­
sults reflect the sensitivity of rocks with 
young sources to the detailed assump­
tions of their evolutionary history. How­
ever, both of these results clearly are 
compatible with the very young age of 
the crustal sources that constituted the 
provenance for this shale. 

As an example of a young detrital sedi­
ment, derived from old source material, 
we analyzed sand (San Gabriel Sand), 
which was collected from the mouth of 
Santa Anita Canyon in the San Gabriel 
Mountains of Southern California. The 
rocks in this area are predominantly gra­
nitic rocks of Mesozoic age (48), al­
though a wedge of Precambrian gneisses 
is present at the mouth of the canyon 
(49). This sample has eNi0) = -9.9 ± 
0.4 and a relatively small value of 
fsmtNd = -0.225 , giving a T~auR age of 
1.77 ± 0.09 AE. This suggests that most 
of the sample was derived from the older 
Precambrian gneisses. However, the 
fRbtsr = 5.16 together with the low value 
of es,(0) = 59 .5 ± 0.8 gives a calculated 
TM age of 0.69 ± 0.0Z AE. The TBJ age 
is markedly younger than the T~auR age, 
but the low fRbtSr is not consistent with Sr 
loss or Rb fixation during weathering of 
this material. Further isotopic character­
ization of the possible sources of the San 
Gabriel Sand are required to resolve this 
problem. 

To ascertain the self-consistency of 
this approach, sediments representing a 



Fig. 4. Map of Australia show­
ing the areas sampled (50). 
The approximate areas of out­
crop of the sampled or related 
units are shaded. 

range of depositional ages were studied. 
These sediments are from the Australian: 
continent~ and their locations are shown, 
in Fig. 4. They were part of a REE distri­
bution study by Nance and Taylor (50). 
The Australian sediment with the young­
est depositional age is the Silurian State i 
Circle Shale (SC-5). It has a measured! 
ENct(0) = - 14.5 ± 0.4 and a resulting! 
n~uR age of 1.32 ± 0.05 AE. However, l 
the nearest exposed Precambrian rocks ) 
that could have acted. as sources for this : 
sediment are now approximately 720 km: 
to the west. This suggests either that SC- I 
5 was not locally derived or that it was j 
derived from recycled older sedimentary! 
material, which had in turn been derived i 
from Precambrian sources. An ex- ' 
ceedingly large enrichment of Rb relative: 
to Sr is found in this sediment, which has 
!Rb/Sr = 293; together with the measured 
Esr(0), this gives a TM age of 
0.509 ± 0.005 AE. This age is only 
slightly greater than the age of 
0.440 ± 0.009 obtained from an Rb-Sr 
isochron by Bofinger et al. (51). A shale 
(AO-7) from the Pertakaka Formation in 
the Amadeus basin, central Australia, 
has a depositional age of0.8 AE (52) and 
t'Nct(0) = - 16.8 ± 0.4, giving a n~uR age 
of 1.56 ± 0.05 AE. The Musgrave-Mann 
and Arunta complexes that surround the 
Amadeus basin have Rb-Sr and K-Ar 
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ages ranging from I. I to 1.8 AE (52). 
These ages are compatible with the 
n~uR age, which suggests that these 
complexes could have acted as the 
source of this sediment. For AO-7 
fRb1sr = 71.6 which, together with the 
measured Esr(0), gives a TM age of 
0.95 ± 0.01 AE, compared with an age 
of 0. 79 AE obtained previously from Rb­
Sr studies (52) . A shale (Ml-I) from the 
Mount Isa Geosyncline, Mount Isa, 
Queensland, has fRbisr = 264 and a TM 
age of 1.55 ± 0.02 AE. This is in good 
agreement with the estimated deposi­
tional age of approximately 1.5 AE (53) 
indicating that the massive enrichment of 
Rb relative to Sr occurred at this time. 
From the measured ENctC0) = -23.5 ± 0.3 
a T~~uR age of 2.07 ± 0.05 AE is calcu­
lated for Ml-I. Zircon and Rb-Sr total 
rock ages of 1.86 and 1.84 AE, respec­
tively, have been determined (54) from 
the oldest unit in the Mount Isa base­
ment sequence, the Leichardt metamor­
phics. These ages , in conjunction with 
the n~uR age, suggest that the shale 
could have been derived mainly from 
this source, but with an additional com­
ponent of substantially older age . 

The application of Sm-Nd isotopic 
systematics to calculate the n~uR prov­
enance age may also be particularly use­
ful for older sediments, whose sources 
may no longer be preserved or recogniz-
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able. An example is the graywacke 
KH44 from Coolgardie, Western Austra­
lia, which has a depositional age of ap­
proximately 2.6 to 3.0 AE and is part of 
the Archean granite-greenstone terrain 
prevalent in this area. The graywacke 
KH44 has ENd(0) = -28.3 ± 0.5, giving a 
nauR age of 3.06 ± 0.08 AE. This is 
consistent with the younger age limit of 
2. 76 AE determined by Oversby (55) 
from granitic intrusives in the neighbor­
ing areas, but indicates a significant con­
tribution of substantially older crust that 
has not yet been found, although there 
are other hints of it (55). The TM age of 
3.01 ± 0.03 AE for KH44 is identical, 
within errors, to the T~AuR age. This 
agreement may be explained by the fact 
that the !Rb/Sr value of 18.24 is relatively 
low compared to those of other sedi­
ments. 

Another example of a sediment from 
an Archean granite-greenstone terrain is 
the Figtree shale from the Swaziland sys­
tem in South Africa. The Figtree Group 
conformably overlies the relatively well 
preserved Onverwacht Group, whose 
ages as summarized by Jahn and Shih 
(35) range from 3.2 to 3.5 AE. From the 
measured €Nd(0) = -28.0 ± 0.4, a T~auR 
age of 3.53 ± 0.06 AE is calculated for 
the Figtree shale. This is consistent with 
its derivation from the underlying On­
verwacht Group, although at the upper 
limit of the proposed age range (35). All­
sopp et al. (21) obtained an Rb-Sr iso­
chron of 2.98 ± 0.02 AE from the Figtree 
shale. Interpreted as the minimum age of 
the shale, the isochron clearly demon­
strates that redistribution of Rb and Sr 
has occurred during sedimentation and 
diagenesis. The TM age of 2.94 ± 0.03 
AE that we obtained for a radiogenic 
sample with fRb/Sr = 90.6, where the as­
sumptions regarding the initial 87Sr/86Sr 
are relatively unimportant, is consistent 
with the age of Allsopp et al. (21). Thus 

the nauR age indicates that the Figtree 
shale was derived from a source with a 
mean age of crustal formation of 3 .53 
AE, and the TM age in conjunction with 
the large fRbisr value suggests that the 
sediment was probably deposited - 2.94 
AE ago. 

For many sedimentary rocks the prov­
enance is obscure or a complete enigma. 
Classic examples are the loess deposits 
that cover areas extending from north­
central Europe to eastern China and are 
found in the Mississippi Valley and the 
northwest United States. Their origin is 
still controversial (56), but they are gen­
erally believed to be eolian dust of 
Pleis.tocene age derived from desert sur­
faces, from alluvial valleys, or from un­
consolidated glacial or glaciofluvial de­
posits. In an attempt to characterize 
their source regions, we analyzed loess 
deposits from Iowa, United States, and 
Nanking, China. The Iowa loess has 
ENi0) = -14.1 ± 0.5 and fsm,Nd = 
-0.41 I, giving a nauR age of 1.38 ± 0.06 
AE. From these data, we infer that a ma­
jor component of material from the older 
[eNd(0) = -30, nauR - 2.6 AE] Cana­
dian Shield is prohibited. However, a 
composite of Paleozoic North American 
shales (N AS) of Haskin et al. (57) having 
€Nd(0) = -14.5 ± 0.5 and T~auR = 1.52 
± 0.07 AE (6) is almost identical to the 
Iowa loess. Hence the Paleozoic sedi­
ments, or a source similar to the source 
of Paleozoic sediments, could have pro­
vided materials for the Iowa loess. The 
penultimate source must, of course, be 
rocks with a mean crustal formation age 
of -1.38 AE. Rocks of this approximate 
age are not widely exposed, although ra­
diometric ages have been obtained (58) 
in the range 1.0 to 1.7 AE from numerous 
drill core samples of basement from the 
midcontinental region of the United 
States. These data suggest that a sub­
stantial component of the Paleozoic 



NAS composite was probably derived 
from this Precambrian basement or from 
recycled materials derived from this 
basement. If the Nd isotopic composi­
tion [eNct(0)] and fsm,Nd of NAS is repre­
sentative of the average from the mid­
continental region of the U.S. crust , then 
the similarity with the Iowa loess sug­
gests that loess deposits may also be 
good averages of large areas of continen­
tal crust. Hence the Nanking loess with 
ENd(0) = -10.2 ± 0.4 and fsm/Nd = 

, -0.410, giving a T~nuR age of 1.00 ± 
0.05 AE, may indicate that this part 
of the Asian continent is on the av­
erage approximately 0.40 AE younger 
than the North American continent. On- : 
ly relatively moderate enrichments of Rb \ 
relative to Sr have occurred during the ! 
formation of these loesses, with i 
!Rb/Sr = 15.3 for the Iowa loess and 34.3 i 
for the Nanking loess. As a con- I 

sequence, the TM ages of 0.71 ± 0.01 I 
AE for the Iowa loess and 0.350 ± 0.005 
AE for the Nanking loess are younger i 
than the time of formation of their prov- I 

enance as given by the T~~uR age and I 

older than their time of deposition 
(Pleistocene). 

Another example of a rock whose 
provenance is unknown is the Birch 
Creek Schist of the Alaska Range which, 
together with the correlated metasedi­
ments in the Yukon-Tanana Upland, 
constitutes a pervasive formation in this 
area. It is predominantly a quartz-seri­
cite and quartz-sericite-calcite schist, 
and its metamorphic grade has been es­
tablished as greenschist facies (59). No 
original sedimentary structures are pre­
served , the foliation within the formation 
being due to alignment of sericite flakes 
and segregations of quartz and sericite. 
The Rb-Sr and K-Ar age measurements 
on micas from the polymetamorphosed 
Birch Creek Schist indicate that it was 
locally metamorphosed at 0.12 to 0.18 
AE (60). Total rock Rb-Sr ages from (60) 
range from 0.664 to 1.17 AE, but do not 
uniquely indicate a Precambrian age, as 
they are also compatible with a younger 
period of metamorphism. A sample of 
the Birch Creek Schist in the Healy D-4 
Quad of Alaska has ENct(0) = -27.0 ± 0.3 
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and Ism/Nd = -0.464, giving a T~nuR age 
of2.33 ± 0.05 AE. This is definitive evi­
dence that the Birch Creek Schist was 
derived predominantly from an ancient 
Precambrian source, which was prob­
ably the adjacent older portion of the Ca­
nadian Shield with a small component of 
younger crustal materials . The age of 
formation of the schist has not been es­
tablished, although the TM age of 
0.714 ± 0.008 AE is similar to the total 
rock Rb-Sr ages of Wasserburget al. (60) 
and is suggestive of an early Paleozoic or 
late Precambrian depositional or meta­
morphic age for the schist. 

"Red" clay is a sedimentary material 
predominant in the deeper parts of the 
ocean basis under surface waters of low 
biological productivity. The source of 
re9 clay is still open to dispute, its forma­
tion being attributed to eolian or current­
transported continental material and to 
decomposed volcanic ejecta and pyro­
clastics (61). We analyzed a sample of 
red clay obtained by the Deep Sea Drill­
ing Project (leg V, hole 37, core 3, sec­
tion 2, 22 to 24 cm, abyssal hill, north­
east Pacific Ocean) . For this sample 
ENct(0) = - 3.3 ± 0.4 and Ism/Nd = -0.212, 
giving a T~~uR age of 0.63 ± 0.08 AE, 
which is consistent with the idea that red 
clay is composed only of continental ma­
terial with a mean age of0.63 AE. This is 
much younger than the mean age of ei­
ther the North American or the Asian 
continent as ascertained from the loess 
and shale results. It may be more reason­
able to assume that the red clay consists 
of a mixture of oceanic basalt with 
ENd(0) = + 10 and fsm/Nd = 0 (7), island 
arc volcanics with eNct(0) = + 7 and 
fsm,Nd = -0.28 (62) , and continental ma­
terial such as the Iowa loess with 
ENct(0) = -14.1 andfsm/Nd = -0.411. For 
example, the Sm-Nd isotopic character­
istics of this red clay could be accounted 
for by a mixture of approximately equal 
proportions of oceanic basalt, island arc 
volcanics, and Iowa loess. However, re­
gardless of the proportions, the Sm-Nd 
results require a significant component 
of continental material. The Rb-Sr iso­
topic characteristics of the red clay 
[Esr(0) = +53 .7 and/Rb/Sr= 8.41] can al-



so be accounted for by similar propor­
tions of oceanic basalt [Esr(0) = -25 and 
!Rbtsr = -0. 7) (3), island arc volcanics 
[1:sr(0) = -15 and !Rb/Sr= 0.4) (62), and 
Iowa loess [Esr(0) = +181.1 and 
!Rbtsr = 15.3). This agreement may, how­
ever, be fortuitous as the observed Esr(0) 
value of the red clay may also have been 
produced by exchange of Sr with sea­
water, which has Esr(0) = +65. 
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For all the sediments that we studied, 
with only one exception (Baja Shale), the 
nauR ages have been greater than the 
sedimentation age and less than the 
"age" of the earth (4.47 AE) (63). In ad­
dition, where known, the ages of crystal­
lization or formation of likely source 
areas have been consistent with T~auR 
ages. This self-consistency is also appar­
ent in the f smtNd values, which are gener­
ally within the same range as those esti­
mated for the upper crust (Table 1). This 
indicates that for the sedimentary rocks 
that were studied, the assumptions of no 
fractionation of Sm/Nd and no exchange 
of Nd since derivation from the CHUR 
reservoir are plausible. Possible ex­
ceptions may be the San Gabriel Sand 
and the Baja Shale, whose smaller en­
richment factors may reflect fractiona­
tion of Sm from Nd during the sedimen­
tary process. However, from previous 
REE distribution studies (13-15, 57) it 
appears more plausible to assume that 
these variations in Sm/Nd are simply a 
result of variations of Sm/Nd in the sedi­
ment source. In contrast, massive en­
richments of Rb relative to Sr of up to a 
factor of 30 are often found in the sedi­
ments compared to their likely sources. 
As a consequence, the TM ages usually 
approach the time of sedimentation or 
diagenesis and are generally younger 
than the corresponding T~auR age . The 
calculated nauR ages are interpreted to 
be the average ages of formation of the 

crustal sources from which the sedi­
ments were derived. These formation 
ages also appear to be retained in recy­
cled sediments such as SC-5. Thus, 
ENd(0) and fsmtNd parameters are charac­
teristic of the sediment provenance and 
T~auR is the provenance age. 

Conclusions 

The Sm-Nd and Rb-Sr isotopic sys­
tematics, together with plausible as­
sumptions regarding the geochemical 
evolution of continental crustal materi­
als, have been used to ascertain the 
times at which new segments of conti­
nental crust were formed. The general 
approach that has been used is to assume 
that the dominant contribution to the 
continental crust comes from the em­
placement of magmatic rocks derived 
from a uniform mantle reservoir, and 
that the differentiation processes that 
produce the magmatic rocks occur with a 
marked chemical fractionation of the 
daughter and parent elements relative to 
the source region. It is the time of this 
chemical fractionation from the penulti­
mate provenances that has been dated. 
These times of formation of new crust 
have been obtained from an extremely 
diverse range of rocks, including meta­
morphic and sedimentary rocks and 
composites of igneous and metamorphic 
rocks from different structural provinces 
of the Canadian Shield. 

Analyses of composites representing 
portions of the Superior, Slave, and 
Churchill structural provinces indicate 
that these provinces were all formed 
within the period 2.5 to 2.7 AE. The 
times of formation of the Superior and 
Slave provinces are in agreement with 
previously determined K-Ar and Rb-Sr 
ages, but the time for formation of the 
Churchill Province, as represented by 
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the Baffin Island and Saskatchewan com­
posites, is approximately 0.8 AE greater 
than the K-Ar age. From our present 
knowledge of the times of formation of 
continental crust, it appears that the ac­
tivity around the period 2.5 to 2.7 AE is 
unique in geologic history and that some , 
truly major periods of continental growth . 
are sharply episodic. A younger (1.0 AE) • 
age obtained for the Grenville Province , 
indicates the addition at this time of new i 
crust onto the preexisting Canadian 
Shield. 

Studies of sedimentary rocks indicate 
that the Sm-Nd isotopic systematics are 
not substantially disturbed during sedi­
mentation or diagenesis, which has made 
it possible to determine the mean crustal 
formation age of their provenances. In I 
contrast, Rb-Sr studies of these sedi- : • 
ments have shown pronounced enrich- ; 
ments of Rb relative to Sr (up to a factor : 
of 30). Depending on the relative enrich- i 

I 

ment, the Rb-Sr ages from the sediments i 
are generally more compatible with the ! 
time of sedimentation or diagenesis. The f 

Sm-Nd provenance ages have been used · 
to characterize and, in particular cases, 
to identify the provenance of the sedi­
ment. This has enabled old crust that act- i 
ed as the source for Archean sediments 
to be identified in the Yilgarn Block of 
Western Australia and in the Swaziland 
System from South Africa. The mean 
age of large areas of the North American 
and Asian continents has also been as­
certained from the provenance ages of 
loess deposits . As an example of the 
characterization of sediment proven­
ances by using Sm-Nd systematics, we 
showed that deep-sea red clay cannot be 
produced by only oceanic or island arc 
volcanism but also requires a significant 
component of continental material. In 
addition, a sample of widespread meta­
sediment (Birch Creek Schist) from 
Alaska has a provenance age indicating 
derivation from the older portion of the 
Canadian Shield. Determinations of 
model crustal formation ages on sedi­
ments and on composile samples of well­
defined lithologies with a broad distribu­
tion may prove to be useful as an aid to 
geologic mapping and to the better defi­
nition of geologic provenances. 
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Table 4. Trace element concentrations 

Sample Rb Sr Sm Nd 

Canadian Shield 
Composites 

New Quebec 101 408 2 .93 16.5 

North Quebec 101 396 4.45 25.9 

Fort Enterprise Gneiss 67 242 4.22 21.0 

Fort Enterprise Granite 81. 7 310 5.55 34.4 

Baffin Island 133 231 7.20 42.5 

Saskatchewan 104 239 4.48 27.2 

Quebec 105 333 6.83 33.4 

Sedimentary Rocks 

Baja Shale 69.2 42.1 3.94 15.9 

San Gabriel Sand 133 741 6.17 24.3 

Figtree Shale 17.3 6. 46 2.37 10.8 

Iowa Loess 77.0 162 6.78 36.0 

N anking Loess 108 104 6.66 35.2 

NAS 47.0 51.9 5.7 31.0 

Birch Creek Schist 65.7 32.3 4.06 23.7 

Deep Sea Red Clay 16.0 57.8 6.01 24.0 

SC-5 198 23.0 7.01 39.3 

A0-7 196 91.9 5.85 32.3 

MI-1 185 23.4 4.31 24.7 

KH44 49.8 88.3 3.14 15.6 

Weathered Morton Gneiss 

LOC 3 132 38.1 7.85 51.3 

LOC 5 71. 8 35 .1 16.2 102 
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ABSTRACT 

Sm-Nd model ages on a whole rock sample of the gneiss at 

Watersmeet, Michigan, show that these rocks were added to the continental 

crust about 3600 m.y. ago. These model ages are calculated assuming that the 

rocks were derived from a mantle reservoir with the Sm/Nd of CHUR which 

corresponds approximately to the chondritic ratio. These data confirm the U-Th-Pb 

zircon results of Peterman and others (this volume) which indicated 

a minimum age of 3410 m.y. and possibly an age of up to 3,800 m.y. 

This study further illustrates the utility of Sm-Nd model ages in 

deciphering the history of complex Precambrian terranes. 
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INTRODUCTION 

Peterman and others (this volume) have 

reported an age based on U-Th-Pb zircon systematics of 

greater than 3,400 m.y. for a tonalitic gneiss in the Marenisco-Watersmeet 

area of northern Michigan. In an attempt to confirm this important 

observation we have determined Sm-Nd model ages on a total rock sample of 

the gneiss at Watersmeet. Although dependent on the validity of the 

model assumptions, the Sm-Nd model ages are consistent with the early 

Archean ages of Peterman and others. This study further 

illustrates the ability of the Sm-Nd system to obtain priro~ry crustal 

formation ages, despite the complex history which these rocks have undergone. 

The utility of this approach should enable formation ages to be determined 

from other rocks produced during early crustal formation events. 

ANALYTICAL PROCEDURE AND RESULTS 

A 4 Kg sample of the tonalitic augen gneiss from Watersmeet was 

provided to us by Z. Peterman, R. Zartman, and P. Sims. The plagioclase­

quartz-biotite gneiss has a grotmdmass grain size of~ 2 nun with larger 

1-2 cm plagioclase porphyroblasts. The sample was pulverized and grotmd to 

pass 100 mesh and splits taken. Splits of 0.5 g and 2.5 g were dissolved 

147 150 and totally spiked using Sm and Nd tracers. Sm and Nd concentrations 

and 143Nd/ 144Nd isotopic ratios were determined from these solutions 

using procedures described by Papanastassiou and others (1977). 

A small difference in the Sm and Nd concentrations is present between 

the two splits. Although this small difference does not seriously affect 

Nd the TCHUR age, it does show the difficulty in obtaining representative 

whole rock samples from polymetamorphic rocks where isotopic redistribution 
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has probably occurred between mineral phases. 

Sm-Nd data for a sample from locality D1042 (see Peterman and 

others, this volume) are given in Table 1. The model ages from two 

splits of the same sample are 3620±30 m.y. and 3570±50 m.y. which are 

the same within analytical error. 

DISCUSSION 

Nd 
The Sm-Nd model age (TCHUR) is the time in the past when 

the major REE fractionation in a rock occurs during its derivation from 

a mantle reservoir. This is shown schematically in Figure 1 where the 

143Nd/144Nd evolves as a function of time in the mantle reservoir 

(ICHIJtT)) from 4.5 AE until time T~~UR. At this time (3.6 AE) the 

magma with a light REE enrichment is derived from the mantle reservoir. 

This light REE enrichment produces a lower Sm/Nd ratio and the subsequent 

evolution of 143Nd/144Nd in the rock is retarded relative to the mantle 

reservoir. Nd 
The TCHUR age is then the intersection of the rock evolution 

and mantle evolution curves and is given by 

Nd 1 [ T CHUR = A Rm. l + 

where 

and 
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X 10
4 

(
143Nd) 
144Nd are the ratios measured in the 

meas 

rock. The mantle reservoir (CHUR) has a Sm/Nd ratio of 

(~::s~\ = 0.1936 and 143Nd/144Nd ratio today of I~UR(O) = 0.511836. 

Nd/CHUR 

The evolution of 143Nd/ 144Nd and of Sm/Nd 

in the mantle reservoir were first described by DePaolo and Wasserburg 

(1976). The model age arguments presented here are directly dependent on 

the validity of the mantle reservoir characteristic which they outlined 

and which have been further substantiated in Archean rocks by Hamilton 

and others (1977, 1978). A detailed discussion of Sm-Nd model ages from 

a wide variety of crustal rock types is given by McCulloch and Wasserburg 

(1978) and Jacobsen and Wasserburg (1978). 

In Table 2 the Sm-Nd parameters from the gneiss at Watersmeet 

are compared with the Amitsoq Gneiss (DePaolo and Wasserburg, 1976) and 

a composite sample (New Quebec) from the Superior Province of the Canadian 

Shield (McCulloch and Wasserburg, 1978). The Canadian shield composite, 

which represents a large segment of the Superior Province has a light 

REE enrichment (fSm/Nd < 0) and a negative €Nd(O) value. These characteristics 

are even more evident in the older 3600 m.y. Amitsoq Gneiss and the gneiss 

at Watersmeet. The €Nd(O) = -55 from the gneiss at Watersmeet is the most 

• • • 143Nd/144 d f d F • 1 h" h h primitive N so ar reporte . or comparison, a samp e w ic as 

been Sm free during the earth's history would today have an €Nd(O) = -114. Thus, 

even without correction for 147sm decay the primitive 143Nd/144Nd ratio in 
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the gneiss shows unequivocally that this is a very ancient rock. 

In a manner analogous to that discussed for Sm and Nd, Rb-Sr 
Sr 

model ages (TUR) can also be calculated (see McCulloch and Wasserburg, 

1978). Using the data from Peterman and others (this volume), the 

Sr 
TUR model ages from the gneiss at Watersmeet range from 2090 m.y. to 

an impossible 6130 m.y. Sr For the sample studied, TUR= 3160 m.y., 

Nd which is distinctly younger than the TCHUR age. This difference is 

probably due to redistribution of Rb and Sr at younger times, as 

Sr indicated by the wide range in TUR ages. 

The gneiss at Watersmeet has had a complex history and shows 

evidence of cataclasis and recrystallization (Sims and Peterman, 1976). As shown 

by Peterman and others (this volume), this later metamorphism has resulted in 

highly disturbed Rb-Sr and complexly discordant U-Th-Pb zircon systems. 

Despite the intensive study by these workers, a definitive primary age 

of the gneiss at Watersmeet could not be established, although a minimum 

age of 3410 m.y. was clearly indicated from the zircon study. In 

contrast, the Sm-Nd model age appears to indicate that the whole rock 

Sm-Nd system has remained closed since 3,600 m.y. This is probably due 

to the geochemical coherence and relative immobility of the REE elements. 

As already pointed out, this age is dependent on model assumptions. 

However, a relatively large deviation in the initial 143Nd/
144

Nd of 1 part 

in 104 would produce an error of only 70 m.y. 

The presence of 3600 m.y. crust in western Greenland, Labrador, 

Minnesota (Moorbath and others, 1972; Baadsgaard, 1973; Bartqn 1 1975; 

Hurst and others, 1975; Catanzaro, 1963; Goldich and others, 1970; and 

Goldich and Hedge, 1974), and now in northern Michigan suggests that this 
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may be a period of major and widespread crustal formation. Although this event 

is relatively poorly documented compared to the younger 2600 m.y. - 2800 m.y. 

event, the application of Sm-Nd model ages may enable identificatioh of 

other rocks of this age, even in complex polymetamorphic terranes. 
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. 143 144 Figure 1. Evolution of Nd/ Nd in the gneiss at Watersmeet (to 

Nd 
scale). The TCHUR age is given by the intersection of the sample 

evolution line with that in the mantle reservoir (CHUR) ~ 
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Abstract 

Using Sm-Nd, Rb-Sr, and 1801160 isotopic systems, it has been 

possible to distinguish between the effects of sea floor hydrothermal 

alteration and primary magmatic isotopic variations. The Sm-Nd isotopic 

system is essentially unaffected by seawater alteration while the Rb-Sr and 

18 16 . 
Of O systems are sensitive to hydrothermal interactions with 

seawater. Sm-Nd mineral isochrons from the cumulate gabbros of the 

S ·1 h. 1· h • • • 1 143Nd/ 144Nd • f 7 8°n 3 emai op 10 ite ave an 1n1t1a ratio o e:Nd = · • ;r:..1, , 

which clearly substantiates the oceanic affinity of this complex. The 

initial 14~df144Nd ratios for the harzbtirgite, plagiogranite, sheeted 

diabase dikes, and basalt units have a limited range in e:Nd of from 

7.5 to 8.6, indicating that all the lithologies have distinctive oceanic 

affinities although there is also some evidence for small isotopic 

heterogeneities in the magma reservoirs. The Sm-Nd mineral isochrons 

give crystallization ages of 130:±:12 m.y. from Ibra and 100:±:20 m.y. from 

Wadi Fizz which is approximately 300 km N.W. of Ibra. These 

crystallization ages are interpreted as the time of formation of the 

oceanic crust and are older than the geologically inferred emplacement 

age of 65-80 m.y. This indicates that mature oceanic crust was obducted. 

The 87sr/86sr initial ratios on the same rocks has an extremely large 

18 range of from 0.7030 to 0.7065 and the o O values vary from 2.6 to 

12.9. These large variations clearly demonstrate hydrothermal 

interaction of oceanic crust with seawater. 
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1.0 Introduction 

The purpose of this study is to compare and contrast the 

neodymium, strontium, and oxygen isotopic characteristics of the Semail 

ophiolite. This ophiolite consists of (from bottom to top) tectonized 

peridotite (dominantly harzburgite), layered gabbro, sheeted dikes, 

pillow basalts, and pelagic sedi~nts. These rocks are of significance 

as it is now generally recognized that ophiolites represent allochthonous 

fragments of oceanic crust and upper mantle that were emplaced upon 

contin~ntal margins [1-5] and therefore provide a tmique opportunity to 

study in detail an exposed cross section of oceanic crust. 

Studies of oceanic crustal rocks are extremely important because 

of their volumetric extent and the fact that a large proportion of the 

oceanic crust has been recycled into the mantle at subduction zones. 

This recycling of oceanic crust probably had profound effects on the 

evolution of the upper mantle and the composition of island arc and active 

continental margins which are overriding subduction zones. In addition, 

during the course of geologic time the isotopic composition of oxygen 

and strontium in seawater has also been strongly affected by 

hydrothermal interaction with the oceanic crust [6-9]. 

Many previous studies of oceanic crust have relied on rocks 

collected directly from the ocean floor either by dredging or drilling. 

These methods are not ideal due to the lack of stratigraphic control 

during dredging and the difficulty of drilling into igneous rocks . .An 

alternative approach is to study oceanic crust preserved in ophiolite 

complexes. The Semail ophiolite, Sultanate of Oman, was chosen for this 

study because as described by Coleman [10] "it is perhaps the largest 

(30,000 km3) and the best exposed section of ancient oceanic crust 
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within the world." In addition the Semail ophiolite is also one of 

the best preserved and its thickness compares favorably (10] to 

geophysical estimates of "typical" oceanic crustal thickness (11]. 

It is therefore possible to sample an essentially complete stratigraphic 

section of "typical" oceanic crust and also to contrast variations 

within a single tectonic unit over a large distance (~ 300 km) . 

In this study we have examined the Nd, Sr, and 0 isotopic 

characteristics from identical samples of harzburgites, gab bros, 

plagiogranites, sheeted dikes, and basalt units. The 18o;16o and 

Rb-Sr isotopic systems are sensitive to hydrothermal interaction with 

seawater [14-25] and therefore provide an opportunity to study the nature 

and extent of hydrothermal exchange of seawater with the oceanic crust 

on these two systems. Using o18o variations as criteria, samples were 

selected which showed no measurable effects of hydrothermal exchange, 

as well as samples in which the o18o indicated varying amounts of both 

high and low temperature exchange. In addition, by analyzing both fresh 

and altered samples as identified from the oxygen and Sr data we could 

then test for the degree of disturbance of seawater contamination on 

the Sm-Nd system. We will show that the Sm-Nd system is apparently 

unaffected by hydrothermal seawater interaction, and therefore we 

• 11' • d • •• 1 143Nd/144Nd have been able to obtain crysta ization ages an initia 

ratios from these units. The ability to determine crystallization ages 

from ophiolitic rocks using Sm-Nd has many potential applications as 

most ophiolitic material is unsuitable or only marginally suitable for 

isotopic age determinations by conventional techniques. This is due to 

the low K and Rb concentrations and to deformation and metamorphism 
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that is usually associated with their formation at ocean ridges and 

later during their tectonic emplacement upon continental margins. A 

possible exception is the dating by U-Pb of zircons sometimes fotn1d in 

the more siliceous but relatively rare members of an ophiolite suite such 

as plagiogranites and high level hornblende gabbros [12,13]. In contrast, 

Sm-Nd ages can in principle be obtained from the major minerals 

plagioclase (low Sm/Nd) and clinopyroxene (high Sm/Nd) which are common 

constituents of all the gabbros, diabases, and basalts. The determination 

of the time of ophiolite formation (crystallization) together with the 

time of ophiolite emplacement is important in our understanding of the 

time/space relationships between the ophiolite and its tectonic environ~nt. 

The initial 143Nd/ 144Nd ratios can also provide valuable 

constraints on the primary petrogenetic relationships among 

different lithologic units. This is particularly useful, as other 

criteria, such as those based on major and trace elements, are not 

always applicable due to modification by seawater. This problem has been 

particularly severe in highly tectonized units such as the harzburgi tes 

which have been subject to serpentinization and major changes in their 

trace element concentrations. 

Isotopic studies of a few other ophiolite complexes have been 

reported [18-20, 22-27] with the Troodos massif of Cyprus at present 

being one of the better documented examples. 18
01

16
0 [18, 22], 

87sr/ 86sr [17, 19, 20] and trace and major element studies [26, 30, 33] 

have confirmed its similarity to oceanic crust and identified the effects 

of seawater circulation in the pillow basalts, sheeted dikes, and 

uppermost gabbro complexes. The seawater has also to a large degree 
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altered the primary 87 Sr/86sr ratios [17 ,19 ,20] and it has therefore 

not been possible to infer genetic relations between the different tmits 

within the complex using Sr isotopic data. A preliminary Nd isotopic 

study by Richard et al. [34] of single whole-rock gabbro samples from 

the Troodos, $email, and several other ophiolite complexes has shown 

that the measured 143Nd/144Nd ratios are similar to those found in yotmg 

ocean floor basalts [35-38]. 

Previous studies of the $email ophiolite and its surrounding 

complex have been sunnnarized by Coleman [10] and important contributions 

include papers by Reinhardt [39], Allemann and Peters I40J, and Glennie 

[41,42]. Currently, detailed and systematic geological, geochemical, 

and geophysical studies in the southeastern Oman mountains are being 

undertaken by a group led by C. Hopson and R. Coleman. The samples 

analyzed in this study were collected as part of this cooperative study, 

and mainly come from one of the standard ophiolite sections near Ibra, 

southeastern Oman (see Fig. 1). Samples collected from the same outcrops 

are currently being studied by other collaborators. 

2.0 Geology and Sampling 

The Semail ophiolite forms a major part of the 700 km long 

arcuate Oman Mountains which are on the eastern edge of the Arabian 

Peninsula (Fig. 1). A detailed geologic map of the Ibra section in 

southeastern Oman has been prepared by Bailey, Hopson, Coleman, Pallister, 

and Gregory [43]. A suite of samples representing the different lithologic 

units in the Ibra section were chosen on the basis of their oxygen 

isotopic properties as described by Gregory and Taylor (44,45]. In 

addition, two cumulate gabbro samples (OM251 and OM28) from the Rustac 
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and Wadi Fizz localities (Fig. 1) were also analyzed to check for 

regional isotopic and age variations within similar lithologies of the 

ophiolite on a scale of several htmdred kilometers. 

A minimum age for the emplacement of the ophiolite is provided 

by Maestrichtian-Tertiary shallow-water limestones which unconformably 

overlies parts of the ophiolite. A maximum age is given by 8ampanian 

sediments which underlie the ophiolite 142]. These constraints are 

consistent with K-Ar ages. of 83±5 1D..y. reported by Alle1Uann and Peters 

[40] from metamorphic biotites in amphiholites from the contact aureole 

at base of the Semail thrust sheet. Until now, evidence for the age of 

production of the oceanic crust is sparse, although Glennie and others 

[42] estimated a minimum age limit based on middle to late Cretaceous 

sediments which overlie the pillow lavas in northern Oman. 

2.1 Sample Descriptions 

The stratigraphic locality of the Ibra samples is sh.own in Fig. 12 . 

Basalt G54 (Ibra) : Microphyric basalt with acicular laths of 

plagioclase (An25). Grotmdmass is altered to palagonite, zeolites, 

saponite, and calcite. The calcite is present as 1-2 cm amygdules and 

also as smaller blebs dispersed throughout the rock. A whole rock sample 

which was free of large amygdules and an amygdule were analyzed. The 

mineralogy and oxygen isotope data (whole rock o18o = 12.9) are consistent 

with low temperature alteration (100°C-200°C). 

Diabase Dike GlO (Tora): Ophitic texture with turbid albitized 

plagioclase (An20). Alteration products include epidote and chlorite and 

actinolite-tremolite pseudomorphs after pyroxene, quartz, carbonate, and 

leucoxene. The mineralogy indicates alteration in the green schist facies. 

Diabase Dike Kl (Tora): Ophitic texture with turbid plagioclase 
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(An25), clinopyroxene and opaques. Alteration products include chlorite, 

actinolite, uralite, and quartz, and suggest an alteration at 

greenschist facies. 

Plagiogranite G224-3 (Ibra): Granophyric texture with zoned 

plagioclase (core An30, rim An27), hornblende, quartz, magnetite, and 

trace amounts of apatite. Hornblende is partially altered to chlorite. 

The plagiogranite was collected from a non-chilled dike which cross-cuts 

uralite gabbro G224-2 approximately 500 meters below the gabbro-diabase 

contact. 

Uralite Gabbro G224-2 (Tora): Poikalitic hornblende enclosing 

zoned plagioclase (core An40, rim An20) and opaques. Alteration products 

include rare prehnite, chlorite, and fibrous amphibole pseudomorphs after 

hornblende. The mineralogy and oxygen isotope data (whole rock 

o18o = 3.7, plagioclase o18o = 4.5, and o18o uralite = 2.6) suggest 

relatively high temperatures of alteration(> 400° C). 

Gabbro K9 (Tora): Adcumulate with igneous lamination; 72% 

plagioclase (An75), 20% clinopyroxene, 7% olivine, and 1% hornblende. The 

brown hornblende is a minor alteration product of the clinopyroxene. The 

mineralogy and oxygen isotope data (whole rock o18o = 5.8, plagioclase 

o18o = 60, and clinopyroxene c18o = 5.3) indicate that this is one of 

the least altered samples. 

Gabbro OM251 (Wadi Fizz, northern Oman): Late cumulate pyroxene 

poikalitically enclosing plagioclase; 77% plagioclase (An80), 25% 

clinopyroxene, and 3% olivine. The olivine has been partially serpentinized. 

Although the olivine is serpentinized, the oxygen data (plagioclase 

o18o = 6.4 and clinopyroxene o18o = 5.8) indicate that the plagioclase and 

clinopyroxene have exchanged only slightly with an 180 shifted seawater­

derived hydrothermal fluid. 
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Gabbro OM28 (Rustaq): Adcumulate with igneous laminations; 72% 

plagioclase (An75), 15% clinopyroxene, 10% amphibole, and 3% serpentine, 

talc alteration pseudomorphing olivine. In contrast to the other 

cumulate gabbros, in this sample the oxygen isotope data (plagioclase 

o18o = 4.7, and whole rock . o18o = 5.2) indicates significant exchange of 

plagioclase and pyroxene with seawater. 

Harzburgite K22 (Ibra): Porphyroclastic texture with tectonite 

fabric; 40% orthopyroxene, 30% olivine, 30% serpentine, and trace amounts 

of spinel. Serpentine is pseudomorphing olivine. 

3.0 Experimental Procedures 

Samples were prepared by removing exterior surfaces with a rock 

splitter and crushing interior chunks. Only mechanical means were used 

for mineral separations and involved a combination of handpicking and 

magnetic separations. These procedures produced high purity(~ 100%) 

plagioclase separates and pyroxene separates of greater than 95% purity. 

l'he small amotmt of impurity in the pyroxene separate generally consisted 

of olivine which is unimportant as it contains extremely low trace 

element concentrations. 

Oxygen was extracted and analyzed from approximately 20 mg of 

sample using the procedures outlined by Taylor and Epstein l47J. For 

Nd and Sr, approximately 200 mg of sample was dissolved using HF and 

HCl0
4

. After complete dissolution an aliquot consisting of about 10% 

of the solution was spiked and concentrations of K, Rb, Sr, Sm, and Nd 

were determined. From approximately 100 mg of the remaining unspiked 

solution, Nd and Sr were separated using ion exchange chemistry 135]. 

For several samples (.see Table 1} both Sm and Nd concentnltions and 

14
~d/

144
Nd ratios were obtained from the same spiked sample. Under our 
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150 spiking conditions the number of Nd tracer atoms was about equal 

to 150Nd in the sample, and the net correction to 143Nd/144Nd is 0.001, 

for which the uncertainty is insignificant. For the plagioclase 

separate from the gabbro K9, the 143Nd/144Nd ratio was obtained from 

both spiked and unspiked samples and was the same within experimental 

error. The Sr isotopic composition was measured using a single oxidized 

tantalum filament [48] and typically~ 150 ratios were collected. The 

Nd isotopic composition was determined by measuring NdO on a single 

rhenium filament and normalized to 150Nd/142Nd = 0.2096 [35]. The 2c 

143 144 . (mean) errors quoted for the Nd/ Nd ratio were generally obtained 

from about 250 ratios. For the above procedures the blanks were 

Rb= 0.01 ng, Sr= 0.1 ng, Sm= 0.006 ng, and Nd= 0.02 ng and are 

negligible for the data presented here. 

For the harzburgite, the lower Sr and Nd concentrations required 

the use of a slightly modified procedure to enable the precise 

determination of the isotopic compositions. Approximately 400 mg of the 

harzburgite was dissolved, and split into 3 equal portions after removing 

a 10% aliquot for concentrations. The 3 portions were passed separately 

through a cation column and Sr and rare earths separated. The rare earth 

fractions were combined and loaded on the lactic acid column and Nd 

separated [35]. Using this procedure, a total of 10 ng of Nd was obtained 

from the harzburgites K22, with a Nd blank of~ 0.06 ng. This blank is 

less than 0.6% of the total Nd and is therefore still insignificant. For 

lo f d h • • f h 143Na/144Nd • • ·11 b h ng o N t e precision o t e ratio is st1 etter tan 

5 parts in 105 . 
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4.0 Data representation 

The oxygen data are given in the conventional notation of 

103 

18 16 
where 0/ OSMOW is standard mean ocean water [SO]. Following DePaolo 

and Wasserburg (35] an analogous notation is used here for Nd and Sr, 

with the reference reservoir evolving with time. This gives 

and 

104 

143 144 87 86 
The Nd/ NdINIT(T) and Sr/ SrINIT(T) are the measured ratios 

corrected for decay since the time of crystallization T. The 

143Nd/144NdCHUR(T) and 87sr/86srUR(T) ratios are those in the standard 

reservoirs (35,36] at the time T. 
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5 .0 Oxygen isotopic characteristics 

The oxygen isotopic systematics of the Semail ophiolite are 

discussed in detail in the companion paper [45]. The three general categories 

of samples are: (1) lower cumulate gabbros which exhibit close to 

"normal" 180 characteristics (K9, OM251), (2) rocks below the diabase-

gabbro contact which exhibit 18
0 depletions (G224-2, G224-3, OM28), 

and (3) rocks above the diabase-gabbro contact which exhibit 180 

enrichments, relative to a primary magmatic reservoir o18o = 5. 7 [6]. 

The dichotomy between o18o values of the rocks above or below 

the diabase-gabbro contact is a result of differing alteration 

environments which depend upon temperature, water/rock ratio and the 

history of the exchanging fluid. 

In order to understand the 180 variation due to temperature effects, 

let us consider the 180 fractionation between rock and fluid defined as 

which is a function of temperature given by [94]: 

where A,B are constants. 

In the basalt-seawater system, temperatures of alteration in the 

vicinity of 200°C to 250°C produce no 180 shifts in the rocks as a result 

of hydrothermal exchange (i.e., ll
18

orock _ H
20 

~ 5. 7) • 

The gabbros which are altered at temperatures greater than 400°C 

are depleted in o18o (i.e., ll
18o k _H O < 5.7). The subsolidus roe 2 

alteration event is characterized by isotopic disequilibrium between 

(1) 

(2) 
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coexisting plagioclases and clinopyroxenes and water/rock ratios 

< 0. 5 [ 45]. The Se mail gabbro-water interactions are analogous to those 

observed in continental layered complexes such as the Skaergaard 

intrusion which have suffered meteoric hydrothermal exchange (49, 99J. 

The major difference between the continental and marine environments is 

the contrast between the initial compositions of the hydrothermal fluids, 

~ -15 and~ 0, respectively. Therefore, in the continental environment 

the contrast between fluid and rock is large~ 20%0 , so that the 

hydrothermal exchange produces almost exclusively 180 depletions in the 

intrusion and its surrounding country rock over a wide range of 

temperatures. In the marine case because seawater is isotopically close 

to the initial rock composition, the combined effects of temperature and 

water/rock ratio can shift the rocks above or below their magmatic value. 

Considering temperature alone, the diabase dikes with greenschist 

to lower amphibolite mineral assemblages are expected to be depleted in 

180. However, Gl0 = 8.5 and Kl= 6.8 are, to the contrary, enriched in 

180. This contradiction requires that these diabases have exchanged with 

an 180 shifted hydrothermal fluid. The fluids that have path lines through 

the solidified cumulate gabbro are likely candidates as the gabbro 

section is a region of high temperature alteration and low water/rock 

ratio--ideal for producing fluid phase 180 enrichments. Fluids discharging 

from the gabbros into the diabases at the edge of the magma chamber have 

calculated 180 shifts from ~ +2 to ~ +9 %o [ 45]. Because seawater is only 

~ 6%0 lighter than the rock, shifts of this magnitude can modify upper 

greenschist facies rocks (2 ~ t:,, , ~ 6) from 180 depleted (if the fluid was pristine 

18 18 . seawater 6 0 ~ -0.5) to O enriched hydrothermally altered rocks such as 

the diabases. 
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6 .0 Trace element abundances 

The K, Rb, Sr, Sm, and Nd abundances are listed in Table 2. The 

most obvious feature is the contrast in K, Rb, Sm, and Nd concentrations 

between the layered gabbros (K9, OM28, and OM251) which are a factor of ten to 

one-hundred times lower than those in the upper sequence (plagiogranite, 

uralite gabbro, sheeted dikes, and basalts). This feature is due to the 

mineralogy (clinopyroxene, plagioclase, and olivine) and cumulate origin 

of the layered gabbros. The K, Rb, Sm, and Nd mineral/liquid partition 

coefficients of DOLIVINE ~ 1, DCPX < 1, and DPLAG < 1 result in these 

cumulate minerals having lower concentrations relative to the melt from 

which they crystallized. The resulting melt which is enriched in these 

elements is presumably represented at least in part by the upper sequence 

with higher concentrations. It is unlikely . that any. particular ; 

rock group represents the primitive melt composition (51,52]. In 

contrast, the Sr concentration is relatively uniform throughout the 

layered gabbros and upper sequence. In the layered gabbros this is due 

to its high concentration in plagioclase (D~~AG ~ 2) which compensates for 

the lower concentrations in the other cumulate minerals olivine (D~~ ~ 1) 

Sr and clinopyroxene (DCPX ~ 1) and leaves Sr in the melt approximately 

constant. 

Significant variations in concentrations also exist within the 

same lithologic units. The gabbro K9 .has approximately a factor of four 

higher concentration of Sm and Nd and a factor of approximately two higher 

Kand Sr concentrations than the gabbro OM251 (see Table 1). Similar 

variations have also been observed in the gabbros from the Troodos ophiolite 

[30] and have been interpreted by Kay and Senechal (30] as differences in 

the amount of trapped liquid in the cumulates. However, an alternative 
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explanation is that these differences are due to variation of composition 

of the irelt from which these phases crystallized [52]. For example, 

assuming that OM251 represents a crystallization product of the initial 

nelt and K9 the final melt, then to accotmt for the lower concentration 

in OM251 CPX compared to K9 CPX, a simple Rayleigh fractionation !IX)del 

requires that the fraction of irelt crystallized is from 80% to 90%. 

A similar result is obtained using the OM251 and OMK9 plagioclase data. 

However, the problem is more complex, as the composition of the nelt in the 

magma chamber depends upon both the fractionation and replenishment history. 

In the Semail ophiolite evidence for multiple cycles of primitive magma 

replenishnent within the gabbro complex has been documented by Hopson and 

Pallister [53] and Pallister and Hopson [54]. This is apparently a normal 

feature of ophiolite complexes [56], as well as of layered gabbro intrusions 

emplaced in continental rift environments, such as the Muskox and Great 

Dike intrusions [57,58]. It has been shown [51,52,55] that mixing between 

unfractionated primitive magma and a magma that is more highly evolved 

gives higher concentrations of incompatible elements than are predicted by 

Rayleigh fractionation. This enrichment of incompatible elements is 

somewhat analogous to that produced by zone refining. Thus the 80% to 90% 

fractional crystallization calculated using a Rayleigh model for K9 and 

OM251 is an upper limit for these two samples, although neither may represent 
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crystallization products from the most primitive or evolved end members. 

As mentioned, the Sm and Nd concentrations in the upper sequence 

are significantly higher than in the cumulate gabbros. In addition 

Smewing and coworkers {59] have found variations of approximately a 

factor of two between the upper and lower pillow lavas in the Semail 

ophiolite at Wadi Jizzi. The highest concentrations are in the lower 

pillow lavas or "axis sequence" notation of Gass and Smewing [60] and 

correspond approximately to concentrations measured in this study at 

Tora. The upper pillow lavas at Wadi Jizzi have lower concentrations [59] 

which are more consistent with "typical" ocean ridge tholeiites. These 

variations within the pillow lavas have been studied more extensively 

in the Troodos ophiolite by Smewing and others [31]. It has been 

suggested by these authors to be partly due to variations in the compositions 

of primary magmas away from the ridge axis and to smaller amounts of 

fractionation that the uppermost lavas have undergone. 

Some trace element concentration variations, particularly alkali 

elements within the upper sequence, may be due to the effects of seawater 

alteration. For example, within the upper sequence, the K concentration 

decreases systematically from top to bottom. Rb shows a similar trend to K 

with the exception of the plagiogranite (G224-3). However, the Sr, Sm, 

and Nd concentrations do not show any similar systematic trends. This 

could indicate that the higher K and Rb. concentrations are due to low­

temperature seawater alteration and are not primary. This is consistent 

with other studies {21,61-63] and observation of K-rich alteration minerals 

in oceanic basalts {64]. For example, the original 300°C water issuing 

from submarine hot springs at the Galapagos spreading center, which last 

equilibrated with the rocks at 300°C {65], was probably enriched in 

K and Rb relative to normal seawater [106]. These data suggest that K 
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and Rb may have been leached from the deeper levels of the ophiolite 

complex and preferentially fixed in the upper part of the sequence. Despite 

the effects of alteration, the low Kand to a lesser extent Rb concentrations 

of the basaltic rocks are still consistent with an oceanic affinity. The 

K/Rb ratios of 620 to 2420 and Sr/Rb ratios of 27 to 373 of the diabase 

dikes and basalt in the Semail ophiolite are roughly comparable to the 

average MOR tholeiite ratios of K/Rb = 1300 and Sr/Rb ""' 130 [66-68]. 

Although the Sm and Nd concentrations in the Ibra section of the Semail 

ophiolite are somewhat higher, the Sm/Nd ratios are within the range of 

typical MOR tholeiites [68-70] and are not greatly different from the 

chondritic ratio. 

Another important feature is the distinctly lower trace element 

concentrations in the harzburgite compared to the rest of the ophiolite 

(Table 2). These extremely low levels of incompatible elements have 

also been observed in metamorphic peridotites from other ophiolites and 

have been interpreted as evidence that the harzburgite tectonite is a 

residual fraction left after partial melting ,171, 72J. However, because 

of the effects of serpentinization detailed modeling of these trace element 

abundances (with the exception of the REE [71]) is not possible. 

We will now test whether the Sm and Nd concentrations are compatible 

with the hypothesis of the harzburgite being a residue from partial melting. 

Assuming that the composite of the cumulate gabbros, diabase dikes, and 

pillow basalts represents the primary unfractionated magma, we estimate 

that this magma had Nd~ 4 ppm and Sm~ 15 ppm. Then from the measured 

concentrations in the harzburgite residue K22 (Nd= 0.035 ppm, Sm= 0.013 

ppm) and for 15% partial melting, mass balance gives an estimated initial 

concentration in the source of Nd~ 0.63 ppm and Sm~ 0.24 ppm. These 

concentrations are approximately consistent with those calculated for 
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batch irelting of a spinel lherzolite source material. For comparison, 

spinel lherzolites in the Beni Bouchera, Lherz, and Lizard peridotites 

have similar concentrations with Nd, ~ 0.65 ppm and Sm, ~ 0.26 ppm 

(Loubet et al. [ 73]). Thus, these results are consistent with the 

hypothesis that the harzburgite is a cogenetic residue after the partial 

melting which produced the rest of the ophiolite section. However, 

considering the large uncertainties in this type of calculation (for 

example, the amount of partial melting, distribution coefficients and 

composition of source material) a more definitive conclusion is provided 

by the Nd isotopic data. 

7.0 . . d ... 1 143Nd/144Nd Crystallization age an initia 

Although current models for the formation of ophiolites at 

spreading centers indicate that within a single section all the igneous 

rocks, with perhaps the exception of the basal peridotites, should be of 

approximately the same age, there may a.till be significant variations in 

• • • 1 143Nd/ 144Nd , • d 1 h • • initia ratios ue to mant e source eterogeneities. For this 

reason, analyses of only whole rock samples from different parts of an 

ophiolite may have variable initial 143Nd/ 144Nd ratios and may not define 

an isochron. In addition, there may not be an adequate spread in Sm/Nd of 

total rocks to define an age for such young samples. We therefore 

determined crystallization ages and initial ratios by using the coexisting 

mineral phases from gabbros. These are then compared with whole rock 

analyses from the same section and analyses of other gabbros from widely 

different localities. 

7 .1 Sm-Nd gabbro mineral isochrons 

In the Semail ophiolite, apart from the basal periodotite, the 
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gabbros are volumetrically the most important unit, being approximately 

4-6 kilometers in thickness (Fig. 12), We obtained Sm-Nd mineral 

isochrons from three gabbros (K9, G224-2, 0M251) using plagioclase, 

clinopyroxene, and uralite mineral separates. The gabbro K9 from the 

Ibra section contains plagioclase, clinopyroxene, and olivine and is 

extremely fresh, with only a minor amount of alteration (section 2 .1). 

It can be seen in Table 1 and Fig. 2 that the 143Nd/ 144Nd ratio is enriched 

in the clinopyroxene from K9 by 2 parts in 104 relative to the plagioclase. 

The clinopyroxene also has a higher 147sm/144Nd ratio of 0.320 compared to 

0 .129 for the plagioclase. Assuming that ~hese minerals and the whole 

rocks have remained closed systems since forming from an isotopically 

homogeneous melt, these data indicate a crystallization age of 128±20 m.y. 

• h • • • 1 143Nd/144Nd i f - 7 7::1:0 3 wit an initia rat o o ENd = . . . As the age and initial 

ratio for this gabbro are only defined by two independent po.in ts, the interpre-

tation of this "isochron" as the time of crystallization is not unique. For 

example, sub-solidus alteration of the Nd isotopic composition in only 

the plagioclase would for a single rock still define a linear array but 

give an erroneous age and initial 143Nd/ 144Nd. To eliminate the possibility 

of two component mixing producing this array, three or more distinct 

mineral phases would have to be analyzed. This is not possible in this 

sample, as no other REE bearing mineral phase is present (olivine contains 

negligible REE). This is substantiated by the whole rock analysis which is 

colinear with the other points and has Sm and Nd concentrations which are 

consistent with the modal abundances of plagioclase, clinopyroxene, and 

olivine. 

To check the self consistency of this approach, we analyzed a 
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second gabbro from the upper part of the same gabbro unit as K9. This 

gabbro (G224-2) contains uralite as a late-stage replacement of pyroxene 

and primary hornblende. The low: 6180 values for both plagioclase and uralite 

indicate that this sample has exchanged with seawater at high temperatures 

(> 400Q C). The Sm-Nd data from G224-2 are shown in Table 1 and Fig. 3. 

The uralite has the highest 147sm/144Nd and 143Nd/144Nd ratios and 

together with the plagioclase gives an age of 150±40 m.y. and an initial 

143Nd/144Nd ratio of sNd = 7.~±0.4. The larger uncertainty in the age 

and initial ratio for this gabbro compared to K9 is due to the smaller 

difference between the 147sm/144Nd ratios ~n the plagioclase and uralite 

mineral separates. However, within this uncertainty both samples have 

the same age and initial 143Nd/144Nd ratio. In addition, the results from 

G224-2 show that the Sm-Nd systematics are not affected by the presence 

of hydrous alteration minerals such as uralite. Three distinct and pure 

mineral separates from two gabbros now give the same age and initial ratio 

within experimental uncertainty. This is evidence that the correlated 

variations of 143Nd/144Nd and 147sm/144Nd ratios in these minerals 

represents an isochron rather than an accidental mixing line. As these 

samples are also part of the same gabbro section (Ibra) it is justified 

to combine the Sm-Nd data for K9 and G224-2. The combined data are shown 

in Fig. 4 and give an age of 130±12 m.y. and sNd = 7.8±0.2. This 

will be used as a reference isochron for comparison of other data 

from the Tora section. 

In order to determine whether there exist any lateral variations 

143 144 . in either the age or initial Nd/ Nd ratio, we analyzed the gabbro 

OM251 .which was collected in Wadi Fizz approximately 300 km NW from the 
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Tora section (see Fig. 1). In Fig. 4 it can be seen that the plagioclase 

and clinopyroxene data points from this gabbro show a similar relationship 

as in K9, with the clinopyroxene having the highest 
143

Nd/
144

Nd and 

147 144 . Sm/ Nd ratios. These two points give an age of 100±20 m.y. and an 

initial of ¾Td :::: 7. 6±0. 3. This initial ratio is slightly lower than that 

obtained from the Ibra section and the czystallization age appears to be 

about 30 m.y. yotmger (note, however, that the error bars on the two 

isochron ages overlap). The isochrons. from !bra and Wadi Fizz together with 

a gabbro whole rock from Rustaq ~ 180 km NW of Ibra) are compared in 

Fig. 5. From this figure and the errors gi:ven, it can be seen that although 

the age difference appears to be significant, more precise measurements 

will be required for this to be definitively established. 

7. 2 Sm-Nd whole rock analyses of basalts, sheeted dikes, plagiogranite, 

and harzburgite 

Sm-Nd whole rock analyses were obtained from a plagiogranite 

(G224-3), sheeted dikes (GlO, Kl), and a basalt (G54) from the Ibra section. 

In addition, a calcite aroygdule from the basalt G54 was also analyzed for 

Sm-Nd. 
18 From the o O values and petrography, these samples show 

varying degrees and conditions of alteration and metamorphism ranging from 

zeolite to greenschist facies (see section 2). With the exception of the 

basalt, only a single data point was obtained for each sample and it is 

therefore not possible to independently calculate both the age and initial 

ratio for each sample. Therefore, in Fig. 6 these data are compared with 

the mineral isochron defined by the gabbros from Tora. Apart from the 

sheeted dike Kl, the data all lie within analytical error of the gabbro 

reference isochron. This is consistent with these samples having the same 
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crystallization age (130 m.y.) and initial 143Nd/144Nd ratio. This can 

be seen from the €Nd values given in Table 1, which for an age of 130 m.y. 

range from 7 .5±0.4 to 8.3±0.3 compared to €Nd= 7 . . 8±0.2 for the two Ibra 

gab bros. The plagiogranite G224-3, with €Nd = 8. 2±0. 3 has a clear affinity 

with these rocks and must represent a later first or second stage differentiate 

from the same type of oceanic magma source and cannot be a product of melting 

of any older continental basement. 

The tectonized harzburgite K22 with €Nd = 8. 3±0 .4 is also within 

analytical uncertainty of the Ibra reference isochron. This suggests that 

the harzburgite is genetically related to the rest of the ophiolite (i.e., 

cumulate gabbro and high level volcanics) and that the serpentization 

of the harzburgite (section 2.1) has not disturbed the Sm-Nd system. 

The Sm-Nd analysis of the diabase dike Kl does not overlap with 

the reference isochron. This cannot be explained by seawater alteration 

as the more altered samples are consistent with the reference isochron. 

This small deviation of Kl could be due to variations in both initial 

143Nd/144Nd • d h 11 •• • ratio an t e crysta 1.zation age. As it is tmlikely that 

significant age differences. exist within the same section, the deviation 

• b bl d ' • • • • • • 1 143Nd/ 144Nd of Kl is most pro a y ue to a variation in its initia 

ratio. For an age of 130 m.y. this corresponds to €Nd= 8.6±0.4 for Kl 

compared to €Nd = 7. 8±0 .2 for the Ibra gab bros and indicates the presence 

of small but significant isotopic heterogeneities in the magma reservoirs. 

In an attempt to directly ascertain the Nd isotopic characteristics 

of the interacting fluid, we analyzed a calcite amygdule from the basalt 

GS4. The amygdule has €Nd= 8.1±0.6 which is within error the same as 

the host basalt. This indicates that while the solution that deposited the 
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calcite which was most likely derived from seawater with an initially 

negative ENd value [75,76] the final fluid must have obtained the Nd 

from the parent rock and not from an exotic source. 

8.0 Implications of Sm-Nd 

The presence in the Semail ophiolite of only small variations in 

the initial 143Nd/144Nd ratios from different localities and stratigraphic 

t.mits appears to indicate a relatively tmiform isotopic source regions. 

It is therefore useful to compare these initial ratios with those fotmd 

in young ocean ridge, ocean island, island arc, and continental basalts. 

In Fig. 7 it can be seen that ocean ridge and island arc tholeiites have 

ENd values which overlap, with ocean ridge tholeiites having a range of 

+7 to +13 [35-38,77,78] and island arcs ranging from +7 to +10 [37,38, 

74, 77, 78]. These values are distinctive from the ocean island range of 

~ +4 to +8 [37,38,74]. The ENd for oceanic rocks are very different 

from yotmg continental tholeiitic basalts which have ENd ~ 0 {35 ,36, 77, 79] 

and older continental crust having ENd(0) ~ 0 [35 ,80]. The Semail 

ophiolite with ~d = 7. 8 has clearly an oceanic affinity and is in the 

lower limit of the island arc and ocean ridge basalt range and the uppermost 

limit of the ocean island range. Unforttmately, because of the overlap 

shown on Fig. 7, the Nd isotopic data by themselves cannot at present be 

used to definitely distinguish among various possible genetic models such 

as mid-ocean ridge, back-arc basin, ocean island, or island-arc origin 

for the Semail ophiolite. However, the lack of light REE enriched samples 

and alkalic volcanism usually associated with ocean island and island arc 

environments suggests that the most reasonable scenario for its formation 

is in an ocean basin. 
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The somewhat lower value of ENd ~ 7.8 in the Semail ophiolite 

compared to "typical" MORB with ENd ~ 10, may be due to 

either its older age of 130 m.y. compared to the zero age basalts plotted 

in Fig. 6 or simply reflects the overall variability present today in 

ocean ridge basalts. The dispersion in ENd observed today in oceanic 

basalts is to some extent correlated with chemistry, with alkalic rocks 

generally having lower values than ·MOR tholeiites [77]. However, 

several oceanic tholeiites with relatively low ENd on the range of +7.0 

to 8.5 have also been found, for example, in the Atlantic (113152 [35] and 

ARP75 [38]) and Pacific (BD17-l [36]) oceans. These samples do not appear 

to be chemically of tectonically distinctive although the isotopic data 

indicate an origin from a less depleted source and it appears that they 

are not tmconnnon. tectonically distinctive oceanic settings which may be 

modem day analogues of the environment in which the Semail ophiolite was formed 

are the Lau marginal basin and Scotia Sea back arc. The ENd values from these 

two areas !77, 78] are shown in Fig. 6 and define a relatively narrow range 

in ENd of 8.1 to 9.0. These initial ratios are also somewhat low compared 

to normal MORB samples and are very similar to the Semail ophioli.te. 

The other possibility is that the slightly lower ~d value of the 

Semail ophiolite compared to "typical" oceanic crust, may be due to the 

evolution of 143Nd/144Nd in the oceanic mantle reservoirs after the 

formation of the Semail oceanic crust . . The evolution of ENd in th.e oceanic 

mantle required to account for the apparently lower ENd of the Semail 

ophiolite is illustrated by the clinopyroxene from the gabbro K9. This 

sample has 147sm/144Nd = 0.322 and a measured 143Nd/144Nd ratio of 

ENd(O) = 9.9 (Fig. 2), which is similar to ENd ~ 10 for typical MORB today. 
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Thus for the initial ratios to be compatible, during the last 130 m.y. 

the typical MORB source reservoir is required to have 
107

sm/
144

Nd ~ 0.32. 

Although this high 147sm/144Nd ratio in the MORB source region cannot 

be discotm.ted, partial melting calculations (see section 6 .O) suggest that 

a more plausible value is 147sm/
144

Nd: ~ 0.24. For this lower value of 

147sm/
144

Nd, the typical MORB s.ource reservoir evolves by;~ 0.6 e:Nd tmits 

per 100 m.y. and would have e:Nd; ~ 9.2 at the tine the Semail ophiolite was 

being produced (i.e., 130 m.y. ago). Thus the initial Nd of the Semail 

ophiolite is only about : ~ 1 ~d unit below the center of the MORB 

distribution and is therefore fully cons.istent with a MORB affinity, In 

dd • • h 1 • d•- d. • • h ••• 1 143Nd/144Nd a ition t ese resu ts in icate a ispersion int e initia 

of Mesozoic oceanic crust. 

The relationship of the bas.al peridotite to the rest of the ophiolite 

sequence has up to now been obscure due to the effects of alteration and 

defonnation which have largely destroyed the primary geologic structures 

and relationships. Various hypotheses have considered the harzburgite as 

a (1) cogenetic lowennost cumulate, (2) older accidental mantle substrate 

which is not petrogenetically linked to the res.t of the ophiolite, or (,3) 

a cogenetic refractory residue remaining from the partial irelting which produced 

the rest of the ophiolite [10]. The initial Nd value of e:Nd = 8,3±0.4 

for the tectonized harzburgite K22 is the same within error the same as 

the rest of the ophiolite. This result, together with the low trace eleirent 

concentrations in K22 indicates that this harzburgite is probably a 

cogenetic residue after partial melting from which the rest of the ophiolite 

section was produced. However, considering the complexity of the Semail 

ophiolite peridotite (Boudier and Coleman [81]), the generalization of this 

result must await a more complete characterization of the peridotite. 
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The Sm-Nd crystallization age of 130±12 m.y. from Ibra appears to 

be approximately 30 m.y. older than the 100±20 m.y. crystallization age 

from the more northern Rustaq, Wadi Fizz localities. This age difference 

suggests a tectonic break, for example, a transform fault, with a large 

lateral offset. Such a structure conceivably might be located in the 

Semail gap (Fig. 1). For a half spreading rate of 1 cm year, a 30 m.y. 

age difference across a "fossil" transform fault would correspond to a 

displacement of 300 km from the spreading axis. If the ocean basin was 

to the east of the Semail ophiolite (i.e., what is now the Gulf of Oman) 

this would suggest an approximately NW-SE oriented spreading axis. The 

principal strike direction of the sheeted dike complex in the Semail 

ophiolite is in fact approximately Nl5°W, 

From the geologic constraints discussed in section 2, there is 

good evidence that the Semail ophiolite was emplaced onto the Oman 

continental margin between 65 m.y. to 80 m.y. which. is significantly 

younger than the Sm-Nd crystallization ages. It therefore appears that 

the Semail ophiolite is an example of relatively mature, oceanic 

crust being abducted onto a continental margin. Although the mechanisms 

for emplacement of ocean crust onto continents are still uncertain, it 

has been suggested [82] that an important condition is for a region of 

high heat flow as now observed over midocean ridges and behind volcanic 

arcs [83,84]. In these areas the lithosphere is thinned, less dense, 

and may be more easily detached onto continental margins [1,8]. However, 

the indications of a relatively mature oceanic crust and the lack of 

geologic evidence for island-arc volcanism indicates that the above 

obduction model is not applicable to the Semail ophiolite. Determination 

of crystallization ages using the Sm-Nd method should provide a test for 

the validity of this hypothesis in other ophiolites. 
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9.0 Comparison of Rb-Sr and Sm-Nd 

The most obvious contrast between the Sr and Nd isotopic systems 

• h 1 • b • 1 • f h 87s ; 86s • • f is t e arger varia i ity o t e r r ratios ranging rom 

0.70296 (ESr =-19.7) to 0.70650 (ESr = +30.5) compared to a range in 

ENd of from only 7.5 to 8. 6. The lowest 87sr/86sr ratios are fotmd in the 

plagioclase separates from the layered cumulate gabbros K9 and OM251. In 

K9, the plagioclase has a 87sr/ 86sr ratio of 0.70926±2. However, the 

coexisting clinopyroxene has a distinctly higher value of 0.70313±3. In 

Fig. 7 reference isochrons of 150 m.y. and 4550 m.y are shown. The 

130 m.y. isochron corresponds to the near horizontal line and shows that 

the change in 87sr/86sr from 87Rb decay is negligible in these samples. 

It can be seen that a line connecting the clinopyro.xene and plagioclase 

from K9 give an impossibly old age of> 4.5 AE. In the high level gabbro 

G224-2 there is a similar disparity between the plagioclase and uralite. 

The uralite has an 87sr/86sr ratio of 0. 70426±3 compared to 0. 70352±4 for 

the coexisting plagioclase. As in K9, these isotopic variations cannot be 

accounted for by radiogenic decay since crystallization. Instead, this 

isotopic relationship between the coexisting mineral 

phases indicates partial exchange with a source of high 87sr/ 86sr. The 

• h • 87s ; 86s • d • h 1· d enric ment in r r is more pronO\mce in t e c inopyroxene an 

uralite and is anticipated as they have a factor of 5 lower Sr concentration 

than the plagioclase. This enrichment is also consistent with the 

petrography (section 2.1) as the uralite is clearly an alteration product 

and the clinopyroxene contains . ~ 5% of secondary hornblende, These results 

are in distinct contrast to Sm-Nd, where all mineral phases plot on a 

130 m.y . isochron. 
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The highest 87sr/ 86sr ratios foood in the Semail ophiolite are 

in the upper sequences consisting of basalts, sheeted dikes, and 

plagiogranites. The higher 87sr/ 86sr ratios in these rocks is consistent 

with a greater degree of exchange with seawater having a high 87sr/86 sr 

ratio. In an attempt to determine the 87sr/86sr ratio in seawater, we 

analyzed a calcite amygdule from the basalt 0MG54. This has 

87sr/86sr = 0.7065 which is significantly higher than that found for any of 

the igneous rocks and may be compared to 0.7076 estimated for Cretaceous 

seawater [7,8]. These observations are clearly consistent with hydrothermal 

interaction with seawater. The slightly lower ratio in the amygdule 

. 87 86 compared to Cretaceous seawater is probably due to the lowering of Sr/ Sr 

in the fluid by interaction with the rock. There is also an approximate 

correlation between high 87sr/86 sr and stratigraphic height (see Fig. 12) 

which suggests that water/rock ratios increased upward in the section. 

Due to the overprinting of rock Sr with. seawater Sr, it is not 

possible to unambiguously determine the primary magmatic 87 Sr/ 86sr ratio in 

these rocks. .An upper limit is given by the lowest 87sr/86sr value of 

0. 70296 found in the plagioclase from the gabbro K9. This may be close 

to its magmatic value as the coexisting clinopyroxene with a lower Sr 

• h 1 1 • h 1 87s ; 86s •. Th 87s ; 86s concentration as on y a s ig t y greater r r ratio. e r r 

ratios in the clinopyroxene and plagioclase from the gabbro 0M251 also have 

d.ff S • b h h 87s / 86s • • h. very i erent r concentrations ut ave t .e same r r ratio wit in 

error and should thus also represent a primary value. The difference 

between the plagioclase separates. from K9 and 0M251 of 0. 70296:1::2 and 

0. 70311:1::5 could therefore indicate a small but real difference in the 87sr/86sr 

ratios of these samples and apparently of the original magmas from which 

they crystallized. This demonstrates that small 87sr/86sr mantle isotopic 
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heterogeneities have been preserved during the formation of the Semail 

ophiolite, because the same effect is also apparent in the Nd isotopic 

data (Table 1). In fact these two samples OM251 and K9 plot right on 

the MOR correlation line in the £Sr-8Nd diagram of Fig. 9. 

The Rb-Sr isochron diagram of Fig. 8 also illustrates the importance 

of distinguishing between seawater alteration effects and mantle isotopic 

variations. In this figure, seawater alteration has produced an 

87 86 
approximate correlation between Rb/Sr and Sr/ Sr. If interpreted 

literally, this correlation would imply that Rb/Sr heterogeneities have 

existed for at least several billion years in the mantle reservoirs of 

the Semail ophiolite. Similar correlations and interpretations have 

been suggested in other ophiolites [17], oceanic basalts 187 ,89J, and 

ocean islands [90-92]. Although some of these correlations are 

18 undoubtedly due to mantle variations, the O data from the Semail 

ophiolite indicate that this Rb/Sr - 87sr/86sr correlation is clearly an 

artifact of seawater alteration. 

A useful criterion to distinguish between isotopic variations due 

to either primary magmatic or seawater alteration effects is the £Nd'£Sr 

diagram. In Fig. 9 the £Nd and £Sr values from the Semail ophiolite are 

shown. They have an origin at the mantle correlation line 136 ,37 ,74J and 

form a horizontal trajectory to the higher £St values, Although this 

general effect has been shown by previous workers [36 ,37, 74J, the present 

results provide a spectacular example of how the Nd isotopic composition 

is unaffected by seawater contamination while the Sr composition is shifted 

drastically. It is illustrative to compare the observed £Nd'£Sr values, with 

those calculated for contamination of oceanic crust by Cretaceous 
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seawater. Assuming a simple closed system model for mixing of Sr and Nd 

in seawater with oceanic crust, mass balance between the initial and final 

products gives: 

(3) 

where wand rare the atomic proportions of Nd or Sr in the water and rock 

systems respectively and £~ock = initial £Nd or £Sr value in rock before 

f i 
exchange; £rock= final modified rock £Nd or £Sr value; EH 

O 
= initial £Nd 

2 

or £Sr value in water before exchange; and£! 
0 

= final modified water 
2 

£Sr value. For equilibrium exchange of water and rock, 

£f k and from equation (3) the water/rock ratio by weight is given roe 

w - = 
R 

i ) 
- £ 

£~ock 

rock 

(4) 

where Ci 
rock 

i = concentration of Sr or Nd in initial rock and CH O = 
2 

concentration of Sr or Nd in seawater. 

i 
For Sr the parameters used in this equation are £rock= -20, 

i = +47 (8), and CH O = 8 ppm (93). 
2 

f 
£rock values are given in Table 2. 

As Sr concentrations are not subject to major ch.anges l59J, we take the 

initial Sr concentration in the rock (Ci ) is the same as the final measured 
rock 

concentration (Table 1). A similar equation has also been given (incorrectly) 

by Spooner et al. [ 19). For Nd the parameters used in equation (2) are 

i i -6 = +8.0, EH O = -7, and CH O = 2.8 x 10 ppm [76). 
2 2 

The Ci and 
rock 

values are given in Tables 1 and 2. 

Using equation (2) and the Sr and Nd parameters, the £Nd and £Sr 

values in the rock resulting from mixing of different proportions of 
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seawater with oceanic crust have been calculated. The sNd'ESr mixing line 

is shown in Fig. 9, together with the water/rock ratios for cf ckSr = 180 ppm 
ro 

i 
and CrockNd = 10 ppm. From Fig. 9 it can be seen that the sNd values are 

far less sensitive to seawater contamination than the s values. This 
Sr 

is due to the significantly lower concentration of Nd in seawater of 

-6 
2.8 x 10 ppm compared to 8 ppm for Sr. As an example, from equation (4) 

the Sr data indicate that the sample with the highest water/rock ratio is 

the diabase dike Kl with W/R = 43 (Table 3}. Using the same equation, 

but with the Nd parameters, the same water/rock ratio causes only an 

insignificant change of e:Nd = -0 .0001. To produce a measurable s.hift in 

e:Nd' of, for example, e:Nd = 0.5, a water/rock ratio of W/R = 1.6 .x 105 

would be required. Thus relative to the :most altered rock an increase in the 

water/rock ratio of ~ 4 x 103 would be required before seawater contamination 

would measurably change the e:Nd values. A detailed analysis of the effects of 

seawater interaction using £Sr and o18o variations will be given in 

section 10 .1. 
The above calculations were based on a closed system model which 

assumes continuous recirculation and cyclic re-equilibration of the water 

with the rock. However, some of the heated water will be lost from the 

system, for example by escape to the ocean. In the extreme open system 

case in which each increment of water makes only a single pass through 

the system, it has been shown by Taylor [98] that the integrated water/rock 

ratios are lower or equal to those in the closed system npdel. The W/R 

ratios calculated from the Sr data using both open and closed system models 

give similar results, except for samples with high W/R ratios such as Kl 

where W/R (open) = 31 compared to W/R (closed) = 43. In addition, both the 
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open and the closed system models give significantly lower W/R ratios 

in the gabbros (0.5-3) than in the upper sequence (11-43). These W/R 

ratios are only minimum values because, for example, an appreciable 

volume of water may move through fractures in the rocks without exchanging. 

The ENd and s 8r values of mid-ocean ridges, island arc, and 

ocean island basalts which define the correlation line are also shown in 

Fig. 9. This correlation of ENd and sSr has been discussed by other workers 

[36,37] and has been interpreted as an important mantle feature. For 

example [36], it may represent mixing between undepleted continental 

mantle (sNd = 0) and depleted oceanic mantle (sNd = +12). In the Semail 

ophiolite, the gabbro K9 has the lowest s8r value and together with the 

e:Nd value plots on the correlation line is therefore consistent with 

a mantle origin. The somewhat lower e:Nd and higher e:Sr values compared 

to "typical oceanic crust" indicates that the Semail ophiolite was 

probably derived from a less depleted oceanic mantle 179]. As both the 

ENd and ESr values from the Semail ophiolite plot in a position where the 

fields for MOR, ocean island, and island arc basalts overlap, the 

e: 8r-e:Nd diagram cannot be used in this case to discriminate between the 

different oceanic environments. 
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10.0 . 87 86 18 Comparison of Sr/ Sr and o 0 

It has already been shown that 87sr/86sr and o18o values are 

sensitive to hydrothermal alteration. The correlated effects of alteration 

on both these systems is shown in the initial 87sr/ 86sr, o18o diagram of 

Fig. 10. In this figure there appear to be at least two distinct 

trends which are centered about the primary values of o18o ~ +6 and 

87 86 Sr/ Sr~ 0.7030. The most obvious trend is the approximate inverse 

correlation corresponding to depleted _o18o and high 87sr/ 86sr ratios. The 

18 second, less distinctive, feature is the association of heavy o O values with 
j 

high 
87

sr/
86

sr ratios in the sheeted dikes and basalt. In an attempt to 

understand these features, we will now consider simple models for the 

exchange of Sr and O with seawater. 

10.1 Modeling of 87sr/86sr and o18o variations 

Let us consider a simple closed system model for the exchange of 

Sr and O with seawater as has already been discussed for Sr and Nd. Using 

this model, the water/rock ratio (by weight) calculated using 0180 

variations is given by Taylor [94]: 

w 
(

6f0 6i0 ) cio 
rock i rock rock 

(5) - = 
R ( 6f0 k-b.) i 

6 OH 0 C OH 0 
2 roe 2 

where 

6f0 = final modified rock 0180 value rock 

i/o initial rock 18 
= 6 0 value rock 

i initial 6180 in water 6 OH 0 = 
2 

180/160. _ _180/160 /). = 

cio 

IDJ..neral H2o 

= concentration 0 in rock rock 

and i 0 in C OH 0 = concentration water. 
2 
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This equation is identical to that used for Sr, apart from the 

temperature dependent fractionation factor 6 . Let us now asstnne that only 

a particular fraction of the rock exchanges with seawater. This may, for 

example, be the case for the more easily exchanged minerals such as feldspar. 

The effective water/rock ratio (W/R(effective)) is then given by 

W W 1 
R(effective) = - x -R q 

(.6) 

where q is the fraction (by weight) of rock that exchanged with seawater. 

A similar equation can also be written for the Sr water/rock ratio, where 

1 
in this case let us assuire that different fractions of the rock 1 q exchanged 

with seawater. Therefore the relationship between the Sr and O water/rock 

ratios is given by 

W 1 W 1 
R(strontium) 1 = R(_oxygen) 

q q 
(7) 

Using this relationship, equati.ons (4) and (5) can now be combined to give 

fsr ) e: rock 

-u/o -6) rock 

x C (.8) 

where C = 

Equation 8 is now similar to mixing equations derived previously for 

mixing of Sr, Nd, and Pb, and other trace elements [95-97]. An example of 

a mixing line using equation 8 is shown in Fig. lla for 6 = 0. It can be 

seen that the mixing line is a hyperbola with the curvature determined by 
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the constant C. For q
1 

/q = 1 and usi_ng average concentrations of Sr and 

0 in the rock and seawater, C = 0,022, which is the curve shown in Fig. lla, 

Using this arbitrary value of C, the effect of the oxygen water-rock 

fractionation factor !::,, is shown in Fig. llb, In this figure the resultant 

87sr;86sr and 0180 variations are shown for 11 = +2 and!::,, = +8 and!::,, = +2. 

The value of !::,, depends on the temperature of exchange and is given by 

equation 2 (s·ection 5). Thus for different temperatures no simple 

correlation of . o18o and 87sr/86sr would be expected, In fact for /1 = 6 

d • f 250° C h b h • 87s / 86s correspon 1.ng to a temperature o ~ - . t ere can e c anges. in r r 

without any change in the o18o (Fig, llb). 

For !::,, > 0 the o18o value of the water is different from the o18o 
f f value of the rock, being related by !::,, = 6 0 k-6 OH 

0
• The curves are 

roe 2 
shown in Fig. llc for the respective /1 values. In Fig. llc it can be seen 

that for !::,, < 6 the water will be enriched in o18o (i.e., o18
oH 

0 
> 0) and 

2 
for 11 > 6 the water will be depleted. Subsequent interaction of this 

exchanged water will result in another set of mixing curves. Evidence has 

been found in the diabase dikes for exchange with 180-enriched water 

(section 5) indicating that this water has had a history of high temperature 

(> 300° C) exchange. 

In Fig. lld, mixing lines are shown which could account for the 

Sr isotopic disequilibrium observed for example between the plagioclase 

and uralite in the gabbro G224-2. The mixing lines are 

different for each mineral as they have d:fi;ffe.rent Sr ,,.concentrations and 

presumably different exchange rates (i.e., different values of q1 /q). As 

the factor q
1 

/q is unknown, the mixing lines that are shown are arbitrary, 

87 86 18 
but they appear to account for the observed Sr/ Sr and o 0 values in 

the minerals of G224-2. 
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From this discussion it is. apparent that the production 9f water 

with o18oH O > 0 results from water-rock interaction at high temperatures 
2 

(i.e., with~< 6). This implies that the o18o effects in the sheeted 

dikes were produced by upward convection at the distal edges of the magma 

chamber of seawater already enriched in 180, by exchange with the underlying 

gabbros at higher temperature as shown by Gregory and Taylor [45]. This 

180 shifted fluid would also presumably be shifted in 87srJ 86sr (r-- 0.704 

suggested by uralite from G224-2) and may have equilibrated with the 

diabases already altered over the ridge axis. This implies that there 

are at least two temperature and spatial regimes where exchange of oxygen 

and Sr occurs. The first is at the ridge p.Xis above the magma chamber where 

fluid path lines do not cross the diabase-magma contact. It is in this 

environment that 180-depleted rocks and 87 Sr/86sr enriched rocks could be 

produced with a high water/rock ratio. Subsequently, with continued 

production of oceanic crust, these rocks are transported away from the 

ridge into a cooler regime at the distal edges of the magma chamber where 

interaction between isotopically shifted fluids and the diabases occurs. This 

high 180 and 87sr/86 sr fluid discharges from a second hydrothermal system 

which operates under the wings of the ridge magma chamber [45]. This 

"hydrothermal reworking" of oceanic crust may also explain the generally 

more altered nature of ophiolite pillow basalts compared to those dredged 

from ocean ridges. It is apparent, however, that to adequately interpret 

these data more quantitative models are required, as for example described 

in the Skaergaard intrusion by Norton and Taylor [99]. 
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lo 2 ·s· ·f· f 87s 186s d i:
18o • t· . igni icance o r r an u varia ions 

An important category of theories for the origin of island arcs 

and continental margin magmatic rocks involves the partial melting of 

subducted oceanic crust {100-103]. It is therefore of interest to compare 

the 87sr/ 86sr and 6180 characteristics of these rocks with those found 

in the Semail ophiolite. 

Recently it has been found that a positive correlation between 

i:
18o d • • • 1 87s / 86 s • • h . P • 1 Ran b h 1· h u an 1.n1.t1.a r r is present in t .e. eninsu ar ges .at o i .t . 

of southern and Baja California {104], in the Banda arc of Indonesia 1105], 

and in the Peruvian volcanic rocks of the Andes {104]. The approximate 

18 87 86 6 0 and Sr/ Sr values of whole rock samples from the Peninsular Ranges. 

batholith areas are delimited by the dashed lines in Fig. 10, together 

with the 87sr/86sr and 6180 data points from the Semail ophiolite. It can 

be seen that the batholith samples have o18o and 87sr/86sr values which 

overlap to some extent with those from the Semail ophiolite. This suggests 
- . . --~----·-

tha t these rocks could plausibly be derived by partial melting of 

hydrothermally altered pillow basalts and sheeted dike complexes. However, 

it is apparent from Fig. 10 that there is no overlap with the 180-depleted 

rocks. 18 This may not be a serious objection, as most of the 0-depleted 

rocks in the Semail ophiolite are the virtually anhydrous cumulate gabbros 

{45] which represent liquidus phases and therefore require higher melting 

temperatures. The strongly 180-depleted uralite gabbro G224-2 forms only 

a minor proportion (< 10%) of the ophioli te ~ 
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Another possible objection is that some lavas [105] 

have higher 87sr/86 sr ratios(~ 0,740) than can possibly 

be accounted for by seawater contamination. For these examples a special 

case of contamination by a high 87sr/86sr source must be made. However, 

an even more profound objection is that the 87sr/ 86sr and o18o values 

from the Peninsular Ranges batholith are much more strongly correlated 

than would be expected for magmas derived by partial melting of a subducted, 

hydrothermally altered, oceanic crust (section 10.2). In addition, the 

high Kand other incompatible element concentrations in the batholith 

probably would require unrealistically sma~l amounts of partial melting. 

Thus although partial melting of subducted oceanic crust may be an 

important process,in terms of isotope systematics the general applicability 

of such a process still has many difficulties. It is apparent that Nd 

isotopic studies on these circum-Pacific andesites and batholithich bodies 

could provide useful additional constraints. 
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11.0 Surmnary and Conclusions 

(1) In this study we have established the crystallization age 

of the Semail ophiolite by obtaining Sm-Nd mineral isochrons from gabbros. 

The gabbros from the southern part of the ophiolite in Ibra give an age 

of 130±12 m.y. while a gabbro from Wadi Fizz in the northern part of Oman 

gives a somewhat yotmger age of 100±20 m.y. These results show that the 

Sm-Nd technique can be used to determine and to resolve differences in 

crystallization ages within large ophiolite complexes. In addition, it 

should be possible to use Sm-Nd crystallization ages, together with 

emplacement ages of ophiolites, to further refine and reconstruct plate 

motions and relative spreading rates. 

(2) The initial 143Nd/ 144Nd ratio of gabbros, plagiogranite, 

diabase dikes, and a basalt from the Semail ophiolite have a narrow range 

in ~d of from 7.5 to 8.6 (Fig. 12). For an increase in the MORB source 

reservoirs of sNd ~ 0.6 units per 100 m.y., the center of the MORB 

distribution, 130 m.y. ago, would be at sNd: ~ 9.2 compared to sNd' ~ 10 

today. Therefore the Semail ophiolite is only about 1 ENd unit below the 

center of the Mesozoic MORB distribution which probably has a spread of 

about 4 sNd tmits. This clearly demonstrates an oceanic affinity for the 

Semail ophiolite and indicates that all of its lithologies are comagmatic. 

Unfortunately, because of the overlap (Fig, 7) the Nd (and Sr) isotopic 

data cannot by themselves be used at present to definitely distinguish 

among various genetic models such as MOR, back-arc basin, or island-arc 

or~gin for the Semail ophiolite. 

(3) The tectonized harzburgite has ENd = 8.3 which is also consistent 

with the rest of the ophiolite. This result, together with its low trace 
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element concentrations, indicate that the harzburgite is a cogenetic 

res.idue after partial melti_ng which produced the rest of the ophiolite 

section. However, considering the complexity and heterogeneous character 

of the peridotite in the Semail ophiolite [81J generalization of this 

result must await a more complete characterization of the peridotite. 

(4) In contrast to the ini.tial 143Nd/144Nd ratios, the initial 

87sr/86sr ratios have an extre~ly large range of from 0.7030 to 0.7065. 

This large variation is consistent with hydrothermal interaction of 

seawater with oceanic crust. In addition, the 87sr/86sr ratios generally 

decrease downwards (Fig. 12), suggesting downwardly decreasing water/rock 

ratios. These results indicate extreme caution must be employed before 

variations in initial 87sr/86sr ratios of ophiolitic rocks can be 

attributed to primary magmatic variations. In this study we have in fact 

f d 11 • • • • • • al 87s ; 86s f bb 1 • 1 t oun sma variations in initi r r o ga ro p agioc ase separa es 

of from 0.70296±2 to 0.70311±5 which we have attributed to primary magmatic 

variations. However, this interpretation is supported by corresponding 

variations in the initial 143Nd/ 144Nd ratios and by analysis of 

coexisting pyroxenes. 

(5) The complete 180 profile from Gregory and Tay_lor [45) is also 

shown in Fig. 12. From this figure it can be seen that with respect to 

the "normal" value of ~/80 = 5. 7 there are both 180 depleted and enriched 

rocks. The depletions are probably a result of high temperature 

hydrothermal alteration whereas the 180 enrichments are due to hydrothermal 

exchange with either strongly 180-shifted waters at high temperature or 

less. 180-shifted waters at much lower temperatures. 

In Fig. 12 it can be seen that above the diabase-gabbro contact 

there is an approximate linear correlation between high 180 and high 



196 

87 86 . Sr/ Sr ratios. Below this contact the correlation is approximately 

inverse, corresponding to depleted 180 and high 87sr/86sr ratios. These 

relationships are primarily due to the temperature dependence of the oxygen 

water-rock interactions. Due to this temperature effect, it has been 

shown that in general no simple relationship between 180 and 87sr/ 86sr 

variations would be expected. In fact at the appropriate temperature of 

87 86 hydrothermal interaction (200°C - 250°C) it is possible to have Sr/ Sr 

18 enrichnents while retaining apparently normal 0 values. 
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Table 1. Nd, Sr, and 0 isotopic data from the Semail ophiolite. 

Samples 
87Rb 147 Sm 87Sr 143Nd 0180 
86Sr 144Nd 86Sr 144Nd e:Sr e:Nd 

Basalt 

G54 WR 0.104 0.192 0.70491±4 0.512219±19 5.l±0.6a 7.5±0.4a 12.7 

CALCITE 0.0042 0.209 0. 70650±15 0.512265±29 30.5±2.l 8.1±0.6 

Sheeted Dikes 

Gl0 0.029 0.209 0.70535±4 0.512250±25 13.5±0.6 7.8±0.5 8.5 

Kl 0.008 0.194 0. 70519±4 0.512275±20 11. 7±0.6 8.6±0.4 6.8 

Plagiogranite 

G224-3 0.035 0.187 0. 70362±4 0. 512249±18 -11.3±0.6 8.2±0.3 5.2 

Gabbros 

G224-2 WR 0.010 0.201 0. 70370±3 0. 512251±19 -9.5±0.4 8.0±0.4 3.7 

PLAG 0.008 0.151 0. 70352±4 0. 512196±18 -12.5±0.6 7. 8±0. 3 4.5 

URAL 0.014 0.241 0.70426±3 0.512285±19 -1. 6±0. 4 8.0±0.4 2.6 

K9 WR 0.0008 0.271 0. 70304±5 0.512310±18 -18.6±0.7 8.0±0.3 5.7 

PLAG 0.0005 0.129 0. 70296±2 0.512180±25 -19.7±0.3 7.8±0.5 6.0 

0.512181±19b 7.8±0.4 

CPX 0.0008 0.322 0. 70313±3 0.512341±15 -17.3±0.4 7.7±0.3 5.3 

0M251 PLAG 0.0010 0.159 0. 70311±5 0.512203±22 -18.0±0. 7 7.6±0.4 6.4 

0.0018 0. 377 0. 70315±5 0.512346±25b -17.5±0.7 7.6±0.5 5.8 

OM28 WR 0.0014 0.264 0.70383±5 0.512274:t22b -7.8±0.7 7.7±0.4 5.2 

Harzburgite 

K22 0.216 0.512278±23 8.3±0.4 

a 
and e:Nd values calculated for a crystallization age of 130 m.y. except for e:Sr 

0M251 and OM28 for which an age of 100 m.y. was used. 

b 143
Nd/ 144Nd determined from spiked sample. 
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Table 2. Trace element ab tmdances from the Semail ophiolite (ppm) 

Samples K Rb Sr Sm Nd Sr K Sm 
Rb Rb Nd 

Basalt 

G54 WR 4470 7.16 198 5.03 15.9 28 624 0.316 

G54 CALCITE 76 0.009 6.12 0.043 0.126 680 8440 0.341 

Sheeted Dikes 

GlO 3950 1.63 162 3.85 11.2 99 2420 0.344 

Kl 2290 1.04 388 4.16 13.0 370 2201 o. 320 

Plagiogranite 

G224-3 2200 2.31 192 5. 36 17.3 83 952 0.310 

Gab bros 

G224-2 WR 1320 0.674 196 2.78 8.36 290 1960 0.333 

PLAG 1800 0.950 330 0.563 2.25 350 1890 0.250 

URAL 740 0.280 58.7 3. 79 9.51 210 2640 o. 399 

K9 WR 117 0.052 188 0.441 0.986 3610 2250 0.447 

PLAG 161 0.050 311 0.085 0.399 6220 3220 0.213 

CPX 29 0.023 24.8 1.401 2 .630 1080 1260 0.533 

OM251 

PLAG 77 0.055 156 0.021 0.081 2840 1400 0.259 

CPX 20 0.034 54.2 0.256 0.411 1590 588 0.623 

OM28 WR 126 0.066 132 0.168 0.385 2000 1910 0.436 

Harzburgite 

K22 6 0.023 0.43 0.013 0 .035 19 261 0.371 

Average HOR 
Tholeiite 1400 1 140 2.7 8 140 1400 0.34 

[62-64] 
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FIGURE CAPTIONS 

Figure 1. Simplified geologic map of the Semail ophiolite, Oman 

(after Glennie et al, [42]), showing sample localities. The 

Semail ophiolite (solid) is an allochtonous body which is in thrust 

contact with the tmderlying rocks. 

Figure 2. Sm-Nd evolution diagram for the cumulate gabbro K9, from the 

Ibra section, Oman. The tmcertainty in the age determination is 

largely controlled by the difference between the 147sm/144Nd ratios 

of the coexisting clinopyroxene and plagioclase. 

Figure 3. Sm-Nd evolution diagram for the high level uralite gabbro 

G224-2, from the Tora section, Oman. The larger tmcertainty in the 

age determination compared to the gabbro K9 is due to the smaller 

spread in 147sm/ 144Nd ratios of the plagioclase and uralite. The 

uralitization process must have occurred close to the time of 

crystallization of the gabbro and does not appear to have disturbed 

the Sm-Nd systematics. 

Figure 4. Sm-Nd evolution diagram for the cumulate gabbro OM251, from 

Wadi Fizz, Arab Emirates. 

Figure 5. Sm-Nd evolution diagram showing the data for the gabbros from 

Tora and the gabbros from Wadi Fizz and Rustag. Although at the 

limit of our resolution 1 the. gabb.ros from Ibra appear to be 

approximately 30 1n,y. older than those from the more northern 

Wadi Fizz-Rustaq area. 
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Figure 6. Sm-Nd evolution diagram showing whole rock data for basalt, 

sheeted dikes, and plagiogranite from the Ibra section, Oman. 

With the exception of the sheeted dike Kl, the data from the other 

samples are consistent with the same crystallization age and initial 

143 144 . 
Nd/ Nd ratio as the gabbros from Ibra. The deviation of Kl 

indicates the presence of small but significant isotopic heterogeneities 

in the magma reservoirs. The tectonite harzburgite K22 is within 

analytical tmcertainty of the Ibra reference isochron. This is 

consistent with the harzburgite being a cogenetic residue, remaining 

from the partial melting which produced the rest of the ophiolite. 

Figure 7. Histogram comparing ~d values from the Semail ophiolite 

measured in this study with mid-ocean ridge basalts (MORB) l35-38J, 

marginal basins (Lau, Scotia Sea) {78], island arcs [77J, ocean 

islands [37,38,74], and continental flood basalts 135,36,77,79]. 

The Semail ophiolite clearly has an oceanic affinity, although 

because of the overlap, the Nd isotopic data by themselves cannot 

at present be used to definitely distinguish among the various 

possible oceanic envi.ronments. 

Figure 8, Rb-Sr evolution diagram showing whole rock and mineral data 

from the Semail ophiolite. The near horizontal line is a 130 m.y. 

isochron and the steeper line is for an isochron of 4550 m.y. The 

lack of correlation between 
87

Rb/
86

sr and 
87

sr/86sr and the high 

8 7 I 86 • • b d t • t • b Sr Sr is attri ute to con amina ion y seawater, 
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Figure 9. ENd and £Sr values for the Semail ophiolite. The arrows 

indicate the effect of contamination with Cretaceous seawater for 

different water/rock. ratios and sh_ow that W/R > 105 is required 

before ENd values are affected. The ENd and ESr values of 

uncontaminated samples plot on the "mantle correlation" line and 

are consistent with derivation from a less depleted MORB source 

region• As these ENd and ESr values plot in a position where the 

fields for MOR, ocean island, and island arc basalts overlap, this 

diagram cannot be used in this case to discriminate between the 

oceanic environments in which the Semail ophiolite formed. 

Figure 10. Initial 87sr/86sr versus 018
0 values of whole rocks and 

minerals from the Semail ophiolite. The dashed lines delimit the 

87 Sr/86sr and _ 018
0 values of the Peninsular Ranges batholith [1Q4J 

of southern and Baja California and are much more strongly correlated 

than would be expected for magmas derived by partial melting of a 

subducted, hydrothermally altered, oceanic crust. 

18 Figure 11. a. ENd and o O mixing lines of rock. and seawater for oxygen 

fractionation factor A= 0 and C = 0.022 (see equation 7). Arrows 

show direction of increasing water/rock ratio. 

b. ESr and o18o values in the rock for C = 0.022 and A = 2 

(line A), A= 6 (line C), and~= 8 (line B). For A= 6 which 

corresponds to a temperature of 300°C, there can be shifts in ESr 

without any change in 0180. 

18 c. ESr and o O values in water for A= 2, A= 6, and A= 8 
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(solid lines). 

For~< 6 which corresponds to temperature> 300° C, 

180-enriched water (i.e., o18oH 0 > 0) will be produced. 

18 2 
~ > 6 (< 300° C) 0-depleted waters will be produced. 

For 

The dashed 

lines show the e:Sr and o18o values in the rock (from Fig. llb). 

d. Example of mixing lines consistent with e:Sr and o18o values 

in the uralite gabbro. 

Figure 12. 
18 o O, e:Sr and e:Nd values from a composite stratigraphic profile 

of the Semail ophiolite, Ibra section. The s.trati_graphic pr9file was 

compiled from the geologic map of Bailey et al. I 43]. The SY.mhol 

V = volcanics, SD = sheeted dikes, Pg = plagiogranite, HG = high. 

level gabbros, G = cumulate gabbros, WG = wehlite gabbros, D = 

dunite, and H = harzburgite. It can be seen that the ~d values are 

in general within error of the primary magmatic value of e:Nd = 78. 

18 
In contrast, the _ o O (.from Gregory et al. [45] and this study) and 

e:
5

r values show large deviations from their primary magmatic values 

f i: 
180 5 7 d 19 5 Th 1 • • • 180 d o v = • an e:Sr = - • • ese arge var1at1.ons_ in o an 

e:Sr are indicative of hydrothermal interaction of seawater. 
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ABSTRACT 

In h S •1 Oph. 1 • 147S 143Nd 87Rb_87S t e amai io ite, m- , r, 

and 18o;16o isotopic systems have been used to distinguish 

between sea-floor hydrothermal alteration and primary 

magmatic isotopic variations. The Rb-Sr and 18o;16o isotopic systems 

clearly exhibit sensitivity to hydrothermal interactions with seawater 

while the Sm-Nd system appears essentially undisturbed. Internal iso-

147 143 . 
chrons have been determined by the Sm- Nd method using coexisting 

plagioclase and pyroxene and give crystallization ages of 130 ± 12 m.y. 

from Ibra and 100 ± 20 m.y. from Wadi Fizh. These ages are interpreted 

as the time of formation of the Samail oceanic crust and are older than 

the inferred emplacement age of 65 - 85 m.y. The 

••• 1 143 d/144 d • f • d h b • 1 initia N N ratios or a tectonize arz urgite, cumu ate 

gabbros, plagiogranite, sheeted dikes and a basalt have a limited range 

in ENd of from 7•5 to 8·6 for all lithologies, demonstrating a clear 

oceanic affinity and supporting earlier interpretations based on geo-

1 • b • d h • Th 87s /86s • • • 1 • ogic o servations an geoc emistry. e r r initia ratios on 

the same rocks have an extremely large range of from 0.70296 to 0.70650 

18 
(ESr = -19.7 to +30.5) and the o 0 values vary from 2.6 to 12.7. These 

large variations are clearly consistent with hydrothermal interaction 

of seawater with the oceanic crust. A model is presented for the closed 

system exchange of Sr and 0, that in principle illustrates how the Sr 

isotopic data may be utilized to estimate the water/rock ratio and sub­

sequently used to evaluate the temperature of equilibration between 

the water and silicates from the 18o; 16o water-rock fractionation. 
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1.0 Introduction 

This report presents the results of a neodymium, strontium and 

oxygen isotopic study of a profile through Cretaceous oceanic crust, 

as represented by the Samail Ophiolite, Oman. The 

Samail ophiolite consists of (from bottom to top) tectonized peridotite 

(dominantly harzburgite), layered gabbro, sheeted dikes, pillow basalts, 

and pelagic sedi~nts. These rocks represent allochthonous fragments 

of oceanic crust and upper mantle that were emplaced upon the Arabian 

continental margin in the late Cretaceous [1-4]. The Samail ophiolite 

crops out in a desert region and, therefore, provides a tmique 

opportwity to study in detail an exceptionally well exposed and 

preserved cross section of oceanic crust. The characterization of 

oceanic crust is important as it presently represents over two thirds of 

Earth's surface and because nearly all of the oceanic crust 

created over Earth's history has been recycled into the mantle at 

~ones. This recycling of oceanic crust probably has had 

pr o1,. both on the geochemical evolution of the mantle and on 

the compo:.:,.1. :.. 1 .,. of island arcs and active continental margins. In addi­

tion, during the course of geologic time, the isotopic composition of 

oxygen and strontium in seawater has been affected strongly by 

hydrothermal interaction with the oceanic crust [5-8]. 

The aims of this present study are: 

a). To determine the crystallization age of this complex 

by using Sm-Nd mineral isochrons; 

b). To determine the initial Nd and Sr ratios of the magma 

source which produced the Samail ophiolite and to compare these with 
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possible modern-day analogues such as mid-ocean ridge basalts (M0RB), 

island arcs and back arc basins; 

c). To compare the effects of seawater-hydrothermal 

alteration on the Nd, Sr and 0 isotopic systems. A more comprehen­

sive report of the results of these studies will be published else­

where (Gregory and Taylor [9], and McCulloch et al. [10]). 

Isotopic studies of a few other ophiolite complexes have been 

reported [11 - 19] with the Troodos massif of Cyprus at present being one of 

the better documented examples. 18o;16o [13, 14], 87sr/86sr [11, 15, 16] and 

trace and major elements studies [12, 20 - 22] confirm its similarity 

to oceanic crust and identify the effects of seawater circulation 

in the pillow basalts, sheeted dikes, and uppermost gabbro complexes. 

. 87 86 As seawater also has largely altered the primary Sr/ Sr 

ratios, it has therefore not been possible to infer genetic relations 

between the different units within the complex using Sr isotopic data. 

A preliminary Nd isotopic study by Richard et al. [23] of single whole­

rock gabbro samples from the Troodos, Samail, and several other ophiol­

ite complexes has shown that the measured 143Nd/ 144Nd ratios are similar 

to those found in young ocean floor basalts. 

2.0 Geology and Sampling 

The Samail ophiolite forms a major part of the 700 km long 

arcuate Oman Mountains on the eastern edge of the Arabian Peninsula 

(Fig. 1). Individual members of the ophiolite pseudostratigraphy are 

essentially internally undeformed [1] and have thicknesses comparable 

to geophysical estimates of modern-day oceanic crust [24]. 

The Samail ophiolite formed during Cretaceous spreading in the 

Hawasina ocean basin,which was a portion of the Tethys seaway [2,3]. 
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A minimum age for the emplacement of the ophiolite is provided by 

Maestrichtian-Tertiary shallow-water limestones,which unconformably 

overlie parts of the ophiolite. A. maximum age is given by Campanian 

sediments which underlie the ophiolite [3]. These constraints are 

+ . 
consistent with K-Ar ages of 83 - 5 m.y. [25] from metamorphic 

biotites in amphibolites _from the contact aureole at the base of the 

Samail thrust sheet. Until now, no radiometric age determinations 

on any of the ophiolite members have been reported, although Glennie 

and others [3] estimated a minimum crystallization age based on 

middle to late Cretaceous sediments which overlie the pillow lavas in 

northern Oman. 

Samples representing the different lithologic llllits 

were chosen on the basis of their oxygen isotopic properties as 

described by Gregory and Taylor [9, 26]. Most of these samples were 

collected from one of the standard ophiolite sections near Ibra as 

part of a cooperative study led by C. A. Hopson and R. G. Coleman. A 

detailed geologic map of the Ibra section in southeastern Oman Moun­

tains has been prepared by Hopson, Coleman, Bailey, Pallister, and 

Gregory [ 2 7]. 

G54 is a microphyric basalt from the pillow lava section 

which exhibits igneous textures despite extensive recrystallization 

during hydrothermal alteration in the zeolite facies. The mineralogy 

18 and oxygen isotopic composition of the whole rock (o O = 12.7), are 

consistent with low temperature alteration by a hydrothermal fluid 

derived from seawater. GlO and Kl are from the sheeted dike complex; 

they have an ophitic texture and have been hydrothermally altered 

tmder greenschist facies conditions (l<l whole rock e?8o = 6. 8, and GlO 

18 whole rock o O = 8.5). G224-3 is a plagiogranite with a 

granophyric texture and consists of plagioclase, hornblende, quartz, 
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magnetite and trace amounts of apatite. Hornblende is altered 

partially to chlorite. This plagiogranite was collected from an unchilled 

dike which cross-cuts the uralite gabbro G224-2, approximately 

500 meters below the gabbro-diabase contact. The gabbro G224-2 contains 

poikilitic hornblende enclosing zoned plagioclase laths; alteration products 

include both chlorite and fibrous amphibole pseudomorphs after horn-

blende and rare retrograde prehnite. The mineralogy and oxygen isotope 

data of G224-2 (whole rock o18o = 3.7, plagioclase o18o = 4.5 and uralite 

o18
o = 2.6) suggest relatively high temperatures of alteration (>400°C). 

K9 is a sample from the cumulate gabbros and consists predominantly 

of cumulate plagioclase,clinopyroxene,and olivine. Trace amounts of brown 

hornblende are present as a minor alteration product of the clino-

pyroxene. This sample was chosen for Rb-Sr and Sm-Nd analysis as the 

mineralogy and oxygen data (whole rock 0180 = 5.8, plagioclase a18o = 6.0 

and clinopyroxene a18o = 5.3) indicate that this is one of the least 

altered samples. 

To check for possible isotopic and age variations, two addi­

tional gabbros (OM251 and OM28) were analyzed from widely spaced areas 

north of the Samail gap. OM251 is from Wadi Fizh (Fig. 1) and consists 

of cumulate plagioclase, clinopyroxene,and a minor amount of cumulate 

olivine. Although the olivine is partially serpentinized,the oxygen 

data (plagioclase o18o = 6.4 and clinopyroxene o18o = 5.8) indicate that 

these minerals have exchanged only slightly. OM28 is a cumulate gabbro 

from the Rustaq area (Fig. 1) containing plagioclase and clinopyro~ene. 

Olivine has been replaced by serpentine and talc. Secondary 

amphibole is also present. The oxygen data 

for OM28 (whole rock o18o = 5.2 and plagioclase o18o = 4.7) 
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indicate significant exchange of plagioclase and clinopyroxene with 

seawater. To test the hypothesis that the basal peridotite is 

residual upper mantle produced by partial melting and separation of 

a basaltic liquid, a tectonized harzburgite (_K22) 

from Ibra was analyzed. This sample consists of olivine, 

orthopyroxene, trace amounts of spinel, and serpentine pseudomorphing 

olivine. 

3.0 Results and Discussion 

Oxygen was extracted and analyzed using the procedures 

outlined by Taylor and Epstein [28]. Detailed descriptions of the 

chemical and mass spectrometric procedures for Nd and Sr are given by 

Papanastassiou et al. [29]. 

The oxygen results are reported in a-notation in 

where: 0180 = [<180/160) /(180/160) -1] 10
3 

sample standard 

3 parts per 10 

Following DePaolo and Wasserburg [30,31] an analogous notation is used 

for Nd with the initial 143Nd/ 144Nd ratio of a rock of age T reported 

4 in thee-notation in parts per 10 where: 

and 

Present-day reference values are (143NdJ144Nd) ~UR = 0. 511836, and 

-12 -1 143 144 T 
"sm = 6 .54 x 10 yr. • ( Nd/ Nd) INIT 

is the measured ratio in the rock, corrected for decay since the time of 

crystallization T. An equivalent notation is used for Sr with 

0.7045, (87Rb/ 86 sr)~R = 0.0827 [31,40], and "Rb= 1.42 x 10-ll 

(87Sr/86Sr)~R = 
-1 yr. 
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3.1 Crystallization Age and Initial Nd 

In an attempt to determine the crystallization age of the 

Samail ophiolite,we have analyzed Sm and Nd in coexisting mineral 

phases from the gabbros. In principle Sm-Nd ages can be obtained 

from the major minerals plagioclase and clinopyroxene. These minerals 

differ greatly in their Sm/Nd ratios and are common constituents of 

all gabbros, unaltered diabases and phyric basalts. Using 

other conventional techniques it often is difficult to determine 

the crystallization ages of mafic or ultramafic rocks due to lack of 

adequate parent-daughter fractionation, later thermal disturbances, 

or contamination by seawater. A possible 'exception is U-Pb zircon 

dating of siliceous late-stage differentiates. However these 

bodies are volumetrically insignificant, not present everywhere, 

and their relationship to the mafic or ultramafic rocks is SOU);!-

times controversial [32, 33]. The success of the Sm-Nd technique for 

the dating of mafic rocks has been demonstrated by Lugmair [34, 35] 

Papanastassiou et al. [29] and Nakamura et al. [36] for meteoritic and 

lunar rocks and by Hamilton et al. [37, 38] and DePaolo and Wasserburg 

[39] for terrestrial rocks. 

In Table 1 and Fig. 2, the results of the analysis of whole rocks and 

mineral separates of plagioclase, clinopyroxene and uralite from gabbros 

are shown. The data form two approximately linear arrays. The upper 

array is defined by two gabbros K9 and G224-2 from the Ibra locality. 

The gabbro K9 is extremely fresh with only clinopyroxene exhibiting 

minor alteration to brown hornblende. The clinopyroxene from K9 has 

a significantly higher Sm/Nd and 
143

Nd/144Nd ratio than the 

coexisting plagioclase; together they indicate a crystallization age 

143 144 . of 128 + 20 m.y. with an initial Nd/ Nd ratio of £Nd= 7.7 + 0.3. 
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The other gabbro {G224-2) is from the upper part of the same gabbro 

unit as K9. This gabbro contains uralite as a late - stage replacement of 

both pyroxene and primary hornblende. The uralite has the highest 147sm/144Nd 

and 
143

Nd/
144

Nd ratios for th1·s rock, d t h i h an oget er wt the plagioclase 

gives an age of 150 + 40 m.y. and an initial 143Nd/144Nd ratio of 

ENd = 7. 8 + 0.4. The larger uncertainty in the age for this gabbro 

compared to K9 is due to the smaller difference in the 147sm/
144

Nd 

ratios for the plagioclase and uralite. Both gabbros have the same age 

and initial ratio within analytical uncertainty,and the Sm-Nd systematics 

do not appear to be disturbed by the presence of hydrous alteration 

products such as uralite. The combined data are shown in Fig. 2 and 

give a crystallization age of 130 ±. 12 m.y. and ENd = 7.8 ±. 0.2. 

The lower array shown in Fig. 2 is defined by the gabbros 

OM251 and OM28. These two gabbros were collected from Wadi Fizh and 

Rustaq,which are located north of the Samail gap {Fig. 1). The clino­

pyroxene and plagioclase from OM251 give an age of 100 + 20 m.y. 

and an ENd = 7.6 ±. 0.3. Although the isochron ages from Ibra 

and Wadi Fizh overlap within analytical uncertainty, the Sm-Nd results 

suggest that there may be an age difference of approximately 30 m.y. 

between these two areas. More precise measurements will be required for 

this to be established definitively, but the present results clearly 

indicate that these rocks crystallized in the time interval from 

100 m. y. to 130 m.y. These crystallization ages are greater than the 

time of emplacement of the Samail ophiolite onto the Oman continental 

margin which occurred between 65 m.y. to 85 m.y. [25]. This suggests 

that relatively mature(> 15 m.y old) oceanic crust was obducted. 

143 144 . The initial Nd/ Nd ratios from the gabbros,together with 

those determined from a plagiogranite, sheeted dikes, basalt and a 
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tectonized harzburgite from the peridotite,are shown in the histogram 

in Fig. 3. The latter samples are all from the Ibra area and their 

initial ratios were calculated assuming a crystallization age of 130 m.y. 

Most of the samples have ENd values within an extremely narrow range of from 

7.5 to 8.2 (Table 1), indicating derivation from an isotopically uniform 

light REE depleted (depleted in Nd relative to Sm) source region. 

The sheeted dike Kl has ENd = 8.6 ± 0.4 

compared to the mean ENd of 7.8 + 0.2 for the Ibra gabbros. This small 

deviation in ENd of Kl cannot be explained by seawater alteration as more 

altered samples have consistent ENd values, but it suggests the presence of small 

but significant isotopic heterogeneities in the oceanic mantle magma 

reservoirs. 

The initial value of ENd = 8.3 + 0.4 obtained from the 

tectonized harzburgite is also, within error, the same as the rest 

of the ophiolite. This result,together with the low trace element 

concentrations (Table 1),supports the hypothesis that the harzburgite is 

probably a cogenetic upper mantle residue produced by partial melting and removal 

of a basaltic liquid from which the rest of the ophiolite section formed. 

In Fig. 3 the ENd values from the Samail ophiolite are compared 

with those found in MORB (+7 to +13), marginal basins (+8 to +9), island arcs 

(+7 to +10), ocean islands (+4 to +8) and continental basalts (~O). The ENd 

values from the Samail ophiolite clearly have an oceanic affinity. The Nd 

isotopic data alone cannot be used to distinguish definitively among the 

various possible tectonic settings for this ophiolite because of the overlap 

in ENd between MORB, marginal basins, island arcs and to a lesser degree 

ocean islands (Fig. 3). However, the lack of light REE enriched samples 

[10, 47] and of widespread alkalic volcanism usually associated with ocean 

island and island arc environments plus geologic arguments 127] suggests that 
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the most reasonable scenario for the formation of the Samail ophiolite is 

at a ridge axis spreading center in an ocean basin. 

The initial Nd value of the Samail ophiolite with an average of 

ENd = 7.9±0.2, is somewhat lower than the "typical" MORB with ENd""" 10. 

To some extent this is due to its older age compared to the zero age MORB 

samples shown in Fig. 3. A more exact comparison requires correction for 

the evolution of Nd in the Samail ophiolite source region during the past 

130 m.y. Assuming that the composite of the cumulate gabbros, diabase dikes, 

and pillow basalts represents the primary tmfractionated magma of the Samail 

ophiolite, we estimate [10] that this magma had 147smJ144Nd = 0.24±0.02. 

Th • 1 b bl h 147s J144Nd t· • h • is a so pro a y represents t e m ra io int e source region, as 

both Nd and Sm are strongly partitioned into the melt during partial melting. 

For this value of 147smJ 144Nd, the Samail ophiolite source region today would 

have ENd""" 8.8 which is only 1 ENd tmit below the center of the present MORB 

distribution and is therefore fully consistent with a MORB affinity. 

The lower ENd value of the Samail ophiolite compared to typical MORB 

indicates derivation from a slightly less light REE depleted oceanic 

mantle source. 

3.2 Comparison of Nd and Sr 

A striking contrast exists between the Sr and Nd isotopic 

systems, with an extremely large range in 87sr/86sr ratios from 0.70296 

(ssr = -19, 7) to O, 70650 (sSr = +30.5) compared to a narrow range in ENd 

values of from only 7,5 to 8,6. The highest 87sr/86sr ratios are fotmd in 

the petrographically more altered rocks (basalts, sheeted dikes, high 

level gabbros, and plagiogranites). This approximate correlation between 

high 87 Sr/ 86sr and stratigraphic height (_see Fig, 5) indicates that these 

rocks exchanged with Cretaceous seawater, the only geologically reasonable 

. 87 86 source of high Sr/ Sr. 
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plotted. 

In Fig. 4 the ENd and ESr values from the Samail ophiolite are 

They have an origin at the mantle correlation line [31,40] and 

produce a horizontal trajectory to higher ESr values. Although this 

general effect has been shown by previous workers [40,43], the 

present results provide a spectacular example of how the Nd isotopic 

composition is unaffected by seawater contamination,despite the large 

shifts in the Sr isotopic composition. To illustrate further the 

effects of seawater addition, in Fig. 4, a mixing line for Sr and Nd is 

shown for the closed system exchange of seawater with 

oceanic crust for various water/rock ratios. For closed system ex-

change of seawater and rock the Sr water/rock ratio (by weight) is 

given by 

w 
- = 
R 

where i = initial value 

f = final value 

concentration of Sr in rock 

and = concentration of Sr in seawater. 

i i 
The parameters used in this equation are ERock = -20, EH 0 = +47 [7,8], 

2 
i 

and Si O = 8 ppm [48]. 
2 

that the initial Sr concentration in the rock (C~ck) is the same 

f 
ERock values are given in Table 1. It is assumed 

as the 

(1) 

final measured concentration (Table 1). With these parameters, W/R ratios of 

87 86 15 to 40 are required to account for the observed Sr/ Sr ratios in the 

sheeted dikes and basalt. For the gabbros lower W/R ratios of Oto 4 are 

indicated, suggesting that W/R ratios increase upward in the section. 
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The significantly lower concentration of Nd in seawater of 3xl0-6 ppm 

[48, 49] requires a W/R ratio exceeding 2 x 105 to produce 

a measureable shift in ENd" 

Due to the overprinting of rock Sr with seawater Sr, it is 

"bl d • amb" h • • 87 s / 86s not possi e to etermine un iguously t e primary magmatic r r 

ratio in these rocks. An upper limit is given by the lowest 87sr/86sr 

value of 0.70296 + 2 found in the plagioclase from the gabbro K9. 

This may be close to its magmatic value as the coexisting clinopyroxene 

with a lower Sr concentration has only a slightly greater 87sr/ 86sr 

ratio of 0.70313 + 3. The 87sr/86sr ratios in the clinopyroxene and 

plagioclase from the gabbro OM251 also have very different Sr concen­

trations but have the same 87sr/86sr ratio within error (0.70315 .± 5 and 

0. 70311 + 5), and may also represent a primary value. The difference be­

tween the plagioclase separates from K9 and OM251, may suggest a 

small but real difference in the 87sr/86sr ratios of these samples and of 

the original magmas from which they crystallized. 87 86 This small Sr/ Sr 

isotopic heterogeneity is also consistent with the ENd values for these 

two gabbros as both plot right on the correlation line in the ESr-ENd 

diagram of Fig. 4. The correlation line shown in Fig. 4 is defined by 

the ENd and ESr values of MORB, island arcs and ocean islands [30, 31, 40-45]. 

This correlation of E:... and E has been interpreted as an important mantle 
Nd Sr 

feature [31, 40, 45]. For example, the correlation may represent mixing 

between two reservoirs [31]; an undepleted "continental" type mantle 

with ENd 'v0 and ESr 'v0 and a LIL depleted "oceanic" type mantle with 
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The data presented in Fig. 5 and in Table 1 show that: a) measured 

87 86 . 
Sr/ Sr in altered samples shifts from the primary magmatic value of ~0. 7030 

towards the higher values of Cretaceous seawater of 0.7076 [7, 8] and 

b) o18o values of samples above the diabase-gabbro contact are enriched 

(relative to the primary magmatic value),whereas samples below the 

18 diabase-gabbro contact have depleted o 0 values. These data,therefore, 

indicate that both the Sr and 180 isotopic systems have been affected 

by exchange with a seawater derived hydrothermal fluid. The major dif­

ference between the two systems is that during hydrothermal exchange, 

only oxygen isotopes are significantly affected by temperature dependent 

fractionation. Oxygen water-rock fractionation factor t,. is defined as 

t,. = 0180 
rock -

0180 and is temperature dependent (t:. o: 1/T2). For water 

zeolite facies alteration, t,. > 6, and for greens chis t or 

higher facies a-lteration, t,. < 6 [50]. As extremely 

steep thermal gradients are present near the ridge axis spreading center, 

a wide range of t,.'s (-2< t,. < +20)is possible. In addition, since seawater 

• 1 6% 1· h • i:.
180 h h ••• 1 • • • h is on y 00 ig ter in v t an t e initia magmatic reservoir, t e 

changes in the alteration temperature regimes at active spreading 

environments can produce both 180 enrichments or depletions [9]. 

For closed system exchange of seawater and rock, the oxygen 

water/ rock ratio (by weight) is given by [50]: 

(2) 
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This is identical to the Sr exchange equation (equation 1) apart from 

the fractionation factor b. In principle the combined Sr and 0 

87 86 . approach may be used as a geothermoireter wit~ the Sr/ Sr ratios being 

utilized to estimate the W/R ratio. 18 Using this W/R ratio and the 6 0 values, 

the fractionation factor b and hence the final temperature of water-rock 

equilibration can be evaluated. This approach may be particularly useful in 

systems with relatively low water/rock ratios where equilibrium closed system 

exchange prevails and the Sr and O water-rock exchange rates are 

probably similar. Mixing lines can be calculated by combining 

equations 1 and 2 [10]. The effect of ch~ging b on the calculated 

mixing lines is shown in Fig. 5. Since there are many different 

18 alteration temperature regimes, no simple correlation between 6 0 and 

87sr/86sr would be expected for the entire ophiolite. 

4. 0 Conclusions 

Using the Sm-Nd method, internal isochrons were obtained from 

three gabbros establishing a Cretaceous crystallization age for the 

Siimail ophiolite. These results appear to be highly consistent in spite 

. 87 86 
of extensive hydrothermal exchange which has altered the primary Sr/ Sr 

and 1801 160 ratios. Gabbros from Ibra give an age of 130±12 m.y., and 

a gabbro in the northern part of Oman gives an age of 100±20 m.y. 

These results show that the Sm-Nd technique can be used to determine 

crystallization ages of relatively young, Mesozoic and Cenozoic mafic 

complexes. 

The initial 143Nd/144Nd ratios for all of the major lithologic 
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units of the Samail ophiolite have a narrow range in ENd values 

indicating that they are derived from a connnon mantle source which has 

been depleted in Nd relative to Sm (light REE depleted) for at least 

a billion years or more. These data clearly demonstrate an oceanic 

affinity for this complex. The Nd and Sr isotopic data cannot 

by themselves be used to distinguish definitively atoong the various 

possible settings such as mid-ocean ridge, back-arc basin, or island-arc. 

In contrast to the small range in initial Nd with ENd = 7.5 

to 8.6, the same samples have an extremely large range in initial 

87sr/86 sr and 0180 with 87sr;86 sr (I)= 0.7030 to 0.7065 and 0180 = +2.6 

to +12.7. These large variations in both Sr and 0 are consistent with 

hydrothermal exchange of oceanic crust with seawater initially having a 

high 87sr/86sr ratio and o18o = 0. The initial 87sr/ 86sr ratios 

generally decrease downward suggesting that the ratio of seawater to 

rock decreases with depth. As the 180 shifts depend upon W/R ratio and 

18 18 . temperatureJboth 0-depleted and a-enriched rocks have been produced. 

Utilizing a relatively simple model for relating the exchange 

of Sr and O, it may be possible to use the Sr data to estimate W/R 

ratios and subsequently to evaluate the temperature of equilibration 

betwe~a the water and silicates by using the 18o;16o water-rock 

fractionation. 
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FIGURE CAPTIONS 

Figure 1. Generalized geologic map of the Samail ophiolite, Oman 

(after Glennie et al. [3]),showing sample localities. The 

Samail ophiolite (solid) is an allochthonous body which is in 

thrust contact with the ooderlying rocks. 

Figure 2. Sm-Nd evolution diagram showing the data for whole rocks 

and coexisting pyroxene-plagioclase and uralite-plagioclase pairs for 

gabbros from Ibra, Wadi Fizh and Rustaq. The gabbros from Tora give 

an age of 130±12 m.y. and ENd = 7.8±0.2. The gabbro from north of the 

Samail gap gives an age of 100±20 m.y. and ENd = 7.6±0.2. These 

ages are considered to be the times of formation of the oceanic 

crust that was formed in the Hawasina ocean basin and is now 

preserved as the Samail ophiolite. 

Figure 3. Histogram comparing initial eNd values from the Samail ophiolite 

measured in this study with modem-day mid-ocean ridge basalts 

(MORB)[30, 31, 40-42], marginal basins (Lau, Scotia Sea) [42, 44], 

island arcs [43, 44], ocean islands [31, 40, 41, 45], and continental 

flood basalts [30, 31, 42, 46]. The small range in ENd for marginal 

basins (shaded) may be an artifact of the limited data (the smallest 

vertical division represents one sample). The Samail ophiolite 

clearly has an oceanic affinity. The initial eNd values of the 

Samail ophiolite (solid) give an average of ENd = 7. 9, which is 

somewhat lower than typical modem-day MORB with ~d. """ 10. Correcting 
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for differential evolution in the Samail ophiolite source region 

relative to the bulk earth during the past 130 m.y. increases 

the ENd values of the Samail ophiolite (delimited by dashed lines) 

to give a modem-day average of ENd = 8. 8, which is well within the 

M0RB and marginal basin range. 

Figure 4. ENd and ESr values for the Samail _ophiolite. The arrows 

indicate the effect of contamination with Cretaceous seawater for 

different water/rock ratios and show that W/R > 105 is required 

before ENd values are affected. The ENd and ESr values of 

uncontaminated samples plot on the "mantle correlation" line [31, 40] 

and are consistent with derivation from a less depleted M0RB source 

region. The ENd and ESr values plot in a position where the 

fields for M0RB and island arc basalts overlap, and hence do 

not discriminate between the oceanic environments in which the 

Samail ophiolite fonred. 

Figure 5. Initial 87sr/86sr and o18o values of whole rocks (solid) and 

minerals (open) from the Samail ophiolite. The approximate 

stratigraphic depth is given in parentheses. The curves describe 

the o18o and 87sr/86sr values in mixtures of seawater and oceanic 

18 crust for different temperatures of 0 exchange. The oxygen water-

rock fractionation factor bis temperature dependent (b tt 1/T
2
), 

being approximately equivalent to zeolite facies for b = 11, to 

greenschist facies for b = 6, and to upper amphibolite facies for 

b = 0. The water/rock ratios on the right ordinate are calculated 
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assuming closed system exchange of Sr (equation 1) in Cretaceous 

seawater (87sr/86sr = 0.7076, Sr= 8 ppm) with Sr in oceanic crust 

87 86 ( Sr/ Sr= 0.7030, Sr= 160 ppm). The arrows on the mixing 

lines show the direction of increasing W/R ratios. These lines 

illustrate that W/R ratios are higher while alteration temperatures 

are lower for the diabases and basalts (Kl, GlO, G54). 

The curves also show that the gabbros (G224-2, OM28) 

were altered at higher temperatures and lower W/R ratios. In 

principle, the Sr and O isotopic systems can be used together as 

a geotherrooneter for hydrothermal interactions. 



254 

Table 1. Nd, Sr, and 0 isotopic data from the Samail ophiolite. 

Samples Nd Sr 
87Rb 147Sm 87Sr 143t.d 

0180 
(ppm) (ppm) 86Sr 144Nd 86Sr 144Nd e:Sr e:Nd 

Basalt 

G54 WR 15.9 198 0.104 0.192 0.70491±4a 0. 512219±19a 5. 3b 7.5b 12. 7 

CALCITE 0.126 6.12 0.004 0.209 0.70650±15 0.512265±29 30.5 8.1 

Sheeted Dikes 

Gl0 11.2 162 0.029 0.209 o. 70535±4 0.512250±25 13. 5 7.8 8.5 

Kl 13.0 388 0.008 0.194 o. 70519±4 0. 5122 75±20 11. 7 8.6 6.8 

P lagio granite 

G224-3 17.3 192 0.035 0.187 o. 70362±4 0. 512249±18 -11. 3 8.2 5.2 

Gabbros 

G224-2 WR 8. 36 196 0.010 0.201 0. 70370±3 0.512251±19 -9.5 8.0 3.7 

PI.AG 2.25 330 0.008 0.151 0. 70352±4 0. 512196±18 -12 .o 7.8 4.5 

URAL 9.51 58.7 0.014 0.241 0. 70426±3 0.512285±19 -1.6 8.0 2.6 

K9 WR 0.986 188 0.001 0.271 0. 70304±5 0.512310±18 -18.6 8.0 5. 7 

PLAG 0. 399 311 0.001 0.129 o. 70296±2 0 . 512180±25 -19.7 7.8 6.0 

0.512181±19c 7.8 

CPX 2.630 24.8 0.001 0. 322 0. 70313±3 0.512341±15 -17.3 7. 7 5.3 

0M251 PLAG 0.081 156 0.001 0.159 0. 70311±5 0.512203±22 -18.0 7.6 6.4 

CPX 0.411 54.2 0.002 0. 377 0.70315±5 0.512346±25c -17.5 7.6 5.8 

0M28 WR 0.385 132 0.001 0.264 0.70383±5 0.512274±22c -7.8 7.7 5.2 

Ha rzb urgite 

K22 0.035 0.43 0.150 0.216 o. 70313±9 0.512278±23 -21.2 8.3 

~rrors are in the last figures given and represent ±2o mean. These errors correspond 

to typical uncertainties in e:Sr' and e:Nd of ±0.6 and ±0.4 e: units, respectively. 

The uncertainty in o18o is ±0.1%c,. 

b 
e:Sr and e:N d values calculated for a crystallization age of 130 m.y. for except 

0~Q51 and 0M28 for which an age of 100 m.y.was used. 

C 
143Nd /

144
Nd determined from spiked sample. 
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Appendix 5. MINNESOTA RIVER VALLEY: GEOLOGY, FIELD NOT~S, AND 

SAMPLE DESCRIPTIONS 

GEOLOGY' 

The Archean rocks of the Minnesota River Valley in s.w. 

Minnesota are exposed in three main areas-. These are the Morton-Delhi 

area, the Granite Falls-Montevideo area, and the Ortonville-Odessa 

area. In this study roost of the samples were collected from the first 

two areas. 

In the M:>rton-Delhi area the pri~cipal rock is the Morton 

gneiss within which Ltmd (1956) distinguished three rock types. These 

are: 

(1) Basic or mafic amphibolitic xenoliths which range in 

chemistry from tholeiitic to komatiitic (Wooden et al., 1979). 

(2) Gray tonalitic gneisses which have variable textures and 

structures. They range from fine to very coarse grained, thin to 

thick layered, and straight banded to highly contorted and convoluted 

rocks. Gradations in compos.ition from predominantly tonalitic to 

granodioritic are also present. 

(3) Pink granitic rocks which are the neosome or leucosome of 

the Morton gneiss . They range from a coarse grained pegmatitic 

gneiss to a finer grained relatively undeformed adamellite. Resembling 

this least deformed phase is the Sacred Heart granite which outcrops 

in the area south of Sacred Heart and locally intrudes the Morton 

gneiss (Lund, 1956). 

The second area that was studied is in the vicinity of Granite 



261 

Figure AS-1. Geologic map of the Granite Falls and Montevideo areas 

showing principal geologic units and location of samples (adopted 

from Hinnnelberg, 1968). 
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Falls and Montevideo and contains the largest area of exposure and 

most diverse lithologies, Lund (.1956) and Himmelberg (.1968) 

classified the rocks in this area according to the following 

divisions (_Fig. A5-1): 

(.1) hornblende-pyroxene gneiss­

(_2) gamet-biotite gneiss 

(.3) interlayered gneiss 

(.4) granitic or Montevideo gneiss. 

In this area, most of the samples that were studied were from the 

Montevideo gneiss. Within the Montevideo or granitic gneiss, 

Goldich and Hedge (1974) and Goldich et al. (1979) have further recognized 

three principal rock types. These are: 

(1) predominantly granodioritic but including some tonalitic 

gneisses, 

(~) adamellite gneiss including minor leucocratic and 

pegmatitic phases, and 

(.3) minor amotmts of amphibolitic xenoliths and rafts which 

are similar to, but less abtmdant than, those found in the Morton 

gneiss. 

The main difficulty in deciphering the complex history of the 

Morton and Montevideo gneisses is in obtaining samples which are 

representative of the pure. and end-member components of the tonalite­

granodiorite and adamellite gneisses, The main field criteria for 

identifying the adamellite is its characteristic red-brown color. This 

is associated with hematite and feldspar and may be due to hydrothermal 

alteration which has affected the adamellite more severely than the 
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finer gra;i.ned granod:Lod.tic and tonalit;i.c gneiss.es. Wh.ere 

cros·scutting relationships are preserved 1 th.e adamellite is the 

yotmger phase. This suggests that the adamellite invaded the gneiss 

in a lit-par-lit fa.sh~on, but locally truncated the structure with 

later deformation affecting both phases· and developing boudins of 

granodioritic gneiss with. adamellite separations. The adamellite also 

has a distinctive geochemical signature (Goldich et al., 1979) 

having higher Ki Rb, Ba, K/Na, and Rb/Sr and lower Sr/Ba ratios than 

the granodiorite gneiss. 

The granodioritic gneiss is a gray to dark-gray, fine to 

nedium grained, thin layered rock with well-aligned biot;i.te. Apart 

from its distinctive gray color it contains a higher proportion of 

more sodic plag:Loclase. In the Morton area and occasionally in the 

Gran:Lte Falls area, the gneiss :Ls a tonal:Lte and :Ls thus readily 

dist:Lnguished from the adamell:Lte. Due to the l:Lm:Lted exposures and 

deformed character of granodior:Lt:Lc gne:Lsses, no f:Leld rela.t:Lons.h:Lps 

have been recogn:Lzed which constra:Ln the number of generat;i.ons and 

thne interval dur:Lng wh:Lch these rocks were formed and emplaced. 
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FIELD NOTES AND SAMPLE DESCRIPTIONS 

During the course of this study, rocks in the Minnesota River 

Valley were examined in three separate visits. The first two visits 

were in October 1977 and August 1978. These trips were mainly of a 

familiarization and reconnaissance nature insofar as localities which 

had already been sampled by Goldich et al. (1970) and Goldich and 

Hedge (1974) were mainly visited . After Sm-Nd analytical data were 

obtained from a number of samples supplied by S.S. Goldich from these 

localities, it was decided to revisit and resample some of these 

localities in October 1978. This latter sampling was undertaken with 

G. J. Wasserburg, S. S. Goldich together with assistance from R. 

Beltrame,and D. Bergstrom from the Minnesota Geological Survey. The 

following descriptions include both field and laboratory notes. 

Modes and chemical analyses of samples (from Goldich et al., 1979) 

are surmnarized in Tables A5-l to A5-8. 
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Figure A5-2. a) GC-2:-Thin layered gray granodioritic gneiss from 

Green Company Quarry. The lighter portions are quartz, feldspar 

rich segregations. 

b) GC-3:- Medium grained homogeneous amphibolite from Green 

Company Quarry. 

c) GC-4:- Medium grained red-brown adamellite from Green Company 

Quarry. 

d) GC-7:- Heterogeneous rock consisting of adamellite (darker) 

interlayered with granodiorite gneiss (lighter), from Green 

Company Quarry. 
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Figure A5-3. a) GC-9:- Massive uniform plagioclase-quartz-pyroxene­

biotite gneiss from Green Company Quarry. This lithology typical­

ly has a green caste and is equivalent to the pyroxene gneiss 

described by Hinnnelberg (1968). 

b) S-1:- Light gray coarse grained tonalitic gneiss from 

Schumacher Farm. This sample is part of the Morton gneiss. 

c) 649-2:- Dark gray, coarse grained and thinly banded gneiss 

from Morton 

d) SH-1:- Sacred Heart granite. Although inclusions of the 

Morton gneiss are occasionally found in the Sacred Heart granite, 

in this photograph the darker feature is due to a shadow. 
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October 14-19, 1978 

15th October 1978, Sunday 

Collected samples from the active Green Company Quarry in 

Granite Falls (see Fig. A5-1). From the geologic map of Hilllilelberg 

(1968)(Fig. AS-1), it can be seen that the quarry is mostly within the 

"Montevideo gneiss" defined by Lund (1956) and Himmelberg (1968) 

However, it is adjacent to the contact of the mafic hornblende­

pyroxene gneiss body and is crosscut by yotmger hornblende diabase 

dikes. 

In the latter part of the day exposures of the Montevideo 

gneiss in the roadcut along highway 212 were examined in the vicinity 

of the township of Montevideo. Outcrops of the gamet-biotite gneiss 

(metasediment ?) and the hornblende-pyroxene gneiss near Memorial Park 

Granite Falls were examined on the return trip. 

Sample GC-2. Green Company Quarry middle west wall. 

(Collected sample from boulder with sledge hannner) (.sample 833 of 

S. S. Goldich). See Figs. AS-1 and AS-2. 

Field. Dark grey thin layered gneiss which is fine to medium 

grained and has a relatively uniform foliation defined by biotite-

qtz + feld layers. In addition, there are several leucocratic 

feldspathic 1-2 cm layers which are coarser grained(~ 1 cm}. Spects 

of pyrite are visible in hand specimen suggesting some alteration. 

Laboratory. Equigranular, cataclystic texture with_qtz, plag, 

K-spar, biotite. Some of the biotite is partially altered to hematite. 
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This is a relatively pure chunk of the granodioritic gneiss which 

appears to be free of any adamellite contamination. One half of the 

sample .C~ 6 kg) was pulverized and ground to < SO nesh and s.plit for 

W.R. sample. 

Sample GC-3. Green Company Quarry N-W wall (collected 

with sledge hannner). See Figs. AS-1 and AS-2b. 

Field. Black massive and very nniform amphibolite. In hand 

specimen appears to consist almost entirely of hornblende. Collected 

from quarry face. Appears to be crosscut by adamellite and itself 

crosscuts hornblende-pyroxene gneiss, i.e., younger than hornblende­

pyroxene gneiss, older than adamellite. 

Laboratory. Consists of predominantly hornblende with less 

than 10% orthopyroxene and plagioclase. The orthopyroxene and 

plagioclase occur interstitially suggesting that they are late stage 

crystallization products. 

Sample GC-4. Green Company Quarry same locality as GC-3 (collected with 

sledge hammer) (sample 828 of S,S. Goldich). See Figs, AS-1 and AS-2c. 

Field. Dark red-brown equigranular medium grained adamellite. 

Uniform red K-feldspars with dark grey quartz grains~ 2mm in 

diameter. This is a relatively pure chnnk of the adamellite gneiss 

which appears to be free of any contamination from the granodioritic 

gneiss. 

Laboratory. In thin section it is apparent that this sample 

is more altered insofar as most of the feldspar is cloudy and is being 
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replaced by sericite. Hematite is also replacing the biotite. 

Approximately 1-2 kg of this relatively miform rock was gromd to 

< 50 mesh and split for W.R. sample. 

Sample GC-5. Green Company Quarry. Approximately 

200 yards S.W. of GC-3 (collected with sledge hannner). See. Fig. AS-1. 

Field. Distinctive thin layered granodioritic gneiss with a 

granoblastic texture and local porphyroblasts of hornblende which are 

aligned with the biotite. Crosscutting the gneiss is a fine grained 

aplite vein which grades into a coarser grained pegmatite. These 

distinctive lithologies were not recognized in the quarry walls and it 

is possible that the large boulder from which the sample was taken is 

a glacial er~atic. 

Sample GC-6. Green Company Quarry adjacent to GC-5 

(collected with sledge hammer). See Fig, AS-1. 

Field. Collected from a boulder near the quarry wall and is 

typical of the samples in the quarry wall. Consists of coarse (3-4 cm) 

and finer(~ 1 cm) bands of adamellite interlayered with granodiorite. 

This sample was collected as it contains both granodiorite and 

adamellite and therefore age relationships between the two mits can 

be directly ascertained. 

Sample GC-7. Green Company Quarry; sa,me location as 

GC-6 (collected from boulder with sledge hammer). See Figs. AS-1 and A5-2d. 

Field. Similar sample to GC-6 in that it is typical of the 

wall rocks and contains both adamellite and granodiorite. Collected 
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for the same reason. 

Sample GC-8, Green Company Quarry, same location as GC-3 . See Fig. AS-1. 

Field. Mixed sample consisting of a 3-4 cm layer of 

adamellite between a mafic pyroxene gneiss. The layering is parallel 

to the foliation defined by biotites. 

Sample GC-9. Green Company Quarry, same location as GC-3. See Fig. A5-3a. 

Field. Massive relatively undeformed pyroxene-gneiss with a 

greenish caste. This sample is probably equivalent to the 

hornblende-pyroxene gneiss mapped by Himmelburg (1968) as the contact 

is close to where the sample was collected. 

Laboratory. Contains quartz, plagioclase, and orthopyroxene. 

Some of the feldspar contains antiperthitic blebs. The pyroxene is 

partially altered to chlorite. 

Sample GC-10, Green Company Quarry, See Fig. AS-1. 

Field. Diabase dike, contains small phenocrysts of 

plagioclase, This sample is part of the younger dike complex which 

dissects the quarry and is undeformed. K-Ar and zircons from similar 

dikes give an age of 1800 m.y. 

Laboratory. Composed of plagioclase laths which are 

poikalitically enclosed by altered hornblende-pyroxene aggregates. 

There are also large zoned plagioclase phenocrysts indicating at least 

a two-stage cooling history. 
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October 16th, 1978 

Quarried sample of the Morton gneiss from Shumacher Farm 

(Map 1). Also collected sample of amphibolite and aplite dike from 

the sam.: locality. Later in the day visited the Sacred Heart quarry 

with B. Beltrame and collected samples of Sacred Heart granite. 

G. J. Wasserburg left for Minneapolis in the early aftemoon. 

Sample S-1. Map 1 Shumacher Farm (_sample obtained by air-drilling 

and wedging) (Sample 835 of S. S, Goldich), See Fig. A5-3b, 

Field. Light gray, coarse grained, layered tonalitic gneiss 

from the ledge east of the large aplite dike. As this sample has 

irregular banding consisting of quartzo feldspathic layers (l-2 cm) 

a large 18" x 18" block of the gneiss was collected. In hand specimen 

brown stained sphenes are apparent. No adamellite or yotmger granitic 

material present. 

Laboratory. In thin section the gneiss contains mostly 

plagioclase plus some quartz, biotite, microcline, and traces of sphene 

and apatite. Some of the plagioclase is slightly sericitized. 

Approximately 1/2 of the rock was crushed and grotmd to a fine powder 

(< 100 mesh) and split for a whole rock sample. 

Sample S-2. Shumacher Farm (collected by sledge hammer). 

Field. Amphibolite collected from an approximately 30' x 15' 

raft of amphibolite. The amphibolite consists mainly of homblende 

with some plagioclase phenocrysts and is somewhat altered to chlorite 

and serpentine(?). Small 1-2 cm quartzo-feldspathic veins 
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are present in the amphibolite raft but w:ere not present in th.e 

sample. 

Sample S-3, Shumacher Farm (_collected by sledge 

hannner). 

Field. Large aplite dike which. crosscuts the tonalitic 

gneiss (.S-1). Pinkish-gray, sugary textured, fine-grained biotite 

aplite. The aplite has large grains of altered allanite and has a 

weak secondary foliation. 

Sample SH-1. Sacred Heart granite (collected by sledge 

ha1!lliler), See Fig, A5-3d, 

Field, Collected fresh pieces from an abandoned quarry which 

is approximately 1/2 mile S. of Minnesota River along Redwood County 

Road 9. This sample is relatively undeform:d medium-grained gray-t.0-

red colored fairly uniform rock containing~ 40% K-spar, 30% plag, 

20% quartz, and~ 10% biotite and accessory minerals. In an adjacent 

outcrop there are inclusions of mafic rocks and tonali.tic gneisses 

which are almost certainly pieces of the Morton gneiss. This 

indicates that Sacred Heart granite is younger than Morton gneiss. 

Zircons from Sacred Heart give an upper intercept age of~ 2530 m.y. 

(Goldich et al., 1970). Initial Sr = 0. 702. 

October 17th, 1978 

Quarried sample of the Morton gneiss from an inactive quarry 

(#4) in the vicinity of Morton. In the afternoon collected 

samples from the Ellison Farm area which is also in the vicinity of 
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Morton. 

Sample 649-2. Morton Quarry /14 (quarried sample using 

drill and wedges). See Fig, A5~3c, (S.S.Goldich sample KA 811). 

Field. Dark gray, coarse-grained, thinly-banded (1-4 mm) 

homblende-biotite gneiss with a cataclastic texture. The 

hornblende is porphyroblastic.Collected a single chunk~ 12" x 12". 

This sample is thought to be representative of the uncontaminated 

tonalite gneiss. 

Laboratory. In transferring samples to permanent container 

split sample into 2 pieces. In the center of one of the pieces are 

some K-spar and granitic pods suggesting contamination by granitic 

material. 

Sample EF-1. Ellison Farm, Morton, collected with drill 

and wedges. 

Field. This rock contains 3 distinct lithologies: 

(1) dark gray , medium-grained biotite tonalite gneiss; 

(2) leucocratic fine-grained aplite dike which crosscuts the 

foliation of the tonalitic gneiss; 

(3) finely layered pink-gray granodioritic gneiss. This may 

represent a mixture of sheared adamellite and tonalite gneiss. This 

sample was collected as it preserves contact relations for the three 

different lithologies. 

Sample EF-2, Ellison Farm Morton, Collected with drill 

and wedges. 
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Field. Gray to pink, iredimn grained, relatively tmdeformed 

biotite adamellite. Has a weak foliation with minor sheared quartz 

veins and pods . 

October 1977 and August 1978 

Sample MIN. 1 Shumacher Farm. Amphibolite dike in 

Morton gneiss which is approximately parallel to the gneissic 

foliation. Chemical analyses by S.S. Goldich indicates that it has 

an approximately komatiitic composition. 

Sample MIN. 2 Lmds type locality on highway 212 approximately 

1 mile SE of Montevideo. Same outcrop as KA431 (Fig, A5-1), Fine to 

medimn grained partially sheared oligoclase-microcline-quartz 

adatrellite. Has a pink to red coloration which is probably due to 

alteration of biotite. 

Sample MIN. 3 Same locality as MIN. 2. Fine to medium 

grained very ho100geneous homblende-plagioclase amphibolite. Has 

tholeiltic chemistry. Three chtmks were collected. 

Sample MIN. 4 Same locality as MIN. 2. Sheared Y~ntevideo 

gneiss with layers of brick-red granulated pegmatite and dark-gray 

granodioritic gneiss layers. Some of the granodioritic layers appear 

to form sharp anticlinal type folds; however, in general, the 

foliation is parallel to the regional trend. 

Sample MIN. 5 Memorial Park Granite Falls (same outcrQp a,s 

817, Map 2). Medimn grained massive and homogeneous garnet-pyroxene 
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(_"graywacke") gneiss. This is part of the mafic series which Lmd 

postulated may have been the older basement intruded by the 

Montevideo gneiss. 

Sample MIN. 6 Granite Falls (same outcrop as 761, Fig. A5-1). 

Medium to coarse grained dark gray quartz-pyroxene-homblende­

plagioclase gabbro. Some of the mafic minerals are altered to 

chlorite and actinolite. 

Sample MIN. 7 Green Company Quarry Granite Falls (Fig. AS-1). 

Massive, medium to coarse grained pyroxene-quartz-plagioclase gneiss 

with a distinct greenish caste. This sample is very similar to 

GC-9. 

Sample MIN. 8 Same location as MIN. 7. Sample consists 

predominantly of medium to coarse grained pyroxene-gneiss with a green 

caste. In the centre of the sample is an~ 1" layer of medium 

grained adamellite with a red brown caste. The adamellite layer is 

concordant with the gneissic foliation. 

Sample MIN. 9 Same locality as MIN. 7. Mixed sample consisting 

of mainly red-brown medium grained adamellite together with the 

pyroxene-gneiss. 

Sample MIN. 10 Same outcrop as KA209 (Fig. AS-1). Gray to red-

brown medium grained, thin layered well-foliated granodioritic gneiss. 

Sample MIN. 11 Abandoned quarries near Montevideo (Fig. AS-1). 

Red-brown medium grained, coarsely layered adamellite gneiss. 
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Sample MIN. 12 Redwood Falls State Park. Light-brown 

residual clay sample from regolith resulting from late Cretaceous 

weathering of the Morton gneiss. Consists principally of kaolinite 

and quartz. 

Sample MIN. 13 Morton Quarry #5. Light pink medium 

to coarse grained adamellite. Contains garnet which is an tmusual 

occurrence. Described by S. S. Goldich as "infolded adamellite" 

as it occurs as highly deformed and irregularly shaped bodies. 

Sample MIN. 14 Morton Quarry 112. Black, medium 

grained hornblende rich amphibolite. Partially intruded by pink 

veins of pegmatite. 

Sample MIN. 15 Active Quarry,Morton, Large (1' x 2') slab of 

Morton gneiss from active quarry waste pile. Consists of coarse 

layers of light gray granodioritic gneiss and pink pegmatitic layers. 

Also contains an amphibolite xenolith. 

Sample MIN. 16 Bruekutes Farm Morton. Dark gray, 

medium grained, thinly layered garnet-muscovite-quartz paragneiss. 

Sample MIN. 17 1/2 mile S. of Delphi, same outcrop as 339 of 

SSG. Gray, medium grained, finely layered and highly contorted sample of 

granodioritic gneiss, 
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Goldich and Hedge (.1974) and Goldich et al. (1979) Samples 

Sample 431 

Along Highway 212 (Fig, AS-1) and railroad tracks, 2,6 km SE of 

Montevideo. 

Leuco-adamellite gneiss. Bright red, medium grained, 

oligoclase-microcline-quartz, minor biotite. Collected along railroad 

track east of highway. 

Sample KA-608 

Same locality as 431 (_Fig, AS-1). 

Granodiorite gneiss. Pinkish:-gray, medium to coarse grained 

(0.5 - 1.0 mm), banded with fine-grained biotitic and coarse-grained 

quartz-feldspar layers. Collected by R. L. Bauer (Goldich and Hedge, 

19 74). 

Sample KA-605 

3.6 km northwest of Granite Falls on Peterson Farm (Fig. AS-1). 

Granodiorite gneiss. Pinkish-gray, medium to coarse grained 

(2-3 mm) oligoclase-quartz-microcline-biotite, similar to K.A-608. 

Collected by R. L. Bauer. 

Sample KA-607 

3. 2 km NW of Granite Falls, west side of river (_Fig, AS-1). 

Tonalitic gneiss. Grayish-pink, medium grained (1-2 mm), 

foliated oligoclase-quartz-biotite gneiss. Minor idioblastic 
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hornblende. Plagioclase is. conunonly antiperthite, Collected by 

R. L. Bauer. 

Sample 609 

Same locality as KA-607 (.Fig, A5-1), 

Granodiorite gneiss. Light gray, mediunrgrained plagioclase­

quartz- microcline. 

Sample 54CGN 

Granite Falls Green Company Quarry (Fig. AS-1), 

Layered mafic gneiss with dark gray bands, 0.5-2.0 mm thick, 

andesine-clinopyroxene-orthopyroxene-hornblende-magnetite-ilmenite; 

light bands O. 5-4 nnn thick, largely andesine, quartz, and minor 

mafites. 

Sample KA-606 

Same locality as 54CGN (Fig, A5-l), 

Granodiorite gneiss. Light to dark reddish~gray, medium 

grained (.O .5-1. 5 mm), banded, folded oligoclase-quartz-microcline­

biotite gneiss. Collected by R. L. Bauer. 

Sample KA-54GN 

Same locality as 54CGN (_Fig, A5-l), 

Granodiorite gneiss, pinkish-gray, medium grained (0.5-1.5 nun), 

thinly banded (2 nnn) plagioclas.e-quartz-microcline-biotite with minor 

hornblende. 
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Sample 815 

Memorial Park, Granite Falls (Fig, A5-1). 

Metagraywacke. Dark gray, fine-to-nedium grained, massive to 

weakly foliated andesine-pyroxene-quartz gneiss. 

Sample 817 

Same locality as 815 (Fig. AS-1), 

Metagraywacke. Dark gray, fine-to-medium grained (0.2-1.0 mm) 

thinly layered andesine-quartz-biotite-pyroxene-gamet gneiss. 

Sample 761 

East edge of Granite Falls (Jig , A5-1), 

Metagabbro. Dark gray, sheared, and recrystallized anorthositic 

gab bro. 

Sample 649 

Morton Quarry 114 , 

Tonalitic gneiss. Dark gray, coarse-grained, contorted 

structure, some amphibolite contamination. 

Sample 659 

Located SE of Franklin , 

Granodioritic gneiss. Dark gray, coarse-grained. 

Sample 6 73 

NE of Delphi, Shumacher Farm. 

Tonalitic gneiss, gray, fine-to-medium grained. 
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Sample 339 

N of Delphi. 

Large sample of gray, banded and contorted gneiss. 
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Table A5-l. Modes of Montevideo Gneiss, Granite Falls Area 

Sample 608 605 609 606 54GN 607 GC-2 GC-5 

Quartz 28 32 40 31 28 35 35 35 

Plagioclase 48 41 39 46 47 55 40 35 

Microcline 20 18 17 13 16 X 15 15 

Biotite 2 6 3 8 7 9 8 5 

Muscovite 2 

Hornblende X X 0.6 X X 10 

Opaque X X X X X X X X 

Allanite X 

Apatite X X X X X X 

Sphene X X 

Zircon X X X X X X X 

Chlorite X X X 0.8 X X X 

Epidote X X X 

Gamet X 

Sericite X X X X X X X X 

Hematite X X X X X X X 

x = less than 0.5 percent. 
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Table AS-2, Modes of Layered Ma.fie Gneisses 

Granite Falls Area 

Sample 815 817 GC-3 GC-9 761 54CGN 

Quartz 8 26 20 8.8 6.6 

Plagioclase 77 49 4 52 63.4 50.4 

Antiperthite 10 

Microcline X X X 

Biotite X 14 1 2 X 

Opaque 3 1.0 X 3 7.0 

Hornblende 0.8 85 2 19.8 11.4 

Orthopy roxene 1 3 10 10 X 4.8 

Clinopy roxene 9 4 1 8 18.8 

Apatite X X X X X 

Sphene X X 

Zircon X X 

Secondary 
Amphibole X 

Gamet 3 

Chlorite X X X X 

Sericite X X X X X 

x = less than 0.5 percent 
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Table AS- 3. Modes of Adamellite, Granite Falls Area 

and yotn1ger samples 

Sample 431 GC-4 Sacred Heart Diabase Dike 
(SH-1) (GC-10) 

Quartz 36 40 30 35 

Plagioclase 28 34 20 

Microcline 31 20 40 

Biotite X 5 9 5 

Hornblende 

Actinolite 35 

Opaque 10 1 1 10 

.Apatite X X 

Sphene 

Zircon X 

Calcite X 

Ch1orite X X 10 

Epidote 

Gamet 1.4 

Hematite X X X 5 

Seri cite X X X X 

x = less than 0.5 percent 
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Table ID- 4. Modes of :Morton Gneiss 

Sample 649 673 339 S-1 659 

Quartz 27 5 34 10 29 

Plagioclase 53 79 48 73 43 

Microcline X 3 3 5 21 

Biotite 9.2 9 14 10 4 

Hornblende 10.6 2 1 1 

Hyperthene 1 

Opaque X 0.6 X 0.5 0.3 

Allanite X X X 

Apatite X 0.7 X 0.5 X 

Sphene X 1.4 X 0.5 X 

Zircon X 0.1 X X X 

Calcite X 

Chlo rite X X X X X 

Epidote X X 0.7 X X 

Rutite X X X 

Sericite X X X X X 

x = less than 0. 5 percent 
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Table AS-5. Chemical Analyses of Montevideo Gneiss 

Granite Falls Area (from Goldich et al., 1979a,b). 

Sample 608 605 609 606 54GN 607 

Si02 73.7 72. 3 74. 3 72. 9 71.8 70.0 

Al203 14.6 14.5 14.3 14.6 14.7 15.9 

Ti02 0.12 0.25 0.15 0.22 0.28 o. 32 

Fe2o3 0.65 0.56 0 .5 7 0.59 0.84 o. 74 

FeO 0.48 1.58 0.43 1.13 1.57 1.86 

MnO 0.02 0.03 0.02 0.02 0.04 0.03 

MgO 0 .19 O. 74 0.20 0.59 o. 82 0.83 

Cao 1.57 2.27 1.53 2.28 2. 77 3.06 

Na2o 4. 93 4.29 4.61 4.23 4.39 5.15 

K20 3.35 2. 72 3.39 3.21 2.53 1.27 

P205 0.05 0.08 0.05 0.10 0.09 0.09 

Ho+ 
2 0.09 0.19 0.04 0.09 0.20 0.38 

H o-
2 0.09 0.12 0.07 0.10 0.05 0.12 

CO2 0.0 0.07 o.o 0.0 0.04 0.11 

F 0.02 0.03 0.0,1 0.03 0.03 0.02 

Total 99.85 99.6 8 99.63 100.07 100 .14 99.93 

ppm 
Rb 92.7 89 .1 71. 7 89.1 75 41.5 

Sr 308 257 339 257 270 379 

Ba 390 720 715 720 590 585 

Sm 3. 68 3.17 0.911 3.26 2 .4 7 3.73 

Nd 18.0 18.8 6.66 18.8 17.9 29.3 

K/Rb 300 283 392 299 280 253 

Rb/Sr 0.30 0.28 0.21 o. 35 0.28 0.110 

Sr/Ba o. 79 0.36 0.47 0.36 0.46 0.65 

Ba/Rb 4.2 9.9 10 8.1 7.8 14.1 

Sm/Nd 0.204 0.169 0.137 0.173 0.138 0.127 
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Table A5-~. Chemical Analyses of Adamellite Gneiss 

Granite Falls Area (from Goldich et al., 1979b). 

Sample 431 

Si02 73.7 

Al2o
3 14.4 

Ti02 0.14 

Fe2o3 0.64 

FeO 0.53 

MnO 0.01 

MgO 0.18 

CaO 1.27 

Na2o 4.12 

K2o 4.45 

P205 0.03 

Ho+ 
2 0.12 

H o-
2 0.07 

CO2 0.08 

F 0.03 

Total 99.84 

ppm 
Rb 139 

Sr 170 

Ba 620 

Sm 193 

Nd 11.28 

K/Rb 265 

Rb/Sr o. 82 

Sr/Ba 0.27 

Ba/Rb 4.5 

Sm/Nd 0.171 



290 

Table A5-7i: , Chemi.cal Analyaes of Layered Ma,fic Gnei.ssea 

Granite Falls Area (_from Goldich et a~,, 1979a,b} 

(metased) (metagabbro) 
Sample 815 817 761 54CGN 

Sio2 53.7 66.3 53. 9 59.2 

Al203 17.4 15.2 20.3 14.5 

Ti02 1.62 0.65 0. 39 1.19 

Fe2o3 4.02 0.47 1.16 3.31 

FeO 9.02 4.96 4. 85 6.38 

MnO 0.19 0.06 0.10 0.19 

MgO 2.44 2. 80 4.52 3.28 

CaO 5,96 3.43 11.1 7.84 

N~O 4.10 3.53 2.62 2. 74 

K20 1.08 1.96 0.59 0.73 

P205 o. 32 0.13 0.04 0.12 

Ha+ 
2 0.14 0.41 0. 52 0.40 

H o-
2 0.09 0 .12 0.08 0.09 

CO2 0.21 0.04 0.16 0.02 

F 0,05 0.06 0.04 

Total 100. 32 100.09 100.35 99.99 

ppm 
Rb 17.3 55.2 1.92 8.0 

Sr 414 324 279 298 

Ba 610 660 20 350 

Sm 

Nd 

K/Rb 518 295 2550 759 

Rb/Sr 0.042 0.17 0.007 0.027 

Sr/Ba 0.68 0.49 1.4 0.85 

Ba/Rb 35 12 104 44 

Sm/Nd 
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Table A5-8 , Chemical Analyses of Morton Gneiss 

(_from Goldi_ch et al,, 1979b) 

Sample 649 673 339 659 

Si02 65.0 60.6 72.0 71. 7 

A12o3 
15.9 21.1 15. 4 14.8 

Ti02 0.52 0.68 0.21 o. 30 

Fe2o3 1.61 0.77 0.38 0.13 

FeO 3.12 1.53 1.44 2.12 

fuO 0.09 0.04 0.02 0.02 

MgO 1.92 0. 79 0.64 0.74 

cao 4.63 5.03 2.22 2.49 

Na2o 4.93 7.10 5.80 3.96 

K2o 1.28 1.40 1.71 3.50 

P205 0.21 0.31 0.01 0.10 

Ho+ 
2 0.44 0.32 0.32 0.24 

H o-
2 0.07 0.06 0.05 0.09 

CO2 0.03 0.03 n. d. 0.06 

F 0.07 0.05 n. d. 0.06 

Total 99. 79 99. 79 100.2 100 .28 

ppm 
Rb 67 61.4 38.8 86 .4 

Sr 362 1448 588 283 

Ba 240 330 650 750 

Sm 8.89 2.41 1. 32 2.33 

Nd 51.4 16.8 12 .1 19.6 

K/Rb 159 189 366 336 

Rb/Sr 0.19 0.042 0.066 0.31 

Sr/Ba 1.5 4.4 0.90 0.38 

Ba/Rb 3.6 5.4 17 8.7 

Sm/Nd 0.173 0 .143 0.109 0.119 
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CHAPTER 3. Ba, Nd, Sm AND Sr ISOTOPIC ANOMALIES IN THE ALLENDE 
METEORITE 

INTRODUCTION 

To produce heavy elements with Z :::: 29, it has been recognized 

(see for example Burbidge et · al., 1957) th.at at least three distinct 

nucleosynthetic processes: are required. These are (1) the s--process 

which involves the capture of neutrons on a long time scale(> 10 years) 

compared to the 13 decay rates; (2) the r-proces.s which. involves the 

capture of neutrons on a rapid time scale compared to the 13 decay 

rates; and (3) the p-process which is required to produce the neutron­

poor isotopes and may involve proton or (y,n) reactions (_Woosley and 

Howard, 1978). 

Although the presently obs.erved isotopic abundances are 

undoubtedly a result of complex combination of these processes and 

multiple recycling of material, it is possible that variable isotopic 

abundances reflecting different mixes of nucleosynthetic components 

may still be preserved within some parts of the solar system. 

Meteorites are the most. likely candidates to have preserved isotopic 

heterogeneities as they are relatively "pristine" having largely 

escaped the chemical and physical reprocessing characteristic of 

larger planetary bodies. During the last twenty years a number of 

studies of the isotopic compos.ition of elements in meteorites have been 

undertaken in an attempt to find these anomalies. With the exception 

of the rare gases in which there is s.ome evidence for nucleosynthetic 

anomalies (see for example Reynolds. and Turner, 1964 and Lewis et al., 

1975), most studies have shown that the isotopic composition of 

elements in meteorites is remarkably homogeneous and is identical to 
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Figure 3 -1. Chart of the nuclides showing the nucleosynthetic 

processes involved in the production of Ba isotopes. The heavy 

line shows the s-process path which is controlled by the 

relatively slow neutron capture rate (years) versus the 13 

decay rate. The dashed line shows the branching in the 

s-process due to the intermediate 13 decay rate of 134cs. The 

diagonal arrows show the contributions from the r-process which 

involves neutron capture on a rapid time scale. The p-process 

isotopes are produced by proton or ~,n reaction, It can be 

130 132 134 seen that Ba and Ba are p-process only and Ba and 

130Ba ares-process only, as these isotopes are shielded from 

h b X . 135B 137B d 138B h t er-process y e isotopes. a, a, an a ave 

contributions from both the s- and r-processes. 
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Figure 3-2. Relative abundances and proportions of the s-, r-, and 

p-processes involved in the production of the barium isotopes. 

It can be seen that 138Ba is the most abundant isotope having the 

largest s-process component due to its ''magic'' neutron number 

of N = 82, 
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terrestrial elements. There have been a few claims of the existence 

of isotopic anomalies (for example Ba anomalies by Umemoto, 1962) but 

these have always been shown (Eugster et al., 1969; DeLaeter and Date, 

1973) to be artifacts of the measuring procedures. 

With the fall of the Allende meteorite in 1969 and the 

subsequent discovery of extremely primitive Sr (Gray et al., 1973) 

oxygen isotopic anomalies (Clayton .et al., 19 73) and 26Mg decay products 

from 26Al (Lee et al., 1976, 1977), we decided to re-investigate the 

problem of isotopic anomalies in the high Z elements. Barium was 

initially chosen for this study as it is enriched in many of the 

inclusions by a factor of 10 to 20 compared to chondritic concentrations 

and high precision analyses could be obtained from small quantities 

(< 20 ng) of material. In addition, the Ba isotopes are produced by 

all the major nucleosynthetic processes. .This is shown in Figures 

3-1 and 3-2 with 
134

Ba and 136Ba being s-process only, 
130

Ba and 
132

Ba 

p-process only, and 138Ba, 
137

Ba, and 
135

Ba having contributions from 

both the s- and r-p rocesses. During the course of this investigation 

isotopic anomalies were found in Ba and Nd (McCulloch and 

Wasserburg, 19 78a) and later Sm (McCulloch and Wasserburg, 1978b and 

Lugmair et al., 1978) and Sr (Papanastassiou and Wasserburg, 1978). 

These findings will be reviewed together with the results of an 

extensive survey of the Ba isotopic composition (McCulloch et al., 

19 76) . 
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EXPERIMENTAL PROCEDURES 

In this study we analyzed a number of different elements from 

the same sample. This required the adoption and combination of a 

number of different chemical separation procedures which had 

previously been designed for separation of individual elements, This 

was particularly important in this study as there was only an 

extremely limited quantity of material available (< 20 mg). 

To separate Sr, Ba, Sm, Nd and the heavy REE the following 

procedure was adopted (.see Figure 3-3) . 

(1) Ba, REE, and the major elements are separated by using a 

1cm x 17cm cation exchange column with Dowex 50-Sx, 100-200 mesh 

resin. Although Ba and the REE are separated to so_me extent, Ba and 

Nd overlap and must be separated by using an additional column. 

(2) Ba and Nd are separated by using the same ion exchange 

column as in step 1 but by using only 4N HCl elution. Although there 

is a reasonable separation of Ba from Nd and the heavy REE, the light 

REE, Ce, and La overlap into the Ba fraction. The presence of Ce and 

La in the Ba fraction is not a problem as Ce and La run as oxides in 

the mass s.pect rometer and therefore do not interfere with the Ba 

element . However, in order to separate Ce and La for future isotopic 

composition determinations and to eliminate the possibility cif any 

interference to Ba another colunm separation step was introduced . 

(3) Ce and La are separated from Ba by using micro-cation 

column and eluting with lactic acid of ph = 5. 3 to remove La and Ce, 

followed by 4N HCl elution to remove Ba. As shown in Figure3 -3, 
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Figure 3-3. Flow diagram illustrating the steps required for the 

separation of Sr, Ba, La and Ce, Sm, Nd, and heavy REE 

using ion exchange procedures. The procedure uses four columns: 

2.5 N HCL, 4N HCl, and lactic acid columns of ph 5.3 and 4.6. 

The dashed line shows an alternate procedure where the 4N HCl 

column is bypassed and the Ba and REE fractions are separated 

by using the lactic acid column of ph 5.3. 
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step 2 could be bypassed with this column. 

(4) Sm and Nd are separated by using a 40 cm long, 2 mm 

internal diameter capillary tube with Dowex 50 - 8x, > 400 mesh resin 

+ adjusted to the NH
4 

form. The REE are eluted with 0.2M lactic acid 

of ph = 4 .60. The ph is adjusted for the optimum separation of Sm 

and Nd and to separate for example the heavier REE Gd, a ph of 4.0 

would be required. 

To ascertain our ability to resolve small isotopic variations, 

a series of terrestrial Ba standards were enriched in 137Ba and 134Ba. 

Table 3 -1 shows the data obtained from mass spectrometric measurements 

and the calculated enrichments from gravimetry. Figures J-4 and 3-5 

show the measured versus calculated values. for the enriched standards. 

The enrichment relative to the terrestrial standard is expressed in 

parts per ten thousand, and is. given by: 

(
137Ba)s ,G -(137Ba), 
138Ba 138Ba 

S,G _ std 4 
E:137 - (137Ba) x lO 

. 138B 
a s.td 

where the superscript may be either S or G. G stands for the expected 

enrichment from gravimetry and S for the enrichment measured on the 

mass spectrometer. S,G. l . e:
134 

is an ana ogous expression. From the 

deviations of the means off the 45° line and the extent of the error 

bars (2cr mean) for the enriched samples and reference standards, we 

conclude that we can resolve 0.008% in 137Ba/138Ba and 0.02% in 

134Ba/ 138Ba. Although. enri.chment experiments. have not been performed 

for the remaining isotopes, the resolution of variations in these 
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Table 3-l. Comparison of enriched standards: Gravimetric (G) and 

Spectrometric (S) 

s G 137Ba;138Ba s G 134Ba/138Ba 
Standard E:137 E:137 x104 E:134 E:134 x104 

0 0.00±.03 0.00 1565.18±.07 0.00 0.00 337.11±.05 
1565.15±.06 337.08±.03 

I 0.83±.64 0.90 1565.30±.10 0.9±1.8 0.81 337 .13±. 06 

II 3.58±.45 3.83 1565.73±.07 5.0±1.2 3.56 337.27±.04 

III 7.99±.58 7.93 1566.42±.09 7 .4±1.5 7 .10 337.35±.05 

IV 11.48±.45 11.99 1566. 97±. 07 10. 7±1.5 10. 73 337.46±.05 

V 26. 71±.51 27.03 1569.35±.08 25.8±1.8 24.19 337 .97±.06 
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Figure 3·-4. Measured enrichments in 137Ba of a terrestrial 

standard versus calculated enrichments. Ei
37 

is the measured 

deviation from normal in parts in ten thousand and E~37 is that 

calculated from gravinetry. It can be seen that there is 

good agreement between measured and calculated enrichments. 



12
1- I 

10
 I 

B
L-

l 6
 

s 
E1

37
 4 2 0 

M
os

s 
Sp

ec
tro

m
et

ric
 M

ea
su

re
m

en
t 

o
f E

nd
e/

Je
d 

Sl
on

do
rd

s 

I 1 p
ar

t 
in 

10
4 

0 
2 

I 4 
6 

8 

E
G-

--
--

+
 

13
7 

F
ig

. 
3-

4 

/ 

/
I
 

/ 

12
 

w
 

0 °' 



307 

F • 3 5 M d • h t f 134B· • h 1.gure - , easure enr1-c men s o a veraus enn.c raents 

calculated from gravimetry, Due to the lower abtmdance of 

134 137 . 
Ba compared to Ba (see Figure 3-2) the errors for 

s e:
134 

are larger, but there is again good agreement between the 

measured and calculated enrichments. 
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isotopes is estimated to be 0.01% for 136Ba/138Ba, 0.015% for l35Ba/138Ba, 

and 0.2% for 
132

Ba/138Ba and 13OBa/135Ba~ 

Mg, O, AND Hg ISOTOPIC CHARACTERISTICS OF SAMPLES 

In this study we analyzed Ca-Al-rich. inclusions which are 

typical of the type considered as. high-temperature condensation 

products from the solar nebular (see Grossman, 1972). Many of these 

inclusions had previously been shown to contain Mg (Lee et al., 

1977) and O (Clayton et al., 1977) anomalies. In addition matrix 

from the Allende meteorite which had been shown to contain Hg 

anomalies (Jovanovic and Reed, 1976) was also analyzed. 

1. Mg Isotopic Characteristics 

In Table 3-4 and Figure 3-6, the Mg isotopic characteristics 

of the samples analyzed in this study is tabulate.d. In the first 

two columns, the tmnormalized . o25
Mg and o26

Mg values fro.m Wasserburg 

et al. (1977) are listed. These are the deviations in parts per 

thousand of the raw measured 
25

Mg/
24

Mg and 
26

Mg/
24

Mg ratios from their 

normal values. It can be seen that the deviations for B29, Cl, and 

EKl-4-1 are approximately proportional to the mass difference, with 

0
26Mg = 2 o25Mg. This indicates that the anomalous Mg is probably due 

to mass fractionation effects (see Wasserburg et al. , 19 77). 

Assuming that "normal" is defined by terrestrial samples, then the 

negative fractionation observed in B29 suggests that this inclusion 

may represent the complementary component of Cl and EKl-4-1. 

In the third column of Table 3-4, the o26
Mg values corrected 

for mass fractionation are listed. The large positive deviation of 

0
26 Mg in the plagioclase from the inclusion WA together with its high 
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Table 3-2. Samples with Magnesium, Oxygen, and Mercury Isotopic 

Sample 

WA plag 

WA£ 

A2 

BGlO 

BGl 

BG3-13f 

B31 

B29 

ClSl 

ClSl 

EKl-4-1 SP 

EKl-4-1 PYX 

54-2 

Variations 

o25Mg o26Mg 
( unnormalized 

%0) 

-9 -15 

29 59 

28 57 

19 34 

21 39 

026M a . g 
(normalized 

%a) 
( 202H /196H) 

g g normal 

85±3 

0.1±0.2 

0.02±0. 74 -18.5 -22.0 

1.9 

0.9 

l.l±0.6d 

1. 11±0. 29 

2.7±0.3 -12.6 -16.3 

-1.5±0.2 -1. 7 -11.3 

-1. 7±0. 3 -3.0 -13. 2 

-3. 9±0 .5 -20.8 -31.9 

-3.6±0.3 -17.9 -27.8 

1.17 

aData from Lee and Papanastassiou (1974), Lee et al. (1976), and 

Wasserburg et al. (1977). 
b Data from Clayton et al. (1977) and Clayton and Mayeda (1977). 

cData from Jovanovic and Reed (1976). 

~yroxene coexisting with anorthite having o
26

Mg = 8.1±0.3. 
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Figure 3-6. Magnesium i _sotopic composition of Allende inclusions 

showing raw measured data as deviations in percent from the 

nean 
25

Mg/ 24Mg and 
26

Mg/
24

Mg of normal terrestrial Mg. Mass-

fractionation effects are proportional to the mass difference 

and are shown by the solid line where o26Mg/24Mg = 2 o25Mg/
24

Mg. 

It can be seen that the FUN samples Cl and EKl .... 4-1 plot near the 

mass-fractionation correlation line but show small but 

significant deviations from the line suggesting additional 

nuclear effects or a non-linear mas-s fractionation law-. The 

sample Cl has a larger fractionation than EKl-4-1 but smaller 

nuclear anomalies. The inclusion B29 has an apparently 

complementary fractionation pattern (assuming that Cl and 

EKl-4-1 were fractionated from "normal" material) but does not 

have any nuclear anomalies. Effects due to 
26

Mg enrichment 

26 from Al decay trove samples to the right along a horizontal 

line as shown by the anorthite from inclusion WA. (after 

Wasserburg et al., 1977) 
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Al/Mg ratio is consistent with in situ decay of 
26 

Al (Lee et al., 19 77). 

The smaller deviation of BGlO is also consistent with 26 Al decay. 

These samples are particularly important as they provide an opportunity 

to directly test if the production of 26Al also produces concomitant 

anomalies in the heavy elements, It can also be seen that the mass­

fractionated inclusions Cl and EKl-4-1 after correction for fractiona-

• h 'd 1 • 26M ff tion, ave resi ua negative o g e ects. Although it is possible 

that this may be due to an artifact of the mass-fractionation 

correction procedure, the most plausible ·explanation is that these 

effects are due to nuclear anomalies. This has led to the designation 

of these inclusions as FUN, signifying Fractionated Unknown _!!uclear. 

2. Oxygen Isotopic Characteristics 

In the Allende meteorite there are basically two categories 

of anomalous oxygen samples {_Clayton et al., 1977 ) . By far the most 

common trend is shown by the line AD in Figure 3-7 which has a slope 

in the 6180, 6170 diagram of approximately tmity. This is distinctly 

different from the terrestrial mass~fractionation line and may be 

16 due to mixing between an almost pure O component and a .more "normal" 

18 18 . 0, 0 enriched component. The samples. that we have analyzed and 

are known to have these oxygen isotopic characteristics are the 

inclusions B29 and A2 (Table 3-4 and Figure 3-7). 

The second and relatively rare type of anomalous oxygen is 

represented by the FUN inclusions Cl and EKl-4-1 (.Clayton and 

Mayeda, 19 77) . In Figure 3-7 it can be seen that these inclusions lay 
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Figure 3-7. Oxygen isotopic composition of some of the inclusions 

analyzed in this study, There are bas-ically two types, of 

anomalies; those such as B29 and A2 which fall on th_e line AD 

and the FUN samples Cl and EKl-4-1 which fall to the right of 

the line AD. The line AD has a · slope of approximately unity 

16 and is consistent with mixi.ng between pure O and a more normal 

17 18 16 O, O, 0 component. The melilite from EKl-4-1 is on the 

line AD and suggests later exchange with oxygen of compos.ition 

D. The oxygen in EKl-4-1 with an isotopic compositon 

of B, can be obtained by mass fractionation 

from the mixing line AD, assuming an initial oxygen of 

composition A. A similar mass-fractionation explanation could 

also accotmt for the Cl o.xygen, with Cl being fractionated by 

about a factor of two more than EKl-4-1 which is similar to the 

relationship observed for the Mg fractionations-. It is noted, 

however, that although B29 has a Mg fractionation, it shows no 

evidence of an oxygen fractionation. (after Clayton et al., 

1977) 
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to the right of the isotopic mixing line AD. Thes.e inclusions. may 

represent dis.tinct nucleosynthetic components.. However, · a more plausible 

explanation which is consistent with the Mg and Si data (Clayton et al., 

1978), is that they are derived from the isotopic mixing line AD by 

mass-fractionation and later re-equilibration with oxygen of composi.tion 

D. 

3. Hg Isotopic Characteristics 

A sample of the Allende matrix which had been show:n to contain 

Hg isotopic anomalies (Jovanovic and Reed,' 1976) was kindly supplied to 

us by G. Reed. Compared to Mg and O, th.e Hg isotopic anomaly· in this 

sample is relatively large with either a 17% excess :in the neutron 

• h • 202.Hg d f. • • h • ric r-process isotope or e i .ciency in t e p-process. :is.otope 

196H g. An anomaly of this magnitude even if diluted by a factor of 100 

would be readily detectable in Ba. 
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RESULTS AND DISCUSSION 

1. Normal · Samples 

The Ba isotopic ratios for the Allende inclusions. (except Cl 

and EKl-4-1) corrected for 1llass-fractionation are listed in Table 3-2. 

In Table 3-3 and Figure 3-8 the deviations of these ratios from the 

terrestrial standard are given in parts per ten thousand. It can be 

seen that within analytical uncertainty, the Ba isotopic composition in 

all these samples is identical to the terrestrial normal. The negative 

Ba results are important because, as has already been discussed, many 

of these samples contain Mg, O, and Hg anomalies. Assuming that the 

processes which produced thes.e anomalies are unlikely to exactly 

reproduce the isotopic abundances of the Ba s- r- and p-process 

isotopes, then the following conclusions are evident. The production 

of high Z elements is (1) not associated with 
26 

Al production, and 

(2) not associated with the anomalous oxygen lying on the isotopic 

mixing line AD of Figure 3-7. This places constraints on the 

26 
environment in which oxygen and Al were produced, For example, the 

26 
region in a supernovae explosion in which oxygen and Al are likely 

to be produced, must have restricted neutron fluxes, or a lack of seed 

nuclei required for heavy element production. 

The Allende matrix 54-2 which was shown by Jovanovic and Reed 

(1976) to contain anomalous Hg has a normal Ba isotopic composition. 

The lack of comparable Ba anomalies may be due to the geochemical 

differences between Hg and Ba. Hg is relatively volatile and relative 

to its chondritic abundance, is depleted in th.e Allende meteorite by a 



318 

Table 3-3. Isotopic composition of barium in Allende inclusions. 

(normalized to 
135

Ba/138Ba = 0.09194) 

Sample 137 /138 
x104 

136/138 
x104 

Normals 
13 Nl6 
13 Nl7 
13 N21 
13 AVG 
11 N28b 
11 N30b 
11 N3lb 
Ll AVGb 

1565.14±.138 1095.39±.10 
1565.21±.07 1095.49±.13 
1565.21±.05 1095.40±.05 
1565.19±.05 1095.42±.06 
1565.18±.07 1095.42±.10 
1565.15±.06 1095.39±.05 
1565.12±.07 1095.40±.07 
1565.15±.04 1095.40±.04 

Eugster et al. (1969) 
---1565.30±.20d 1095.45±.20 

Allende Meteorite 
Total Rock 

TRa 
TRbb 
MTX-lb 
54-2b 

1565.32±.07 
1565 .11±.07 
1565.14±.05 
1565.17±.07 

Ca-Al 
B28 
A2 
BGlO 
WAb 

Chondrules 
1565.18±.06 
1565.20±.05 
1565.21±.07 
1565.27±.16 

WAfb 
BG3-13b 

1565.15±.07 
1565.11±.07 

Olivine Chondrules 

1095. 37±.06 
1095.37±.07 
1095.34±.07 
1095.37±.09 

1095.42±.09 
1095.36±.08 
1095.33±.06 
1095. 42±.12 
1095.40±.08 
1095.33±.08 

134/138 

x104 
132/138 

x104 

130/138 

x104 

337.03±.08 14.15±.03 14.76±.02 
337.15±.08 14.13±.03 14.79±.02 
337.12±.04 14.13±.01 14.76±.01 
337.10±.06 14.13±.01 14.77±.01 
337.11±.05 14.11±.01 14.75±.01 
337.08±.03 14.12±.01 14.76±.02 
337.12±.04 14.12±.01 14.75±.01 
337.10±.03 14.12±.01 14.76±.01 

337.40±.10 14.11±.02 14.76±.02 

337.08±.05 
337.10±.05 
337 .15±. 04 
337.08±.04 

337.12±.07 
337.06±.07 
337 .05±.06 
337.03±.14 
337.11±.05 
337.10±.05 

14.12±.01 
14.11±.01 
14.12±.01 
14.12±.01 

14.13±.02 
14 .12±.02 
14.11±.03 
14.15±.03 
14.12±.04 
14.12±.02 

14.76±.01 
14.76±.02 
14.76±.01 
14.76±.01 

14.78±.02 
14.79±.02 
14.76±.03 
14.76±.05 
14.76±.03 
14. 77±.03 

B12 1565.22±.04 1095.38±.07 337.02±.05 14.13±.02 14.79±.02 
PDA-01 1565.21±.09 1095.29±.09 337.06±.09 14.10±.03 14.79±.03 

Pyroxene Chondrules 
AS 1565.20±.07 1095.35±.08 337.06±.04 14.11±.01 14.76±.02 

Ca-Al Aggregates 
AS 1565.14±.13 1095.35±.08 337.06±.07 14.12±.02 14.76±.04 
BGl 1565.21±.10 1095.44±.06 337.07±.09 14.12±.03 14.76±.04 
G31 1565.32±.13 1095.34±.09 337.02±.08 14.14±.04 14.76±.03 
B29b 1565.06±.08 1095.33±.06 337.07±.04 14.12±.01 14.74±.03 

Lunar Samples 
76535b 1565.19±.08 1095.35±.06 337.11±.06 14.11±.01 14.77±.02 
10072,127b 1565.11±.04 1095.36±.05 337.14±.04 14.12±.01 14.76±.01 

8 Errors are 2cr mean 

bSample measured on Lunatic 1 mass spectrometer 
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Table 3-4. Deviations from normal in parts in 104 of barium 

isotopic composition in Allende inclusions 

Sample 

Normals 
L3 NHi 
13 Nl7 
13 N21 
13 AVG 
11 N28b 
11 N30b 
11 N3lb 
11 AVGb 

-0.3±0.8 
+0.1±0.4 
+0.1±0.3 

0.0±0.3 
+0.2±0.4 

0.0±0.4 
-0.2±0.4 

0.0±0.4 

Eugster et al. (1969) 
+1.0±1.3 

Allende Meteorite 
Total Rock 

TRa 
TRbb 
MrX-lb 
54-2b 

+0.8±0.5 
-0.3±0.4 
-0.1±0.3 
+0.1±0.4 

Ca-Al 
B28 
A2 
BGlO 
WAb 

Chondrules 
-0.1±0.4 
+0.1±0.3 
+0.1±0.4 
+o. 8±1.0 

WAfb 
BG3-13b 

0.0±0.4 
-0.3±0.4 

Olivine Chondrules 
Bl2 +o.2±0,3 
PDA-01 +0.1±0.6 

Pyroxene Chondrules 
A5 +0.1±0.4 

Ca-Al Aggregates 
A8 -0.3±0.8 
BGl +0.1±0.6 
B31 +0.8±0.8 
B29b -0.6±0.5 

Lunar Samples 
76535b +0.3±0.5 
10072,127b -0.3±0.3 

...,o .1±0. 9 
+0.8±1.2 

0.0±0.5 
0.0±0.5 

+0.2±0.9 
-0.1±0.5 

0.0±0.6 
0.0±0.5 

+0.5±1. 8 

-0.3±0.6 
-0.3±0.6 
-0.5±0.6 
-0.3±0.8 

+o .2±0 .8 
-0.4±0.7 
-0.6±0.5 
+o .2±1. 1 

0.0±0.7 
-0.6±0.7 

-0.2±0.6 
-1.0±0.8 

-0.5±0.7 

+0.5±0.7 
+0.4±0.5 
-0.5±0.8 
-0.6±0.5 

-0.5±0.6 
-0.4±0.5 

-2.1±2.4 
+1.5±2 .4 
+0.6±L2 

0.0±1. 8 
+0.3±1.5 
-0.6±0.9 
+0.6±1.2 

0.0±0.9 

+8.9±3.0 

-0.6±1.5 
0.0±1.5 

+1.5±1.2 
-0.6±1.2 

+0.6±2.1 
-1.2±2.1 
-1. 5±1. 8 
-2.1±4.2 

0.3±1.5 
0.0±1.5 

-2.4±1.5 
-1.2±2.7 

-1.2±1.2 

-1.2±2.1 
-0.9±2.7 
-2.4±2.4 
-0.9±1.2 

+0.3±1.8 
+1.2±1.2 

+14±21 
0±21 
0±7 
0±7 

-7±7 
0±7 
0±7 
0±7 

0±7 

-6±3 
-7±7 

0±7 
0±7 

0±14 
-7±14 

-14±21 
+21±21 

0±28 
0±14 

0±14 
-21±21 

14±7 

-7±14 
-7±21 
+7±28 

0±7 

-7±7 
0±7 

aE. = ((iBa/138Ba) /(iBa/138Ba) - 1) x 104 
l. ire as normal 

b Sample measured on Lunatic 1 mass spectrometer 

-7±14 
+13±14 

+7±5 
0±7 

-3±7 
+3±14 
-3±7 

0±7 

0±14 

-5±4 
+3±7 
+4±7 
+6±7 

+7±13 
+13±13 

-7±20 
+3±34 
+3±20 

+10±20 

+13±13 
+13±20 

-7±13 

-7±27 
-7±27 
-7±20 

-10±17 

+10±4 
+3±7 
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Figure 3-8. Bar graph. showing fractional deviations :in parts in 

ten thousand in the isotopic composition of Ba relative to 

normal for all Allende samples and two lunar samples studied in 

this work (.excluding FUN samples Cl and EKl-4-1), Reference 

line at O is mean of terrestrial values. 
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factor of greater than 100, whereas Ba is enriched hy a factor of 10 

to 20, Therefore, the actual number of anomalous Hg atoms is small, 

being equivalent to about 10
12 

atoms of 202Hg per gram. The same 

number of anomalous Ba atoms would only produce a variation of 0.02% 

in 
137

Ba for example, which is close to our resolution limit. 

Similar arguments also apply to the Xe (for example Lewis et al., 

1975) and Cd anomalies (Rosman and Delaeter, 1976) where there is also 

only a relatively small number of anomalous atoms . 

.Another important distinction is .that the Hg anomalies were 

determined by neutron activation techniques.. Apart from th.e relatively 

low sensitivity of from only 3% to 9% (for Hg), this technique is also 

susceptibJ..e to large interferences. To overcome these problems and confirm 

the results of Jovanovic and Reed (1976), higher precision mass spectometric 

measurements of the Hg isotopic composition must be undertaken. 

Many of the samples with a normal Ba isotopic composition had 

previously been analyzed for Sr by Gray et al. (1973). For example, 

Allende inclusions with low measured 
87

sr/
86

sr ratios are B28 with 

87sr/86sr = 0.69902 and A2 with 87sr/ 86sr = 0.69911. There had been 

some speculation (Cameron,1973a and D. Clayton, 1977) that differences 

87 86 . in the initial Sr/ Sr ratios of meteorites, in particular inclusions 

of the Allende meteorite,were not due to decay of 
87

Rb (~1 = 5.0 x 1010 
. ~ 

years) but were the result of isotopic heterogeneity. Although isotopic 

heterogeneity not attributable to 87Rb decay was found in two Allende 

inclusions (_Cl and EKl-4-1), it is apparent that the normal Ba isotopic 

composition requires that most of the 
87

sr/
86

sr variations are a 
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87 consequence of Rb decay and therefore have time significance. 

2. The 135csJ135Ba Chronometer 

The presence in the early solar system of the extinct 

radionuclides 207Pd with . Tk = 6.5 x 106 years (Kelly and Wasserburg, 
2 

1978) and 26Al with 'Ii = 7.2 x 105 years (Lee et al., 1977) suggests 
"z 

that other radionuclides with similar half-lives, in particular 135 cs 

6 with 'Ii = 2.3 x 10 years, may also have been present. The nuclide 
"z 

135Ba is produced mainly by decay of the now extinct nuclide 135es. 

I h • h h • h C /B • • h. • 135 ld b n pases wit a ig s a ratio, enric ments in Ba wou e 

expected from 135 cs if it were present in the early solar system. An 

example of the expected enrichment in 135Ba, in deviations in parts in 

ten thousand from the normal 135Ba/138Ba ratio is shown in Figure 3-9 

as a ftmction of time. This time~ is the interval (in tmits of 106 yr) 

from the last nucleosynthesis event to the formation of closed isotopic 

systems (i.e., formation of Allende inclusions). In this example, a 

terminal spike contributing 10% of the total r-process abtmdances of 

• db • • h 135c 1133c d • • f O 1 d cesium an arium, wit a s s pro uction ratio o . an 

Cs/Ba= 0.16 in the inclusion is assumed. 135 138 The standard Ba/ Ba 

135 135 . ratio is defined as that resulting from decay of Cs to Ba with 

an average Cs/Ba of 0.08, the solar ratio. For this particular model, 

enrichments in 135Ba would be detectable in samples which condensed 

6 within the free decay interval of. ~ 15 x 10 years with Cs/Ba> 0.08. 

This is within the interval of several millions of years required by 

the presence of 26 Al but much shorter than the ~ 150 x 106 yr interval 

indicated by 129 rJ129xe. For models with larger contributions from 
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Fi 3 9 D • . f 135B • h d gure - . eviat1.on o a 1.n parts per ten t ousan as a 

function of time from a 10% terminal r-process spike for 

different Cs/Ba ratios . Both_ enrichments or depletions in 

135B be d d • ' d . h h h 1 d d a may expecte epen ing on w et er t _e samp e con ense 

with a Cs/Ba ratio greater than or less than th_e solar ratio. 
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a terminal spike, the enrichment would be increased proportionally. 

Conversely, for a continuous tmiform synthesis model, the enrichments 

are reduced by a factor of approximately 

where ( 135 cs) is the mean lifetime of 135cs and (T) is the mean 

lifetime of the galaxy (Schrannn and Wasserburg, 1970). In this case, 

even for a condensation time of several million years, no observable 

enrichment in 135Ba would be expected. 

As shown in Table 3-5 and Figure 3-10, all the Allende inclusions 

analyzed have low Cs/Ba ratios relative to the standard "solar" value 

of 0.08. They range from 0.0002 to 0.037 with two distinctive groups 

being apparent. Ca-Al chondrules which are enriched by a factor of 

10 to 20 in barium and a high alkali aggregate B31 with a factor of 4 

enrichment in cesium, relative to solar values. The remaining samples 

which consist of olivine, pyroxene chondrules, low alkali Ca-Al 

aggregates and matrix, have more tmiform concentrations with enrichments 

in barium and depletions in cesium of less than a factor of 2. Thus, 

for the same model as described previously (10% terminal spike), but 

with Cs/Ba lower than the solar ratio, depletions of 135Ba/138Ba with 

respect to the standard ratio would be present in objects which were 

formed within a few million years. This is also shown in Figure 3-9, 

h 135B • h" d 1 • f • f were e a, int is case, represents ep etions as a unction o 

free decay interval for Cs/Ba = 0, 004, Although. the lack of 135Ba 

depletions in these inclusions is not definitive evidence against the 

presence of 135cs, it does not permit a significant terminal spike of 

high Z elements. 
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Figure 3-10. Ba versus Cs concentrati.ons for some of the. samples. 

analyzed in this study. It can be seen that all the 

samples have a lower Cs/Ba ratio than the solar value of 0.08. 

The coarse grained inclusions (.e.g., B.GlO, AS, A2, etc.} have 

significantly lower Cs·/Ba ratios than the fine grained 

aggregates such as B31. 
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Table 3-5. Concentrations of barium and cesium 

in Allende inclusions 

Sample Ba . Cs Cs 

(ppm) (ppm) Ba 

TR 4 . 4 0.110 0.025 

B28 47.5 0.154 0 .0032 

A2 80.4 0.093 0.0012 

BGl0 74.1 0.016 0.0002 

Cl 39. 3 0.145' 0.0037 

B12 7.9 0.036 0.0046 

A5 5 . 7 0.117 0.021 

A8 6.9 0.048 0.007 

BGl 7. 9 0.118 0.0015 

B31 10.2 0.378 0.037 
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3. Ba, Nd, Sm and Sr Isotopic Anomalies in EKl-4-1 and Cl 

Of the eighteen Allende inclusions analyzed for Ba, only two 

were found to contain isotopic anomalies. These are the inclusions Cl 

and EKl-4-1. As has already been discussed, these two inclusions have 

fractionated Mg and distinctive O and have so far been shown to contain 

correlated isotopic anomalies ranging up to mass 154. 

a. Barium 

Barium was the fi~st element in which high Z isotopic anomalies 

were found in these inclusions. The Ba results for Cl and EKl-4-1 

(McCulloch and Wasserburg, 19 78a) are shown in Figures 3-ll. and 3-12 normal­

Hed to 
134

Ba/ 138Ba. This normalization has the advantage of minimizing 

the propagation of experimental uncertainties and involves essentially 

two s-process only isotopes c138Ba has only a relatively small r-process 

component). For EKl-4-1, the only variations outside of error are 

positive anomalies at masses 137 and 135. . 135 137 The isotopes Ba and Ba 

contain significant r-process components (Figures l-1 and 3-2) and 

therefore the excesses observed at these masses in EKl-4-1 strongly 

suggest an r-process addition. The excesses (*) have a ratio of 

137Ba*/135Ba* = 1.6. However, using new values for the Ba cross 

sections (Musgrove et al., 1976) and allowing for branching (Ward 

et al., 1976) the calculated solar r-process ratio is (137Ba/135Ba) 

0.69. This is distinctly different from our observed value and 

indicates the addition to EKl-4-1 of material with r-process 

= r 

abundances shifted from the average solar value. This problem will be 

discussed later in conjunction with the Nd, Sm, and Sr data, 



331 

Figure 3-11. Bar graph showing fractional deviations in parts in ten 

thousand in the isotopic composition of Ba in the FUN samples EKl-4-1 

and C-1 relative to the terrestrial normal. This figure is similar to 

Figure 3-8 except that the data arenormalized to 
134

Ba/
38

Ba. In the 

sample EKl-4-1 it can be seen that there are large excesses in the 

137
Ba/

138
Ba and 

135
Ba/138Ba ratios, Th.ese shifts are the same in both 

the melilite (EKl-4-1 MEL) and predominately fassaite (EKl-4-1 SC) 

mineral separates. In the other FUN sample Cl, there is a small but 

reproducible deficiency in the 
135

Ba/38Ba ratio. 
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Figure 3 -12. Schematic diagram showing the Ba isotopic composition 

of the FUN inclusions Cl and EKl-4-1. In this and subsequent 

graphs the two solid circles are the pair of isotopes used for 

normalization (to remove mass-fractionation effects) and were 

therefore assumed to have a normal isotopic composition. The 

nuclear processes which produced the isotopes are listed under 

the isotope mass. For EKl-4-1,Ba has excesses at 135Ba and 

137Ba;consistent with a r-process addition. Cl shows only a 

small deficiency at 135Ba , ( after McCulloch and Wasserburg, 

1978a). 
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For the sample Cl, the only variation outside of error is the 

deficiency of 
135

Ba. The interpretation of an anomaly (and all 

anomalies discussed in this paper) as a deficiency or an excess is 

arbitrary, For example, in Cl the anomalies could be interpreted as an 

excess in all the Ba isotopes apart from 135Ba. The explanation would 

then require special and in this case highly implausible additions 

to all the Ba isotopes apart from 135Ba. 

In this case we prefer to interpret this anomaly as a deficiency and a 

possible explanation is that Cl represents the solar system material 

prior to the addition of material as found in EK.1-4-1. If this is the 

case a deficiency of approximately the same size should also be 

. 137B present in a. This was not observed. However, no resolvable 

1 ld b d • 137B 0 f h d f' • • 1 anoma y wou e expecte in a i t e e icient r-process materia 

had the same composition as that calculated for the· average solar 

system. 

An alternate explanation which has already been considered 

is that the deficiency in 135Ba is due to the "holdup" 

at 135cs. If all the Allende inclusions were isochronous then it would 

be expected that the deficiency in 135Ba would be proportional to the 

Cs/Ba ratio. However, in Figure 3-13, where the e: 135Ba versus Cs/Ba 

ratio is plotted,samples with lower Cs/Ba ratios than Cl do not have 

any 135Ba effects. Therefore in this model, this would indicate that 

the inclusion Cl condensed several million years before the other 

Allende inclusions with normal isotopic compositions. A similar 

argument may also apply to 135Ba in EKl-4-1, which appears to be 

deficient compared to that estimated for a solar r-process addition 
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Figure 3-13. Deviations in 135Ba (.parts in 104) versus Cs/Ba 

ratio. It can be seen that the only inclusion with a 

significant deviation outside of experimental 1.mcertainties 

is Cl. 135 If this deficiency is due to holdup at Cs 

(~ = 2.3 x 106 yr), it indicates that Cl condensed at least 
~ 

several million years prior to the other inclusions. The 

normal Allende inclusions must have condensed after the free 

135 decay of Cs which for the model shown in Figure 3-9 

corresponds to about 15 x 106 yr. 
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137 (from the Ba excess), 

b. Neodymium 

The Nd results for Cl and EKl-4-1 (McCulloch and Wa,sserburg, 

19 78a) are shown in Figure 3-14 using 
142

Nd and 144Nd for 

1 • • Al h h 142Nd • 1 • • 144 d h.a norma 1.zat1.on. t oug . 1.s an s-process on y 1.s.otope, N s 

approximately equal proportions of both r- and s-process co.mponents. 

For this reason the Nd isotopic data for EKl-4-1 do not appear to show 

any regularities indicative of r-process addition. However, in 

Figure 3 -14 the isotopic pattern for EKl-4-1 is sh.own using the same 

normalization, but adding an 18 parts in 104 contributi.on to 144Nd, 

reflecting the expected r-process addition (see McCulloch. and 

Wasserburg, 1978b). The isotopic pattern for all the Nd isotopes. 

apart from 142Nd shows excesses and is now consistent with an r-process 

contribution. It is also noted that these isotopic patterns are not 

consistent with a fission hypothesis, in particular in situ fission, 

due to a small odd-even effect (McCulloch and Wasserburg, 1978b) which 

is not present in fission yield curves and due to the same anomaly 

being present in phases with different Ba/Nd rati.os. 

For the sample Cl no variations in the Nd isotopic compositi.on 

143 147 (apart from Nd due to Sm decay) were found, This is not, however, 

tmexpected if the 137Ba depletion in Cl is due to a holdup at 
135cs. 

c. Samarium 

The Sm results for Cl (McCulloch and Wasserburg, 1978b.) and 

EKl-4-1 (Lugmair et al., 1978 and McCulloch and Wasserburg, 1978b) are 



339, 

Figure 3-14. Schematic diagram showing the Nd isotopic compos.ition 

in the inclusions Cl and EKl-4-1 using 142Nd and 
144

Nd for 

normalization. Due to the significant r-process component in 

144Nd the pattern for EKl-4-1 does not appear to indicate an 

r-process addition. The appropriate normalization is shown 

in Figure 3-15. The sample Cl has a normal Nd isotopic 

composition. Data for 143Nd (triangle) has been corrected for 

147sm decay since 4,5 AE 

1978a). 

( after McCulloch and Wasserburg, 
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Figure 3-15. Nd isotopic composition for EKl-4-1 using 142Nd and 

144Nd for normalization but adding 18 parts in 104 to 144Nd 

(see McCulloch and Wasserburg, 19 78b) to compens.ate for the 

r-process contribution to 
144

Nd. The Nd isotopic pattern 

is now consistent with an r-process addition. 
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shown in Figure 3-16 using the two s-process only isotopes 148sm and 

150sm for normalization. For EKl-4-1 there are excesses in all the 

remaining isotopes indicating both r-process and p-process (to 144sm) 

additions. The r-process additions are consistent with the Ba and Nd 

data but the addition to the p-process isotope 144sm is somewhat 

surprising as no corresponding enrichirents are found in the Ba p-process 

. 130 132 isotopes Ba and Ba. The Sm data for Cl are also somewhat 

surprising as there is an excess in 144sm which is about half the 

amount as found in EKl-4-1. All the other isotopic ratios are normal . 

These results are still in consonance with the normal Nd isotopic 

composition in Cl as Nd has no p-process only isotopes. However, 

there is again a disparity with the Ba results as there are also no 

observable enrichments in 130Ba and 132Ba for Cl. While the 

tmcertainties in measuring the rare Ba isotopes are relatively large, 

an excess of the saire size as present in 144sm for EKl-4-1 (but 

perhaps not Cl) would certainly have been detectable. A possible 

explanation of this apparent inconsistency is that although 144sm, 

130Ba, and 132Ba have roughly comparable solar abundances, 144sm 

represents a peak in the p-process abundances in this mass region 

(Cameron, 1973b). This is probably due to its closed neutron shell 

(N = 82), and it is conceivable that under certain conditions its 

enhanced stability may have enabled overproduction relative to the 

solar abundances. It is apparent, however, that more detailed 

theoretical analysis of the p-process is required. 

An additional important feature of only a p-process addition 
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Figure 3 ..,16. Sm isotopic composition in Cl and EKl-4-1 normalized 

. 148 150 to the two s-process only isotopes Sm and Sm. Sample 

EKl-4-1 shows excesses in all the isotopes (apart from those 

used for normalization) indicating both r- and p-process 

additions. An equivalent p-process addition was not found in 

the Ba p-process isotopes 
130

Ba and 
132

Ba which may reflect 

the greater binding energy of 144sm due to its magic neutron 

number N = 82. The sample Cl has only excess in 144sm 

indicating that the r- and p-processes are decoupled. (_Cl and 

EKl-4-1 data after McCulloch and Wasserburg, 1978b, and EKl-4-1 

data after Lugmair et al., 1978) 
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to Cl which was pointed out by McCulloch and Wasserburg (1978b), is 

that it shows that the p-process is not necessarily coupled to the 

r-process. This obviously has implications on the environments in 

which these processes occur. 

d. Strontitnn 

The Sr results for Cl and EKl-4-1 (Papanastassiou and 

Wasserburg, 1978) are shown in Figure 3-17 using 86sr and 88sr for 

normalization. 

. 84S isotope r. 

Both samples show a deficiency in the p-process 

However, this is clearly not consistent with the 

excesses observed in the Ba, Nd, and Sm r-process isotopes of EKl-4-1. 

Alternate interpretations of the data, allowing for decay of 

87Rb ( 5 lOlO ) 87s d f. • • 88s d . ,-½ = x years to r, are a e 1c1ency in r an 

. 86 87 excesses in Sr and Sr. These latter interpretations are also not 

consistent with that expected for r- ands-process components and 

clearly an investigation of isotopic abundances in EKl-4-1 between Sr 

and Ba will be required to resolve this inconsistency. 
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Figure 3-17, Sr isotopic composition in Cl and EKl-4-1, 

normalized to 86sr and 
88

sr, The patterns show a deficiency 

• h • 84s 1 • 1 b int e p-process isotope r,or may a ternative y e 

interpreted as excesses in 86sr, 87 Sr, and 88sr c87 Sr has been 

corrected for 87Rb decay). None of these interpretations are 

consistent with the Ba, Nd, and Sm results 

Papanastassiou and Wasserburg, 1978). 

(after 
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CONCLUSIONS 

In Table 3-6 apparent regularities in the isotopic 

characteristics between EKl-4-1 and Cl are listed. It can be seen 

that the effects are roughly a factor of two greater in EKl-4-1 th.an 

Cl. This applies to both the excesses and deficiencies observed in 

. 144 84 the p-process isotopes Sm and Sr respectively. A similar 

1 t • h . • 1 b d f h 1 • d 26M / 24 • re a ions ip is a so o serve or t e norma ize g Mg ratios. 

This feature, if not coincidental, is certainly puzzling and an 

explanation must await more data. 

The most obvious regularity is the excesses observed in the 

Ba, Nd, and Sm r-process isotopes of EKl-4-1. An important question 

is whether these excesses mimic the average solar r-process pattern 

or show significant deviations from it? For example, as pointed out 

by D. Clayton (1979), it would not be expected that a single injection 

from a neighboring supernova would produce a pattern of anomalies 

similar to an average of nucleosynthetic events as represented by our 

solar system abundances. 

A comparison of the excesses observed in EKl-4-1 with the 

average solar system r-process abtmdances was undertaken by McCulloch 

and Wasserburg (1978b). The results are shown in Table 3-7 where we 

have calculated the ratios of excess atoms in EKl-4-1 to solar 

r-process atoms, normalized to the r-process only isotope 154sm, This 

ratio is given by dA)N(A)/£(154)Nr(A) where Nr(A) is the calculated 

cosmic r-process abtmdance, To obtain N/A), the s-process component 

N (A) is subtracted from the total isotopic abtmdance N(;_A), Thus 
s 
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Table 3--6. Regularities in isotopic characteristics 

between EKl-4-1 and Cl 

Isotope 

144
8 e m 

84 8 e r 

26M e g 
(normalized) 

EKl-4-1 Cl 
(deviations from normal in parts 

in 104 ) 

+34±8 +15±5 

-32±2 -9±2 

-37±4 -16±2 
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Table 3-7. Nucleosynthetic Components in Ba, Nd, and Sm for EKl-4-1 

Nuclide N(A)a 

l 30Ba 

132Ba 

134Ba 

135Ba 

l 36Ba 

l 37Ba 

138Ba 

142Nd 

143Nd 

144Nd 

145Nd 

146Nd 

148Nd 

150Nd 

144sm 

147sm 

148sm 

149sm 

1sosm 

1s2sm 

154sm 

0.005m 

0.005m 

0.116 

0.316 

0.375 

0.543 

3.44 

0.211 

0.095 

0.186 

0.065 

0.134 

0.045 

0.044 

0.007m 

0.035 

0.025 

0.031 

0.017 

0.060 

0.051 

2000k 0.0 

650k 0.0 

225h 0.116 

470i 0.055 

70h O. 375 

72 .6i O. 363 

5. 7h 3. 30 

45j 0.211 

332i 0.025 

67i 0.116 

485i 0.016 

105i 0.069 

210k 0.0 

240k 0.0 

120k 0.0 

1150k 0.006 

260k 0.025 

1620k • 0.004 

370k 0.017 

450k 0.014 

380k 0.0 

a.a 
0.0 

0.0 

a.a 
0.0 0.0 

0.261 13.4 

a.a a.a 
0.180 12.3 

0.14 0.0 

a.a a.a 
0.07 27.81 

0.07 18.O 

0.049 24.9 

0.065 12.0 

0.045 33.6 

0.044 33.6 

o.o 34.4 

0.029 38.5 

a.a a.a 
0.027 36.5 

a.a a.a 
0.046 24.1 

0.051 34. 3 

a.a 
0.0 

0.0 

4.23x1O-4 

0.0 

6 .68xl0-4 

0.0 

0.0 

2.64x1O-4 

3. 35x10-4 

l.6lxlO-4 

l.6lxlO-4 

1.5Ox10-4 

1.47x1O-4 

O.24x1O-4 

1.34x1O-4 

0.0 

1.14x1O-4 

a.a 
1.46x1O-4 

1.76x1O-4 

0.47 

1.08 

1.1 

1.39 

0.96 

o. 72 

0.98 

0.98 

1.35 

1.23 

0.92 

1.0 

aCosmic abundance (per Si= 106), Cameron (1973). b30 KeV cross 
C d sections (millibarns). s-process abundance. r-process abundance 

given by N (A)= (N(A) - N (A). eDeviations from normal in parts in 
4 r s f 

10 from McCulloch and Wasserburg ( 19 78a,b). Excess atoms 

(see fig. 1). gRatio of excess atoms to cosmic r-process atoms, 

normalized to 154sm (see fig. 2). hMusgrove, Boldman, and Macklin 

( 1976 .). iHolnes, Woosley, Fowler, and Zimmerman (1976 ). j Conrad 

( 19 76 ). kAllen, Gibbons, and Macklin ( 19 71 ). 1corrected for 14 7sm 

decay for an age of 4.56xlO9 yr. mp-process only nuclide. 
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Figure 3-18. Ratios of excess atoms in EKl-4-1 compared to that 

expected for an average solar r-process addition as a function 

of atomic number (normalized to 154sm = 1.0). It can be seen 

that in this mass region, the r-process addition observed in 

EKl-4-1 is very similar to the average solar r-process pattern 

135 although there are significant disparities at • Ba, for 

example (and also Sr which is not shown); (_after McCulloch and 

Wasserburg, 1978b), 
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N/A) = N(A) - Ns (A). The isotopes 154sm, lSONd, and 148Nd are 

produced only by the r-process. However, several other isotopes also 

contain a significants-process component. For these isotopes, N (A) 
s 

was calculated using the local equilibrium approximation, N (A-l)cr(A-1) = 
s 

Ns (A)cr(A) as modified by the general trend of the Ns (A)cr(A) curve and 

138 closed neutron shell at Ba (see for example Seeger, Fowler, and 

Clayton, 1965). Improved cross section and abundance data were used 

(see Table 3-7)together with allowance for branching in the s-process 

chain at 134cs and 151sm (Ward, Newman, and Clayton, 1976). The 

uncertainty in calculating the r-process contribution depends on the 

accuracy of the calculated s-process and the relative proportions of s 

and r components. In Figure 3-18 the number of excess atoms in EKl-4-1 

relative to cosmic r-process are shown as a function of atomic number 

and are in general similar to the cosmic r-process distribution. However, 

• "f" d • • 149s 147s d 135B h th t th t· signi icant ev1at10ns at m, m, an a s ow a e exo ic 

material was not identical to the average solar system r-process, or 

that the additions were made to material which did not have the present 

average solar system isotopic composition. As has already been 

discussed, the apparent p-process deficiency in Sr for EKl-4-1 is also 

inconsistent with a simple model of addition of material with average 

solar system r-process abundances. It is hoped that this work will 

provoke further astrophysical and experimental investigations to resolve 

these problems. 
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ABSTRACT 
Isotopic anomalies have been found for Ba and Nd in two inclusions from the Allende meteorite. 

These inclusions are typical Ca-Al-rich objects associated with early condensates from the solar 
nebula but have distinctive O and Mg isotopic anomalies of the FUN type. Sample Cl shows a 
depletion only in 135Ba of 2 parts in 104 and normal Nd. Sample EKl-4-1 shows large positive excesses 
in the unshielded isotopes 135Ba and 137Ba of 13.4 and 12.3 parts in 104, respectively. The Nd isotopic 
composition in EKl-4-1 is highly aberrant in at least five isotopes. Both the Ba and Nd anomalies 
can be explained by a model of r-process addition. These anomalies are found to be uniform between 
coexisting mineral phases. These observations show the existence of substantial isotopic anomalies 
in refractory elements in the neighborhood of Xe and extend the range of elements showing isotopic 
effects to 0, Ne, Mg, Ca, Kr, Xe, Ba, and Nd. The observations, in conjunction with the presence 
of 26Al (n12 = 7 X 105 years), are interpreted as the result of a nearby supernova explosion which 
produced elements over a wide mass range and injected them into the early solar nebula shortly 
before condensation. 
Subject headings: meteors and meteorites - nucleosynthesis - stars: supernovae 

I. INTRODUCTION 

Ba and Nd isotopic anomalies have been discovered 
in one inclusion in the Allende meteorite and Ba 
isotopic anomalies in a second inclusion from the same 
meteorite. Anomalies in Ca from the same inclusions 
are reported in a companion Letter by Lee, Pap~nasta~­
siou, and Wasserburg (1978). A new search for 1soto~1c 
variations in Ba was undertaken because of the exis­
tence of isotopic anomalies in O and Mg in Allende 
inclusions. Ba has seven stable isotopes which are 
believed to have been made in the p-, s-, and r-processes 
(Burbidge et al. 1957, hereafter B2FH). The relative 
contributions to each of the isotopes by these processes 
are quite different. The existence of isotopi~ anomalies 
in meteoritic, terrestrial, and solar Xe which are not 
attributable to the radioactive decay of known nuclides 
also suggested that nuclear effects might be present in 
the neighborhood of atomic number Z = 56. Previous 
studies of Ba using high-precision methods were re­
ported by Eugster, Tera, and Wasserburg (1969, 
hereafter ETW), who found no evidence for nonlinear 
isotopic shifts to a level of 10-4 and a maximum mass 
fractionation of 2 X 10-4 per mass unit. Measurements 
of 142Nd/ 144Nd from an inclusion from Allende have 
been published by Scheinin, Lugmair, and Marti (1976). 
These workers have tentatively inferred small excesses 
in 142N d which they have attributed to decay of 
extinct 146Sm. However, the inherent precision of the 
data was not sufficient to clearly resolve this effect. 

Inclusions in which Ba and Nd isotopic effects were 
found are Ca-Al-rich objects typical of the type con­
sidered as high-temperature condensation products in 
the solar nebula (see Grossman 1972). They contain 

• Division Contribution No. 2979 (252). 
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coarse-grained fassaitic pyroxene, melilite, spine!, and 
plagioclase. They also contain fine-grained alteration 
products associated with melilite and plagioclase which 
are rich in a "sodalite"-like material and believed to 
result from a late-stage reaction of early condensates 
with cooler, volatile-rich material in the solar nebula 
which altered the oxygen isotopic composition of the 
melilite (Clayton and Mayeda 1977; Wasserburg, Lee, 
and Papanastassiou 1977, hereafter WLP). These in­
clusions are known to be distinctive, as they contain 
magnesium with negative values of o26Mg and oxygen 
which does not lie on the usual correlation line between 
"normal" oxygen (Oi.) and extraordinary oxygen (~) 
consisting of nearly pure 160 (Clayton, Grossman, and 
Mayeda 1973). The Mg in these inclusions shows 
26Mg/ 24Mg ratios shifted from normal values by 2% and 
3% per mass unit, favoring the heavier isotopes. These 
large shifts are almost quantitatively what would be 
expected by mass fractionation (F) with small but dis­
tinct residual negative anomalies in 26Mg which are 
attributed to unknown nuclear processes (UN). This 
class of anomalies was designated as FUN anomalies 
(WLP). 

II. RESULTS 

Procedures were similar to those described by ETW. 
Data were taken on the Lunatic I and III mass spec­
trometers (Wasserburg et al. 1969) which give the same 
self-consistent Ba isotopic ratios within 3 parts in 105

• 

An improvement in sensitivity by a factor of SO and in 
precision by a factor of 2 was achieved over ETW. 
Typical ion beams for 13 8Ba were 2 X 10-11 A when 
collecting data on masses 134-138. Data for the rare 
isotopes 130-132 were taken with the 138Ba ion beam 
at 10-10 A. Data are given in Table 1 for isotope k as 

deviations from the normal ratios in parts in 104 with 
13 8Ba as the index isotope : 

• tk = (Rk/13l / Rk/138N - 1) X 104 (1) 

where R k/138N = (kBa/ 138Ba)normal and R k /138c = (kBa/ 
13 8Ba) measured in the sample and normalized for mass 
fractionation assuming 135Ba/ 13 8Ba to equal the ter­
restrial value. Standards enriched in 137Ba and 134Ba 
were measured to establish the sensitivity to which 
nonlinear anomalies could be detected (see Table 1). 

Samples from Allende, including Ca-Al-rich chon­
drules and aggregates, olivine chondrules, a pyroxene 
chondrule, and total meteorite, were analyzed for Ba. 
With the exception of the FUN samples, Cl and 
EKl-4-1 , all other samples yield a Ba isotopic composi­
tion identical to terrestrial Ba within limits of error 
(see Fig. 1). A preliminary report on these data, 
excluding Cl and EKl-4-1, was published by McCul­
loch, Papanastassiou, and Wasserburg (1976) . A small 
sample (2 X 10-s g) of Ba from high-purity anorthite 
from WA, which shows a 10% excess of 26Mg, and 
a large sample from the associated pyroxene, were 
analyzed and found to be normal. The first analysis 
of Ba from Cla showe<l possible effects in 137Ba/ 13 8Ba, 
186Ba/ 138Ba, and 134Ba/ 138Ba. An aliquot of the solu­
tion was again separated and analyzed, and the anom­
alies in 136Ba/ 13 8Ba and 134Ba/ 138Ba were reproduced. 
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The smaller a~omaly in 137Ba/ 13 8Ba was not reproduced. 
A second spht of the bulk inclusion (Cl-S2) and a 
sample of pyroxene from Cl were analyzed and yielded 
the ?ame shifts i!-1 136B~/ 13 8Ba and 134Ba/ 13BBa. The 
no!1lme3:r anomalies, while small, are reproducible by 
usmg different spectrometers and different samples. 

The only discrepancy is the measurement of 137Ba/ 
138Ba for Cla. A sample of EKl-4-1 SC, consisting 
dominantly of pyroxene, was analyzed and yielded 
extremely large deviations which exceed the 2 O"mean 

errors by over a factor of 10. A second mass spectrom­
eter run was performed and isotopic ratios were deter­
mined over a wide range in filament temperature. Data 
were taken for masses 134-138 with the ion beam rang­
ing from 0.5 to 2 X 10-11 A to test for changes in the 
ratios. The values for those isotopic ratios that could 
be measured at these emission levels were all identical 
within error to the means for the high-intensity data of 
both SC samples. Data for masses 130-135 were taken 
with the ion beam at 8 X 10-11 A and were also identi­
cal with those obtained in the previous run. In addition, 
a melilite separate from EKl-4-1 was analyzed and 
yielded an isotopic composition identical to that found 
for the SC sample. These data demonstrate large non­
linear isotopic anomalies in EKl-4-1 which are the same 
for different phases with Ba concentrations differing by 
40%. For all runs the spectrum was scanned at high 
sensitivity between masses 120 and 160 and no inter­
fering masses were identified. The only peaks seen were 
due to LaO and CeO, which were present at a level of 
2 X 10-12 A or less and do not interfere with Ba. 
During data collection the ratios Ba+ / Lao+ and Ba+/ 
Ceo+ changed by over a factor of 2 without any changes 
in the Ba ratios. 

Upon finding effects in Ba, we deemed it necessary 
to establish whether anomalies existed in other higher­
z elements, and a study of Nd was made. The proce­
dures for Nd are similar to those described by DePaolo 
and Wasserburg (1976). Nd data are presented in 
Table 2 as deviations (see eq. [1]) from standard normal 
ratios, with 144Nd as the index isotope and mass frac­
tionation corrections applied by using 150Nd/ 142Nd. 
Sample Cl-S2 has a Nd isotopic composition indis­
tinguishable from terrestrial normal. However, sample 
EKl-4-1 SC has large deviations of Nd isotopic com­
position from normal which exceed the errors by over 
a factor of 30. Data were collected for all isotopes with 
the 144NdO+ beam ranging from 1 to 6 X 10-11 A, and 
isotopic ratios remained constant within experimental 
errors. The melilite separate from EKl-4-1 was ana­
lyzed for Nd and gave an isotopic composition identical 
to that of SC, except for mass 143, which is affected by 
147Sm decay. The Nd concentration in the melilite is 
lower than that in SC by a factor of 2.4. For the 
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samples Cl and EKl-4-1 the mass fractionation correc­
tion applied to both Ba and Nd was less than "'-'3%o per 
mass unit and within the same range as applied to the 
terrestrial normal. 

III. DISCUSSION 

Most samples of the Allende meteorite contain Ba of 
normal isotopic composition. Some of the samples 
analyzed for Ba had substantial contributions of ~ 
(up to 3%) and of excess 26Mg (up to 10%) correlated 
with 27 Al. It follows that no obvious correlation exists 
between these nuclear effects at low Z and Ba. In 
contrast, the two inclusions which are distinguished by 
having FUN anomalies also show distinct nonlinear 
isotopic anomalies in Ba. Inclusion Cl has anomalies at 
masses 134 and 136, while inclusion EKl-4-1 shows 
large marked negative anomalies at 130, 132, 134, and 
136, and a positive anomaly at 137. Using normalization 
to a standard 150Nd/142Nd value and 144Nd as the index 
isotope, we found inclusion Cl to contain normal Nd, 
while inclusion EKl-4-1 shows marked negative anom­
alies in Nd at 142, 146, 148, and 150, and a positive 
anomaly at 145. These observations demonstrate that 
isotopic anomalies exist in Ba and Nd for several iso­
topes in some solar-system materials. These isotopic 
shifts are due to nuclear effects and cannot be attributed 
to mass fractionation. Normalizations to 135Ba/ 138Ba 
and 150Nd/ 142Nd were chosen to minimize the propaga­
tion of experimental errors and are otherwise arbitrary. 
The isotopic shifts depend upon the two isotopes (i,j) 
used for normalization, and the index isotope (m). 
Generally, the deviation in parts in 104 of isotope k is 
given by e;/m. The fractionation per mass unit a is 
determined from a ;;= (R;;M/ R;;° - 1)/ (i - j) where 
M = measured and 0 = standard. For small shifts, the 
transformation for e to a new index isotope p and a new 
normalization (u,v) is given by 

As the cause of the nonlinear anomalies is obscure, it is 
more useful to choose a normalization which minimizes 
the number of isotopes at which anomalies occur. If we 
normalize to 134Ba/ 138Ba to correct for fractionation, 
we obtain the results shown in the bottom of Table 1. 
For sample Cl, the only variation outside of error is a 
deficiency at mass 135. For EKl-4-1, the anomalies are 
positive and lie at masses 137 and 135. This choice of 
normalization appears to minimize the number of 
anomalies for both samples and implies an excess in 
136Ba and 137Ba in one sample and a deficiency in 135Ba 
in the other. If we interpret the shifts in EKl-4-1 as 
due to the addition of 136Ba and 137Ba, this requires 
that the exotic Ba excesses ( *) have 137Ba * / 135Ba * = 
1.6. We note that 136Ba, 137Ba, and 138Ba are unshielded 
and may be produced in an r-process. From the esti­
mates of Seeger, Fowler, and Clayton (1965), (137Ba/ 
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135Ba), ,..._, 1.2, which is comparable to the calculated 
value. However, this value may be subject to substan­
tial changes, using new values for the Ba cross sections 
( Stroud 1972) together with a detailed calculation of the 
branching network (Ward, Newman, and Clayton 
1976). If the same number of exotic r-process nuclei are 
added to 138Ba as are added at 137Ba, this would cause a 
fractional increase in the 138Ba abundanc~ by 1.00018. 
This would propagate an error in the discrimination 
calculation of e ,..._, + 1.8 at mass 130, which is well 
within errors, and a deficiency of e ,..._, -0.9 at mass 136, 
which is just within limits of error. No evidence has 
been found for variation in the abundance of the p­
process isotopes. It does not appear possible to attribute 
the deficiency at 135 in Cl to the absence of exotic 
r-process material of the same composition inferred for 
EKl-4-1 owing to the lack of an effect at 137, although 
this may be obscured by the errors. Alternatively, the 
135Ba deficiency could result from a deficiency in , ­
process relative to s-process contributions, with r-process 
production ratios shifted from 137Ba * / 135Ba * ,..._, 1.6. A 
deficiency in 135Ba could occur if there were a late-stage 
addition of r-process nuclei and if Ba were condensed 
before 135Cs (r112 = 2.3 X 106 yr) decayed. The defi­
ciency in Cl is particularly important, as it implies that 
the average solar-system value must be made up by an 
addition of at least 2 parts in 104 of exotic 135Ba. The 
anomalies in EKl-4-1 are not compatible with in situ 
fission subsequent to crystallization, as the shifts in Ba 
and Nd are the same for the total sample and the 
melilite, although Ba/ Nd differ by a factor of 3. 
Further, the fission hypothesis is not in consonance 
with the large number of other isotopic anomalies for 
many elements ranging to low Z. 

To expose whether the Nd effects are due to addition 
of r-process nuclei, 142Nd (shielded) and 144Nd, which 
must have a large s-process component, are used for 
normalization. However, the resultant pattern of devia­
tions doe·s not generate positive anomalies for all other 
isotopes (Table 2). To obtain all positive values, a 
substantial addition to 144Nd must be assumed (J* = 
20 parts in 104). To demonstrate general excesses 
compatible with r-process addition, it will be necessary 
to obtain data on Sm and other refractory elements in 
this mass region with two shielded isotopes. 

From the data reported here, as well as the wide 
range of Xe isotopic anomalies, it is reasonable to 
consider that 1291 may also have been added in the same 
process. Assuming that the negative Ba anomaly in Cl 
was representative of a deficiency in the whole solar 
nebula prior to the addition of material as found in 
EKl-4-1, then as (135Ba/127I)0 ,..._, 0.3 (Cameron 1973), 
we obtain 135Ba*/127I ,..._, 0.5 X 10-4• The time scale for 
production and injection of exotic low-Z elements is 
,..._,3 X 106 years from the interpretation by Lee, 
Papanastassiou, and Wasserburg (1977, hereafter LPW) 
regarding the in situ decay of 26Al in the solar nebula. 
If this time scale also applies to the injected exotic 
high-Z elements, then any associated 1291 ( r112 = 1.6 X 
107 years) will not have decayed. Thus, if 1291 were 
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added along with the exotic nuclei identified here and 
commensurate in amount with the small Ba deficiency, 
this could account for the observed ratio of 129I/ 127I ,..,._, 
10-4, Such a model of small last-"minute" injection of 
,-process material is fully compatible with the Xe ob­
servations by Reynolds and his co-workers (Reynolds 
1960; Podosek 1970). This implies that the observed 
129Xe effects are not from 129I produced by earlier 
galactic nucleosynthesis and that the 129I-244Pu time 
scale of "-'1-2 X 108 years is an accident due to the 
injection of newly made exotic 129I in a ratio of 129I* / 
127I ,..,._, 10-4 (see Schramm and Wasserburg 1970). 

Isotopic anomalies have been known for Ne, Kr, and 
Xe for over 15 years. It now appears that isotopic 
anomalies are present in solar-system material for 0, 
Ne, Mg, Ca, Kr, Xe, Ba, and Nd. This must be due 
to incomplete mixing of dust and gas from different 
sources at the time of formation of early condensates. 
From the data described here and in the companion 
Letter, it is manifest that the anomalies may extend to 
much higher atomic number. This may well extend 
through the transuranics, which could alter the calcu­
lation of the time between the termination of nucleosyn-, 
thesis and the formation of the solar system and could 

further contribute anomalies by nuclides with T112 > 
106 years. The many peculiar isotopic anomalies in Xe 
are now not isolated but appear to be part of a large 
family of complex isotopic anomalies extending beyond 
Z = 60. The complex Xe spectra in residual material 
in Allende and other carbonaceous chondrites by Anders 
et al. (1975), Takahashi et al. (1976), and Lewis, 
Srinivasan, and Anders (1975) have been interpreted as 
due to superheavy fission and not due to r-process 
addition. This view has been subject to some discussion 
because of the enrichment in both neutron-poor and 
neutron-rich isotopes in the strange Xe which these 
workers discovered. This matter has been studied 
extensively by the Chicago group and by Frick (1977) 
and Frick and Reynolds (1977). In light of the existence 
of anomal~es over a wide spread in Z, it now seems 
more plausible to consider the Xe anomalies to be the 
result of a very complex mixture of processes which 
include , -process components and various implantation 
mechanisms rather than superheavy fission. 

The ball game seems to be wide open. The most 
likely generic model which may explain the observations 
appears to be an onion-shell supernova explosion fol­
lowed by injection into the solar nebula, as outlined by 
Cameron and Truran (1977) to account for the O and 
Mg data. Such a model can produce elements of high 
z. A reliable astrophysical model must await the 
experimental determination of the yields of exotic 
nuclei in the region of the rare earths where chemical 
fractionation will not obscure the relative contributions. 

We are grateful to H. Nagasawa for the as yet unique 
sample of EKl-4-1. M. T. M. thanks D. A. Papa­
nastassiou for his generous advice and introduction to 
high-precision mass spectrometry. D. J. DePaolo pro­
vided timely assistance and gave helpful advice. We 
thank R. Ward for his interest and advice on p's and 
q's ands and r. The excitement was communally shared 
with our calcined colleagues, D. A. Papanastassiou and 
Typhoon Lee. This work was supported by NSF grant 
PHY76-83685 and NASA grant NGL 05-002-188. 
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MORE ANOMALIES FROM THE ALLENDE METEORITE: SAMARIUM 

M. T. McCulloch and G. J. Wasserburg 

The Lunatic Asylum, Div. of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA 9 I 125 

Abstract. The isotopic composition of Sm has been measured in the 
Allende inclusions CI and EKI-4-1. These inclusions were previously 
shown to have isotopic anomalies for the elements 0 , Mg, Ca, Ba and Nd. 
Sample CI has a normal Sm isotopic composition except for the 
"p-process" isotope 144 Sm, which has an excess of 15±5 parts in 104

. 

Sample EKI -4-1 was found to have Sm with a highly aberrant 
composition, indicating excess at all unshielded isotopes and an excess at 
144 Sm. These data confirm the previous evidence for an addition of 
"r-process" isotopes to this material and also indicate an addition to the 
"p-process" isotope 144 Sm. From the observations on Cl it is inferred 
that the "p-process" addition is decoupled from the "r-process" addition. 

Introduction 

Sm isotopic anomalies are reported in the two known FUN 
(Fractionation and Unknown Nuclear effects) inclusions EK 1-4-1 
and Cl from the Allende meteorite. Extensive data have been 
reported on these two Ca-Al-rich inclusions (type B) as they are 
the only known materials with definitive isotopic anomalies for 
several elements. Anomalies in Sr from the same inclusions are 
reported in a companion letter by Papanastassiou and 
Wasserburg [ 1978] . Previous work has shown inclusion Cl to 
contain anomalous 0, Mg, Ca, Ba and Nd [Clayton and 
Mayeda, 1977; Wasserburg, Lee and Papanastassiou, 1977 ; Lee, 
Papanastassiou and Wasserburg, 1978; McCulloch and Wasser­
burg, 1978]. The results obtained on Ba for EKl-4-1 showed 
that the isotopic effects were compatible with the addition of 
matter only to the unshielded nuclei 1 3 5 Ba and 1 3 7 Ba. The 
results on Nd were also compatible with the addition of matter 
to the unshielded nuclei. However, as Nd has only one shielded 
isotope (1 4 2 Nd), a definitive interpretation was not possible. 
For this reason we pointed out [McCulloch and Wasserburg, 
1978] that to demonstrate general excesses compatible with 
r-process addition, it will be necessary to obtain data on Sm 
and other refractory elements in this mass region with two 
shielded isotopes. In addition, it was pointed out that any 
reliable astrophysical model must await the experimental 
determination of the yields of exotic nuclei in the region of the 
rare earths where chemical fractionation will not obscure the 
relative contributions. Reports of Sm isotopic effects in 
EK 1-4-1 were subsequently presented by Lugmair, Marti and 
Scheinin [ 1978] and by ourselves at the Ninth Lunar and 
Planetary Science Conference. Isotopic anomalies for Sr in 
EKI-4-1 and Cl were also reported by Papanastassiou, Huneke, 
£sat and Wasserburg [ 1978 I . 
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Results 

The experimental procedures used for the separation and 
measurement of Sm are based on the procedures developed in 
this laboratory by Russ, Burnett, Lingenfelter and Wasserburg 
I 1971] . All samples were analyzed using our standard Sm 
chemistry apart from EKl-4-1 PYX and Cl PYX(2), which 
were purified using an additional miniature column to remove 
Ba. The results are given in Table I as deviations from the 
normal ratios [Russ et al. , 1971) in parts in I 04 after 
correction for isotopic fractionation by normalizing to 
147 Sm/ 154 Sm, and using 154 Sm as the index isotope. The 
results of analyses of a terrestrial sample, a nephelinite from 
the Oslo Rift , Norway, are shown in Table I and are in 
excellent agreement with the high precision abundances 
reported by Russ et al., (1971). For the CI and EKl-4-1 
samples the mass fractionation correction applied to Sm was 

less than ~3%o per mass unit and within the same range as 
applied to the terrestrial sample . 

Three analyses of different samples from the inclusion 
EK 1-4-1 are given in Table I . These samples are a scoop of the 
crushed inclusion , a pyroxene and melilite mineral separate. All 
EKl-4-1 samples show large deviations from normal which 
exceed the uncertainties by over a factor of I 0. The deviations 
for the different samples are identical within error with the 
exception of 144 Sm/ 154 Sm deviations for EKl-4-1 SC and 
EKl-4-1 PYX which are at the limit of 2a uncertainty . For 
EK 1-4-1 SC peaks at masses 151 and 153 of 10- 1 3 amps were 
present. The relative intensity of these peaks was consistent 
with Eu which does not interfere with Sm. The larger 
uncertainties for the melilite analysis are a consequence of a 
factor of IO smaller sample size ( 4 ng Sm). These variations are 
in agreement with a recent report by Lugmair et al. I 1978]. 

From inclusion Cl two different pyroxene separates and a 
split of the crushed inclusion were analyzed . These analyses all 
show an enrichment in only 144 Sm/ 1 5 4 Sm of 15±5 parts in 
104 . All other isotopic ratios are identical within error to the 
terrestrial normal. The only exception is for CI PYX( I) , which 
shows possible deviation from normal equal to the 4a 
uncertainty .for 14 8 Sm/ 154 Sm and 3a uncertainty for 
150 Sm/ 154 Sm. This was not present in the higher precision 
analyses of the other pyroxene separate Cl PYX(2a) or in the 
analysis of the total inclusion CISI and is therefore probably 
an artifact. A second analysis was carried out on another 
aliquot of Cl PYX(2a) after repeating the Sm separation on the 
final column . The values of 14 4 Sm/ 1 5 4 Sm for repeat analyses 
of this sample (Cl PYX(2b)) are in good agreement within 
experimental uncertainty. 

As 144 Sm is the only anomalous Sm isotope in CI , we 
investigated the possibility of an isobaric interference. For all 
runs the mass spectrum was scanned at high sensitivity between 
masses 130 and 180, and no interfering species were identified . 
In particular, no 1 4 2 Nd+ or 146 Nd+ ions were detected and 
for the analysis of sample CI PYX(2a), we can place an upper 
limit to any possible interference to 14 4 Sm from 144 Nd of less 
than 3 parts in I 04

. However, for the other samples of CI and 
EK 1-4-1 , the smaller Sm ion beam intensities only allowed an 
upper limit of 14 4 Nd interference to 144 Sm of less than 
approximately IO parts in I 04 . To test whether 144 Nd 
interference could produce an effect of this magnitude, a 
sample consisting of approximately equal proportions of 
normal Sm and Nd was loaded on a filament and analyzed. At 
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the Sm running temperature , an apparent excess of 14 4 Sm of 
IO parts in I 04 was measured in this sample with the ratios 
Nd /NdO = I 0-4 and 144 Sm/144 NdO = 0.1. In the samples CI 
and EKI-4-1 the Sm fraction analyzed is essen tially free of 
NdO with the measured ratio 144 Sm/ 144 NdO;;;.J00. Thus, 
assuming the same Nd/NdO ratio in CI and EKl-4-1 the 
maximum 144 Nd interference to 144 Sm in CI and EKI-4-1 is 
I part in 106

• This is a factor of I 0 3 smaller than the observed 
excesses and we conclude that interference frorn 144 Nd cannot 
account for the observed 144 Sm excesses. 

Discussion 

To elucidate the effects in Sm it is more appropriate to use 
the two shielded isotopes 1 5 0 Sm and 1 4 8 Sm to correct for 
fractionation with 1 4 8 Sm as an index isotope. The weighted 
average of data renormalized from the raw measured ratios are 
shown for EK 1-4-1, CI and the terrestrial sample in the bottom 
of Table I and is consistent with data transformed using 
equation 2 of McCulloch and Wasserburg [ 1978). 

For inclusion EK 1-4-1, the renormalized data show positive 
anomalies at the unshielded isotopes 1 5 4 Sm, 1 5 2 Sm, 1 4 9 Sm, 
14 7 Sm and at the low abundance shielded isotope 14 4 Sm. The 
addition of material to the unshielded Sm isotopes is fully 
consistent with the additions found in the unshielded Ba and 
Nd isotopes [McCulloch and Wasserburg, 1978]. 

The melilite and pyroxene mineral phases from EKI-4-1 
have an identical enrichment although these phases contain 
different proportions of Sr, Ba, Nd, and Sm. This is not 
consistent with in situ fission subsequent to crystallization but 
implies that these minerals formed from an isotopically 
homogeneous liquid or gas phase or were subsequently 
isotopically reequilibrated . Xe data from EKI-4-1 [Papanastas­
siou et al., 1978] are also not consistent with an origin of these 
anomalies by in situ fission . The Xe data are consistent with 
mixtures of 2 4 4 Pu fission Xe, air Xe, Xe from cosmic-ray­
induced reactions on Ba, REE and I, and Xe from 1 2 9 I decay . 
There is no evidence for isotopic enrichments from any other 
sources (e.g., Xe as found in bulk acid-insoluble residues ; 
Lewis, Srinivasan and Anders, 1975). 

The number of excess atoms in EK 1-4-1 can be calculated by 
assuming that the isotopic effects are due to addition of 
nuclides to average solar system material with cosmic abun­
dances. This is given by E(A)N(A) x I 0-4 where E(A) are the 
measured deviations given in Table I and N(A) is the cosmic 
abundance [ Cameron, 1973] . These excess atoms are tabulated 
in Table 2 and plotted in Figure I. For Ba and Nd the 
normalizations are as described by McCulloch and Wasserburg 
[1978] with 134 Ba/138 Ba and 144 Nd/ 142 Nd used for 
normalization and 13 8 Ba and 142 Nd as index isotopes. For Nd 
the arbitrary assignment of an excess to 144 Nd of +20 has been 
adjusted to + 18 to produce a smooth curve between excess 
atoms of 1 5 0 Nd and 1 5 2 Sm . An alternative normalization for 
Nd using 1 4 8 Nd/ 1 5 0 Nd has been proposed by Clayton [ I 978] 
but this has the disadvantage of assuming a normal cosmic ratio 
for the 14 8 Nd / 150 Nd excesses. The main feature of the curve 
in Figure 1 is the pronounced peak between Ba and Nd . 
Chemical fractionation between the exotic rare earth and Ba 
nuclei or the addition of unfractionated exotic nuclei to 
fractionated "solar" material prior to the formation of the 
inclusion would modify this peak. A small odd-even effect is 
also apparent in Nd and Sm, with the excess atoms being 
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greater in the even atomic number nuclei. This effect is not 
present in fission yield curves [Meek and Rider, 1974]. 

The additions to the unshielded isotopes can be attributed to 
beta decay from unstable neutron-rich species. Isotopes 

Table 2. Nucleosynthetic Components in Ba, Nd and Sm for EKl-4-1 

Nuclide N(A)3 o(A)b N,(A)c N,(A)d E(A)e E(A)xf E(A)N(Af 

1 3 O Ba 0.005m 
1 3 l Ba 0.005m 
134 Ba 0.116 
135 Ba 0.316 
136 Ba 0.375 
13 7 Ba 0.543 
138 Ba 3.44 
142 Nd 0.211 
143 Nd 0.095 
144 Nd 0.186 
145 Nd 0.065 
146 Nd 0.134 
14 8 Nd 0.045 
150 Nd 0.044 
144 Sm 0.007m 
147 Sm 0.035 
148 Sm 0.025 
149 Sm 0.031 
150 Sm 0.017 
152 Sm 0.060 
154 Sm 0.051 

2000k 0.0 
650k 0.0 
225h 0.116 
47oi 0.055 

70h 0.375 
72.6i 0.363 

5.7h 3.30 
45i 0.211 

332i 0.025 
6i 0.116 

485i 0.016 
105i 0.069 
210k 0.0 
240k 0.0 
120k 0.0 

1150k 0.006 
260k 0.025 

1620k 0.004 
370k 0.017 
450k 0.014 
380k 0.0 

N(A)J0-4 E(I 54)N,(A) 

0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.261 13.4 4.23x10-4 

0.0 0.0 0.0 
0.180 12.3 6.68xJ0-4 

0.14 0.0 0.0 
0.0 0.0 0.0 
0.07 27 .81 2.64xI0-4 

0.07 18.0 3.35x!0-4 

0.049 24.9 1.6lx!0-4 

0.065 12.0 1.6lx!0-4 

0.045 33.6 1.50x!0-4 

0.044 33.6 l.47xlo- 4 

0.0 34.4 0.24xI0-4 

0.029 38.5 l.34x!0-4 

0.0 0.0 0.0 
0.027 36.5 l.14x!0-4 

0.0 0.0 0.0 
0.046 24.1 l.46xI0-4 

0.051 34.3 l.76xI0-4 

0.47 

1.08 

1.1 
1.39 
0.96 
0.72 
0.98 
0.98 

1.35 

1.23 

0.92 
1.0 

•cosmic abundance (per Si = I 06 ), Cameron [ 1973] . b 30 Ke V cross 
sections (millibarns). cs-process abundance. ctr-process abundance given by 
N,(A) = N(A) - N,(A). eDeviations from normal in parts in 104 from 
Table I and McCulloch and Wasserburg [1978]. fExcess atoms (see fig. 
!). gRatio of excess atoms to cosmic r-process atoms, normalized to 
1 54 Sm (see fig . 2). h Musgrove, Boldman and Macklin [ I 976] . iHolmes, 
Woosley, Fowler and Zimmerman [1976]. iconrad, (1976]. kA//en, 
Gibbons and Macklin [ 1971] . 1Corrected for 1 4 7 Sm decay for an age of 
4.56 x 109 years. mp-process only nuclide. 
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produced by this general mechanism are often referred to as 
"r-process." To test whether the excess atoms shown in Figure 
I are produced by an average "cosmic" r-process, we have 
calculated the ratios of excess atoms in EKl-4-1 to cosmic 
r-process atoms, normalized to the r-process only isotope 
1 5 4 Sm. This ratio is given by E(A)N(A)/€(154 )N,(A) where 
N,(A) is the calculated cosmic r-process abundance. To obtain 
N,(A) , the s-process component N (A) is subtracted from the 
total isotopic abundance N(A). Thus N,(A) = N(A) - N

5
(A) . 

The isotopes 1 5 4 Sm, 1 5 0 Nd and 148 Nd are produced only by 
the r-process. However, several other isotopes also contain a 
significant s-process component. For these isotopes, N5 (A) was 
calculated using the local equilibrium approximation, 
N5(A-l)a(A-l) = N/A)o(A) as modified by the general trend of 
the N5 (A)a(A) curve and closed neutron shell at 138 Ba (see for 
example Seeger, Fowler and Clayton , 1965). Improved cross 
section and abundance data were used (see Table 2) together 
with allowance for branching in the s-process chain at 134 Cs 
and 151 Sm [Ward, Newman and Clayton, 1976). The 
uncertainty in calculating the r-process contribution depends 
on the accuracy of the calculated s-process and the relative 
proportions of s and r components. In figure 2 the number of 
excess atoms in EKl-4-1 relative to cosmic r-process are shown 
as a function of atomic number and are in general similar to the 
cosmic r-process distribution. However, significant deviations at 
149 Sm, 1 4 7 Sm and 1 3 5 Ba show that the exotic material was 
not identical to the average solar system r-process, or that the 
additions were made to material which did not have the present 
average solar system isotopic composition. 

Sample EK 1-4-1 also shows an excess in the proton-rich or 
"p-process" isotope 144 Sm. No corresponding enrichment was 
found in the "p-process" isotopes 1 3 2 Ba and 1 3 0 Ba. Woosley 
and Howard [ 1978) have indicated that the production of these 
nuclei by photodisintegration reactions operating on r- and 
s-process seeds is temperature dependent. Using this model, it 
may be possible to overproduce 144 Sm relative to its cosmic 
abundance without corresponding additions to 1 3 2 Ba and 
130 Ba. Sr data from EKl-4-1 [Papanastassiou eta!., 1978) show 
that the p-process isotope 8 4 Sr has a deficiency of -3 2±2 parts in 
I 04 when normalized to 8 6 Sr/8 8 Sr= 0.1194. This is clearly not 
compatible with the excess in 144 Sm. However, as 8 7 Sr has a 
contribution from 87 Rb(r ½ = 5.0 x I 01 0 yr) decay the data for 
the three remaining Sr isotopes can also be interpreted as an 
excess in 8 6 Sr (s-process) or a deficiency in 8 8 Sr (s- and 
r-process) . None of these possibilities are in consonance with the 
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Fig. I. Excess atoms of Ba , Nd and Sm in EKI-4-1 assuming addition of 
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assumed for the shielded nuclides 150 Sm, 1 4 8 Sm, 14 2 Nd and 134 Ba and 
for 1 3 8 Ba. Solid symbols show "p-process" only isotopes 1 3 0 Ba, 1 3 2 Ba 
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Fig. 2. Ratios of EKI-4-1 excess atoms to an average solar system 
r-process abundance as a function of atomic number (normalized to 
is4Sm= 1.0). 

Ba, Nd and Sm results and data on p-process nuclides in EK 1-4-1 
between Sr and Ba will be required to resolve this apparent 
inconsistency. 

In the other FUN sample, Cl , an excess in only the 
"p-process" isotope 144 Sm of 1.0 x 1Q-5 atoms (per cosmic 
Si = I 06 atoms) is present. All other isotopic ratios are normal. 
The presence of only a "p-process" addition to Cl is important as 
it shows that the "p-process" is not necessarily coupled to the 
r-process. This is in contrast to EK 1-4-1, where both p- and 
r-process additions are present. The 1 4 4 Sm "p-process" excess in 
Cl is approximately a factor of 2 smaller than that in EK 1-4-1. 
No corresponding addition has been detected in the "p-process" 
isotopes 132 Ba and 130 Ba in Cl [McCulloch and Wasserburg, 
1978], although this may be close to the limit of resolution . The 
normal Nd isotopic composition in Cl [McCulloch and 
Wasserburg, 1978] is in consonance with these results as it has no 
"p-process" only isotopes. An addition to 1 4 2 Nd of the same 
number of atoms as excess 144 Sm* in Cl would only produce an 
effect in 142 Nd/ 14 4 Nd of 5 parts in I 05 which is at the limit of 
our resolution . 1 4 2 Nd may also possibly have an indirect 
p-process contribution from decay by the extinct nuclide 14 6 Sm 
(ry, = 1.0 x I 08 yr). Scheinin, Lugmair and Marti [ 1976] and 
Lugmair and Marti [ 1977] have reported measurements of 
142 Nd/ 144 Nd and from marginal data have inferred small 
excesses in 1 4 2 Nd attributed to decay of 146 Sm. Our Nd 
measurements in Cl show no evidence for the presence of 
1 4 6 Sm, although the Sm/Nd ratio in this sample is not 
substantially fractionated from chondritic. A deficiency in the 
p-process isotope 8 4 Sr of -9±2 parts in I 04 is also present in Cl, 
in contrast with the observed excess in 14 4 Sm. This indicates 
that simple addition of "p-process" material to normal solar 
system material is not an adequate explanation of the isotopic 
effects. 

From the data reported here, as well as the wide range of Xe 
isotopic anomalies, it is reasonable to consider that the r-process 
isotope 129 l(ry, = 1.6 x 107 yr) may alsohavebeenaddedin 
the same process. It was shown by McCulloch and Wasserburg 
[ 1978] that if the negative 135 Ba anomaly in Cl was 
representative of the initial solar system, then the additional 
135 Ba* required to fill in the negative anomaly would give 
135 Ba* / 127 I ~0.5 x 10-4 . Thus, if the same number of 129 I 
and 1 3 5 Ba* atoms were added, this would give 
1 2 9 I/ 1 2 7 I ~ I 0-4 , which is similar to the observed ratio. It is 
also of interest to note that the addition of approximately the 
same number of 129 I atoms and exotic nuclei tabulated in table 
2, would also give 129 1/127 I ~1Q-4 . This model of small 
last-"minute" injection of r-process material is consistent with 
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the time scale of several million years as indicated by the presence 
of 2 6 Al with Ty, = 0. 7 x I 06 years [Lee, Papanastassiou and 
Wasserburg, 1977). 

The discussion of Ba, Nd and Sm data for EK 1-4-1 and the Sm 
data for Cl has been based on the premise of addition of exotic 
materials to material with a normal solar system isotopic 
composition. However, the presence of negative isotopic 
anomalies in other elements, 135 Ba and 4 8 Ca in Cl and 8 4 Sr and 
2 6 Mg in EK 1-4- I and Cl , suggests that this may not have been 
the case and materials which received these additions may have 
been depleted in some isotopes. This is particularly apparent in Sr 
[Papanastassiou et al., 1978) which shows negative anomalies in 
8 4 Sr/88 Sr for both EKl-4-1 and Cl, when normalized to 
8 6 Sr/8 8 Sr= 0.1194. As suggested by McCulloch and Wasserburg 
I 197 8), the negative 1 3 5 Ba anomaly may also imply that CI 
represents precursor solar system material before r-process 
addition. However, the depletions of 135 Ba in Cl and the smaller 
1 3 5 Ba excess relative to cosmic r-process in EK 1-4-1 could also 
be due to 13 5 Cs, which is the progenitor for 13 5 Ba. If Cl and 
EK 1-4-1 condensed before the more volatile i 3 5 Cs 
(Ty,= 2.3 x 106 yr) decayed to 135 Ba , this could account for 
these discrepancies. 

The extent and significance of the correlated isotopic 
anomalies which have at present only been found in the two 
Allende FUN inclusions, Cl and EKl-4-1, are still not apparent. 
An extensive survey of the Ba isotopic composition in a variety of 
Allende inclusions [McCulloch and Wasserburg, 1978) showed 
that 90% of these inclusions had a normal isotopic composition . 
Inclusions with a normal Ba isotopic composition included 
samples which had large 2 6 Mg excesses correlated with A I /Mg 
ratio, samples with a distinctive oxygen isotopic composition but 
lying on the mixing line of 16 0 and normal O [Clay ton, 
Grossman and Mayeda, 1973) and a sample with a suggested Hg 
isotopic anomaly [Reed and Jovanovic, 1969). The Ba isotopic 
composition in meteorites [Eugster, Tera and Wasserburg, 1969 ; 
I 969; de Laeter and Date, 1 973 I and lunar samples [McCulloch 
and Wasserburg , 1978 I has also been shown to be identical to 
terrestrial Ba. Thus, in contrast to the widespread O anomalies, 
only a small proportion of the materials sampled show correlated 
anomalies for other elements. 
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CHEMICAL PROCEDURES FOR THE 

SEPARATION OF Ba, Sr, and REE ELEMENTS 

The study of the isotopic composition of a number of different 

elements from a single sample required the adaption ,combination and 

development of a number of different chemical separation procedures. 

This was particularly important in the study of the anomalous 

inclusions from the Allende :meteorite (see appendices, 6 and 7) for 

which there was only an extremely limited quantity of sample(< 20 mg) 

available. The detailed procedures for the separation of individual 

elements has already been described by DePaolo (1978) for Sm and Nd, 

and Eugster, Tera, and Wasserburg (1968) for Ba, and Papanastassiou and 

Wasserburg (1969) for Sr. Therefore, this description will emphas.ize 

the adaption of these techniques for the separation of all of these 

elements from a single s .ample. 

To separate Sr, , Ba, Sm, Nd, and the heavy REE, there are four 

steps. These are shown in Figure A6-l and are: 

1. Separation of Sr from Ba and REE. 

The separation of Sr from Ba and the REE and also the 

removal of the major elements was achieved by using a "standard" 

lcmxl7 cm cation exchange column with Dowex 50-8x, 100-200 mesh resin. 

In the elution scheme shown in Figure A8 -2, Sr is separated from Rb 

and the REE with 2.5N HCl and the REE and Ba are then eluted with 

4N HCl. Although Ba and the REE are separated to some extent, Ba and 

Nd overlap and must be separated by using an additional column. 
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Figure A8..:..1. Flow diagram illustrating the steps required for the 

separation of Sr, Ba, La and Ce, Sm, Nd, and heavy REE using 

ion exchange procedures. The procedure uses four columns: 

2.5 N, 4N HCl, 4N HCl, and lactic acid columns of ph 5.3 and 4.6. 

The dashed line shows an alternate procedure where the 4N HCl 

column is bypassed and the Ba and REE fractions are separated 

by only using the lactic acid colunm of ph 5.3. 
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Figure A8-2. Elution scheme for the separation of Sr and Ba and 

REE using 2.5N HCl and 4.0N HCl eluants. It can be seen that 

the Sr is separated but the Ba and REE overlap. 
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2. Separation of Ba from Nd and heavy REE. 

The separation of Ba from Nd was done using the same ion 

exchange coltnnn as in step 1 but by using only a 4N HCl elution. The 

elution scheme is shown in Figure AB-3 and although there is a 

reasonable separation of Ba from Nd and the heavy REE, the light REE, 

Ce, and La overlap into the Ba fraction. The presence of Ce and La in 

the Ba fraction is not a problem as Ce and La rtm as oxides in the 

mass spectrometer and therefore do not interfere with the Ba element 

(see appendix 6). However, in order to separate Ce and La for future 

isotopic composition determinations and to eliminate as possibility 

of interference to Ba another colunm separation was developed. 

3. Separation of Ce and La from Ba. 

Ce and La were separated from Ba by using a microcolumn of 

2 mm internal diameter and 2 cm length. As. shown in Figure AB-4 Ce 

and La (and any other REE) are eluted in the first fraction with 

0.2 M lactic acid of ph · = 5.3. Before the Ba is removed, 0.5 ml of 

H2o followed by 0.5 ml of 1.5N HCl are added to the column to remove 

the lactic acid and to prevent the formation of NH
4

c1 in the Ba 

faction. Ba is finally eluted with 4N HCl. This colmnn procedure was 

developed after the anomalous Allende inclusions had been proces.sed, 

but in retrospect the use of this column instead of the 4NHC1 column 

(step 2) would be preferable (see Figure AB-1). 

4. Separation of Sm and Nd. 

An excellent separation of Sm and Nd is achieved by using 

a 40 cm long, 2mm internal diameter capillary tube with Dowex 50-8x, 



384 

Figure A8-3. Elution scheme for the separation of Ba from Nd, Sm, 

and heavy REE using 4.0N HCl. It can be seen that although the 

separation of Ba and Nd is adequate, Ce (and La) overlap into 

the Ba fraction. 
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Figure A8-4. Elution scheme for the separation of Ba from La and Ce 

using 0.2M 2-methylladic acid wi.th a ph = 5.3, followed by 

4.0N HCl. 
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Figure A8-5. Elution scheme for the separation of Sm and Nd us.ing 

0.2M 2-n:ethyllactic acid with a ph = 4 . 60. 
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> 400 mesh resin adjusted to the NH: form. The REE are eluted with 

0.2 M lactic acid of ph = 4.60. The ph is adjusted for the optimum 

separation of Sm and Nd and to separate for example the heavier REE 

Gd, a ph of 4.0 would be required. 
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