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Fine-grained clastic sedimentary rocks, which make up about 

60 to 70 percent of the present-day sedimentary mass, almost always 

consist of large amounts of detrital minerals derived from multiple 

source rocks and some small amounts of diagenetic materials. Hence, 

the tracing of origin of the detrital particles to source rocks has 

been often extremely difficult. Age determinations by K-Ar and Rb- 

Sr isotopic methods have shown that many uncertainties attend the 

determination of source rocks for sedimentary materials by these 

isotopic methods, because the processes of weathering, erosion, 

transportation, and diagenesis for sedimentary rocks, and also the 

processes of metamorphism for metasedimentary rocks, cause unpre- 

dictable changes in the relations of parent-daughter isotopes of 

the clastic materials with respect to that of their sources. 

The Sm and Nd elements which belong to a group of rare-earth 

(*) Presently at the Centre de G~ochimie de la Surface, Strasbourg 
(France) 
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elements (REE), have close chemical similarity. This behavior 

allows limited fractionation between them by intracrustal proces- 

ses. Mantle-crust differentiation is the main process which produ- 

ces significant differences in the Sm/Nd ratios among large terres- 

trial reservoirs. Little fractionation seems to occur in the crus- 

tal materials by intracrustal sedimentary processes, metamorphism, 

and even partial melting. As the Sm/Nd ratios seem to remain nearly 

unaffected against changes by intracrustal processes, the Sm-Nd 

isotopic systems of clastic sediments and sedimentary and meta- 

sedimentary rocks have become subjects of much studies in recent 

years following the work of McCulloch and Wasserburg (1978) which 

revealed that such analyses can provide much information about the 

history of the continental crust (DePaolo et al., 1983; Hamilton 

et al., 1983; O'Nions et al., 1983; Taylor et al., 1983; All~gre 

and Rousseau, 1984; Frost and O'Nions, 1984; Goldstein et al., 

1984; Miller and O'Nions, 1984; Patchett et al., 1984; Clarke and 

Halliday, 1985; Davies et al°, 1985; Heller et al., 1985; Michard 

et al., 1985; Andr~ et al., 1986; Frost and Winston, 1987; Huhma, 

1987; Nelson and DePaolo, 1988; Goldstein and Jacobsen, 1988; 

McLennan et al., 1990; N~gler, 1990). 

The approach to an understanding of the question of continen- 

tal crustal history based on analysis of sedimentary materials 

requires that sediments or sedimentary rocks are approximately a 

good representative of the average composition of a large conti- 

nental region. Coarse-grained clastic sediments and sedimentary 

rocks generally have a limited transportation history. The assem- 

blage of detrital particles in these rocks is often biased by the 

effect of sorting during transportation. Also, the particles in 

these rocks have often derived by erosion of rocks from a limited 

continental area. Consequently, coarse-grained sediments and 

sedimentary rocks are generally not suitable for the Sm-Nd isotopic 

investigation of crustal evolutionary history. Carbonate sedimen- 

tary rocks may contain chemical sedimentary components with a 

history of differentiation between Sm and Nd and these rocks are 

generally low in total REE contents as compared to the clastic 

sedimentary rocks (Haskin et al., 1966; Piper, 1974; Elderfield et 

al., 1981; Shaw and Wasserburg, 1985). By contrast, fine-grained 

sediments and sedimentary rocks, in general, consist of large 
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amounts of detrital particles with history of long transportation 

and well mixing of components derived from a large continental 

region. Fine-grained clastic sediments and sedimentary rocks 

generally have a limited range of Sm/Nd ratios (McLennan, 1989). 

The narrow range of the ratios is probably a reflection of well 

mixing of the fine particles by their long transport from the site 

of weathering and erosion in the continent to the site of deposi- 

tion often in marine sedimentary basins. Because of the very common 

REE characteristics among vast numbers of fine-grained clastic 

sediments and sedimentary rocks, and their Sm/Nd ratios being very 

similar to that of granitoid rocks, the Sm/Nd ratios of the fine- 

grained materials are taken to be good representatives of average 

Sm/Nd ratio of large segments of continental crust from which the 

clastic particles derived. Hence the fine-grained clastic sedimen- 

tary materials have been the focus of a large number of Sm-Nd 

isotopic studies to obtain information about erosion and evolution 

of the continental crusts. This article summarizes the benefits of 

Sm-Nd isotopic studies on sediments and sedimentary rocks in under- 

standing sedimentary processes and growth of the continental crust. 

The understanding of continental crustal history by the analy- 

ses of Sm-Nd isotopes in sedimentary rocks requires an assumption 

that the two elements were do not significantly fractionated by 

intracrustal processes. We will briefly review the merits of such 

an assumption in the analyses of sedimentary materials. Calcula- 

tions of Sm/Nd model ages are necessary to understand the evolutio- 

nary history of sediments and sedimentary rocks. For a non-specia- 

list who is not altogether familiar with the manipulation of Sm- 

Nd model ages, we will define the meaning of these ages and discuss 

how different factors could influence the calculated model ages on 

sedimentary materials. Additional details are given by Faure (1986) 

and DePaolo (1988b). 

MODEL AGES OF SEDIMENTS 

The Sm-Nd model age of a sample of clastic sediment or sedi- 
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mentary rock is calculated based on the comparison between the 

growth of the 143Nd/144Nd ratio of the sample and that of the upper 

mantle as a function of time. The calculated age relates to the 

time when the sample and the upper mantle had the same Nd isotopic 

composition, or in other words, when the sample or its constituent 

particles appeared for the first time as an entity of the continen- 

tal crust by differentiation from a depleted mantle source. In a 

vast majority of studies, the model age is neither the age of depo- 

sition of the sediments, nor, in the strict sense of provenance, 

the age of the source rock, because almost always clastic sedi- 

mentary rocks consist of particles of diverse origin. Even in the 

case of a derivation of a sedimentary rock from a single source 

rock, the Sm-Nd model age of the sedimentary components will not 

correspond to the age of formation of the source rock if that 

source rock itself derived from an older crust. Hence the meaning 

of a Sm-Nd model age of a sedimentary rock can be best described 

as an average time of the continental crust forming events of the 

constituent particles. But it must be clear in mind that the model 

age does not imply a specific crust forming event. That is why some 

have preferred to use the term average "crustal residence age," and 

not a crust-formation age, when referring to the Sm-Nd model age 

of a sedimentary rock (O'Nions et al., 1983). 

The procedure for calculation of a Sm-Nd model age and the 

the expression of the Nd isotopic composition of a sample in terms 

of the Nd value can be found in Faure (1986), DePaolo (1988b), and 

also in the introduction of this volume. The choice of the source 

mantle for continental crustal rocks will influence the calculated 

Sm-Nd model age. Most consider a depleted mantle for the derivation 

of the continental crust, but difference exists as to presumed 

evolutionary characteristic of the depleted upper mantle and its 

specific Nd isotopic value, which may lead to a difference in the 

calculated age by about 200-300 Ma (DePaolo, 1981; Goldstein et 

al., 1984; Nelson and DePaolo, 1985). 

In addition to the choice of appropriate parameters for a 

depleted mantle source for the evolution of the crustal materials, 

the Sm-Nd model age of sediments can be influenced by their evolu- 

tionary history during the time of their residence in the crust. 
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Figure i: Illustration of the influence of sedimentary or 
intracrustal processes on the calculated Sm-Nd model age with 
respect to the crustal forming event. Part (A): transportation 
related sorting of different components from the same source; 
T R is the age of a crust formation event R. Part (B): mechani- 
cal mixing of sediments of different sources; tse d is the time 
of sedimentation, Tsl and Tsz are periods of crust formation 
events respectively for sources sl and s2, Tmi x is the calcula- 
ted model age for the mixed sediments. Part (C) : t x is a time 
of differentiation between Sm and Nd due to diagenesis or 
metamorphism, Tfl is a calculated model age for a component 
whose Sm/Nd ratio is lower than that Of the original source 
material, Tfz is a calculated model age for a component whose 
Sm/Nd ratio is higher than that of the original source mate- 
rial. 

When components formed from a common source are seggregated due to 

sorting by transportation without having any significant modifi- 

cation of their respective Sm/Nd ratios, each component indi- 

vidually will still have the same model age, although the compo- 

nents will differ in their measured Nd isotopic compositions (Fig. 

1 part A). The Nd isotopic evolution and Sm-Nd model age of sedi- 

ments formed by mixing of materials derived from sources with 

different continental crustal histories are shown in part B of 

figure i. Following the mixing, the Sm-Nd evolution of the mixed 

sample will occur at a rate intermediate between that of the two 

components and the resulting model age will be an intermediate 

value between the model ages of the two components, which is 
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proportional to the relative amounts of each end member, weighted 

by the rare earth element (REE) concentrations in each end member. 

The interpretation of a model age can be complicated if the Sm-Nd 

of a system may be disturbed by an intracrustal process (weathe- 

ring, diagenesis, and metamorphism) at some time which is much 

later than the time of formation of the system as a crustal entity, 

and the error in the calculated age is proportional to the diffe- 

rence of time between the crust formation and the intracrustal Sm- 

Nd fractionation (Fig. 1 part C). The material whose Sm/Nd ratio 

has been lowered by any disturbance will yield a lower Sm-Nd model 

age and the one whose Sm/Nd ratio has been elevated will yield a 

higher model age than the corresponding undisturbed material. 

Sm-Nd FRACTIONATION DURING SEDIMENTARY PROCESSES 

Sm-Nd Fractionation during Weathering 

Balashov et al. (1964) concluded that subaerial weathering 

preferentially removes the heavy REE, but the quantity of the REE 

being removed is extremely small. They attributed this preferential 

removal of the heavy REE to the increased stability of carbonate 

complexes of the heavy REE as compared to the light REE. Recently, 

Goldstein and Jacobsen (1987) have shown that the Sm/Nd ratio of 

dissolved loads is higher than that of suspended loads in most 

rivers. Considerable evidence now exists that spring waters and 

streams selectively remove HREE from source rocks, although the 

absolute content of the dissolved REE in these waters, having 

concentrations of tens or few hundred parts per trillion, is extre- 

mely small as compared to that in solid source materials having a 

few hundred parts per million of the REE (Michard et al., 1987; 

Goldstein and Jacobsen, 1988). The evidence from analyses of 

dissolved loads of rivers and springs makes evident that in theory 

at least some difference can be expected in the relative abundances 

of Sm and Nd between weathered products and their source rocks. But 

the degree of changes in the Sm/Nd ratios from source materials to 

weathered products is difficult to document in the evolution of 
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sediments and sedimentary rocks because of the potential for modi- 

fication of the ratio by sedimentary processes subsequent to 

weathering. Nevertheless, evidence has been gathered that weathered 

products could differ substantially from their source materials in 

their Sm/Nd ratios. 
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Figure 2: Concentrations of REE in partly and highly weathered 
material relative to parent unaltered material (after Nesbitt, 
1979) 

Studies are few which have carefully explored the paths of 

changes in relative and absolute contents of the REE between source 

rocks and their associated weathered products. Burkov and Podporina 

(1967) observed considerable preferential mobilization of the light 

REE in the formation of kaolinite from weathering of granite and 

granodiorite in an acidic environment. Roaldset and Rosenqvist 

(1971b) noted that considerable amounts of REE can be removed from 

weathered micas by leaching with EDTA, suggesting that the REE can 

be quite mobile in a weathering environment. Balashov and Girin 

(1969) also found from experimental work that as much as 95% of the 

REE in clays can be leached by acid, which suggests that the REE 

can be mobilized during weatheringand subsequent processes. 

Nesbitt (1979) compared the absolute and relative abundances 

of the REE between a parent granodiorite and its associated weathe- 

red products. Incipiently to moderately altered parent materials 

consisted dominatly of vermiculite and Fe-Ti oxyhydroxide with 

minor amounts of kaolinite and illite as the weathered products, 

whereas the most altered products consisted essentially of kaoli- 

nite and illite with small amounts of Fe-Ti oxyhydroxide and no 

vermiculite. He observed that while incipiently to moderately 

altered parent granodiorite became enriched in the absolute REE 
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content and relatively enriched in the heavy REE, the most altered 

residual product became depleted both in the absolute REE and in 

the relative abundance of the heavy REE relative to the parent 

material (Fig. 2). Nesbitt explained that the mobilization of the 

REE from the most altered zone to partially altered zone was due 

to increase in pH, but the fractionation of the REE elements was 

due to mineralogical controls. This study showed that the Sm/Nd 

ratio of the most altered clayey-residual product was as much as 

20% lower than that of the parent rock. 

Clauer et al. (1982), who investigated the effects of natural 

weathering on the REE pattern of biotite, observed general increase 
o 

in the heavy REE relative to the light REE with increase in the 

degree of weathering of biotites. The weathered biotites experien- 

ced on the average an increase in the Sm/Nd ratio by about 50%, 

compared to unweathered biotite. Also, the absolute contents of 

both Sm and Nd, like the other REE, increased in the weathered 

biotites relative to the fresh biotite. 

Middelburg et al. (1988), who investigated the mobilization 

and redistribution of the REE during weathering of granitic rocks, 

found that the REE were significantly mobilized and fractionated 

only during advanced stages of weathering. They concluded that 

selective leaching of the REE from both stable and unstable 

minerals and subsequent concentration in secondary phases may 

account for the observed fractionation. 

The preceding discussion makes evident that a measurable 

degree of remobilization of Sm and Nd and fractionation between the 

two elements occur in the transformation from parent materials to 

weathered products. The pattern of these changes is apparently 

controlled by both minera-logy of the weathered products and 

chemistry of the transporting fluids being involved. 

Sm-Nd Fractionation durinq Transportation and Deposition 

Transportation related differentiation in the Sm/Nd ratio 

between fine-grained sediments and their source rocks could poten- 
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tially arise from two effects, one by sorting of weathered and 

eroded particles having different Sm/Nd ratios and the other by 

differential amounts of adsorption of Sm and Nd by clay particles 

from waters due to changes in the pH or alkalinity and changes in 

the relative abundances of Sm and Nd in the waters. Stordal and 

Wasserburg (1986) noted a difference of as much as about 23% in the 

Sm/Nd ratios between two very small clay fractions of a suspended 

load from a river, but the actual cause of the difference is not 

known. Study is needed to determine the extent and cause of inter- 

particle variations in the Sm/Nd ratios among fine suspended loads 

of rivers. 

Cullers et al. (1975) noted that kaolinites can have as much 

REE as illites and smectites, but, unlike illites and smectites, 

whose REE patterns approach close to that of average shale, kaoli- 

nites have widely varied light enriched REE patterns. Differential 

transport of clay particles in depositional basin has been known 

for long times. Kaolinite is often more abundant than other clay 

minerals in near shore sediments, suggesting that some differences 

in the Sm/Nd ratio could arise due to differential transport of the 

clay minerals in a sedimentary basin. Schieber (1986) made a 

suggestion based on the REE data of sediments from Belt Supergroup 

in Montana that the length of the transport of clays could have 

some influence on the relative distribution of the REE in these 

sediments. Thus, potential preferential sorting of clay minerals 

in ocean environments could make some degree of difference in the 

relative abundances of Sm and Nd between fine-grained nearshore 

sediments and equivalent offshore sediments. The study of Stordel 

and Wasserburg (1986) has already shown that estuarine entrapment 

of sediments can have some effect on the Sm-Nd differentiation of 

sediments that are being delivered by streams from the continents 

to the oceans. 

Sm-Nd Fractionation durinq Diagenesis 

From an investigation of bulk clay-sized fractions in samples 

of sediments from a deep well in the Gulf Coast, Chaudhuri and 

Cullers (1979) concluded that diagenesis caused no significant 
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modification in the Sm/Nd ratios of these sediments. Recently, 

Awwiller and Mack (1991) claimed that diagenesis could have 

influenced the Sm-Nd model ages of Tertiary sandstones and shales 

from the Texas Gulf Coast. These ages increased with increased 

depth of burial. Ohr et al. (1991) found an evidence of diagenetic 

Nd isotopic equilibrium at depths below the smectite to illite 

transition zone for very fine particles (<0.1~m) in sediments from 

a deep well in the Texas Gulf Coast. They observed a spread in the 

Sm/Nd ratios between leachates and insoluble residues after acid 

leaching of the very fine clay particles, although the Nd isotopic 

compositions between the two phases were nearly identical for about 

eighty per cent of the cases. They concluded that these isotopic 

similarities reflected diagenetic isotopic equilibrium and the 

spread in the Sm/Nd ratio is due to fractionation related to 

illitization and concurrent precipitation of phosphate minerals. 

This explanation may not be entirely correct, which has been 

discussed later in this paper. Even by considering that the 

isotopic equilibriation occurs during diagenesis of very fine clay 

particles, the effect of such a process on the model age of fine- 

grained sediments in general appears to be small, because the 

amounts of such fine-grained materials in bulk clay sediments or 

shales are often extremely small. 

Potential diagenetic Sm-Nd differentiation has also been 

suggested by both Stille and Clauer (1986) and Bros et al. (1992) 

based on Sm-Nd isotopic data defining isochrons. As explained later 

in this article, these isochrons, although yielding ages which are 

either the same or less than that of the deposition of the sedi- 

ments, do not necessarily signify isotopic equilibriation at a 

post-depositional time. 

Inteqrated Effect of Sedimentary Processes 

An individual process may cause some differentiation in the 

Sm/Nd ratio between sediments and their source rocks, but this 

effect may be balanced by subsequent processes in the history of 

sediments. To document competing or complementary influences of 

weathering, transportation, deposition, and diagenesis in the Sm- 
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Nd history of sedimentary rocks is extremely difficult or may be 

impossible, because the effect of these different influences on the 

Sm/Nd ratios of sediments cannot be easily distinguished from 

effects due to differences in the provenance or in the mineraloqy 

of what is weathered in a single provenance. Detailed information 

about the differentiation of the REE are given by Fleet (1984) and 

McLennan (1989). 

What is clearly evident from the REE data on fine-grained 

sediments and sedimentary rocks and granitoid rocks is that their 

Sm/Nd ratios are very similar. The Sm/Nd ratios of many different 

granitoid rocks are commonly between O.14 and 0.23, an average 

being about 0.19 (Haskin et al., 1966; Othman et al., 1984; Nelson 

and DePaolo, 1985; DePaolo, 1988a, DePaolo et al., 1991). Ratios 

as high as about 0.41 have been found for some granitoids, but they 

are considered to be few (Cullers and Graf, 1984). Clastic sedi- 

ments and sedimentary rocks, like the common granitoid rocks, have 

also a similarly narrow range of Sm/Nd ratios. A large number of 

studies on clay minerals of sedimentary origin and on fine-grained 

clastic sedimentary rocks, especially those of continental plat- 

forms, have shown that the Sm/Nd ratios very often range between 

0.15 and 0.21 with an average of about 0.19 (Haskin et al., 1966; 

Haskin and Haskin, 1966; Cullers et al., 1975, 1979; Dypvik and 

Brunfelt, 1976, 1979; Nance and Taylor, 1976; Fleet et al., 1980, 

Fleet, 1984; O'Nions et al., 1983; Taylor et al., 1983; Goldstein 

et al., 1984; Miller and O'Nions, 1984; Patchett et al., 1984; 

Michard et al., 1985; Bhatia, 1985; Nelson and DePaolo, 1988; 

Goldstein and Jacobsen, 1988; McLennan et al., 1989; Dia et al., 

1990; N~gler, 1990). Whereas sediments of the continents and 

continental shelves have an average Sm/Nd ratio of about 0.19- 

0.20, those from deep oceans have an average value of about 0.21- 

0.22 (Patchett et al., 1984). The small difference in the Sm/Nd 

ratio between the two types of sediments is probably a reflection 

of the presence of some amounts of products of weathering of 

basalts or hydrothermal activities in the deep sea sediments. 

Nevertheless, the close similarity in the Sm/Nd ratios between 

fine-grained clastic sediments and sedimentary rocks and continen- 

tal crystalline rocks is a sufficiently justifiable reason to 

assume that the Sm-Nd ratios are changed little by intracrustal 
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processes of weathering, erosion, deposition, and diagenesis. 

Sm-Nd ISOTOPES OF MODERN CONTINENTAL EROSIONAL PRODUCTS 

Studies of Goldstein and Jacobsen (1987, 1988) and Goldstein 

et al. (1984) on river loads have considerably advanced our under- 

standing of the Sm-Nd isotopes of modern erosional products and 

have given a bedrock knowledge for the interpretation of Sm-Nd 

isotopic data of sedimentary rocks. The Sm and Nd contents of many 

present-day river suspended loads range respectively between 3 and 

ii #g/g and between 12 and 59 #g/g. The Sm/Nd ratios are between 

0.15 and 0.21 and the 143Nd/144Nd ratios are between 0.50967, or ~Nd 

value of about -42, and 0.51160, or 6Nd value of about -4, for sus- 

pended loads of rivers draining primarily Archean, Proterozoic and 

Paleozoic terrains, whereas the Sm/Nd ratios are as high as 0.28 

and the 143Nd/144Nd ratios are as high as 0.51221, or 6Nd value of 

about +7, for suspended loads of rivers draining young island or 

continental arcs, the high values being for the dominant presence 

of detrital components from a depleted mantle source. 

Goldstein and Jacobsen (1988) found a close agreement in the 

Sm-Nd model ages between suspended loads and their apparent source 

rocks in the drainage basins underlain by Archean and island or 

continental arc rocks. But relating the suspended loads of many 

North American rivers to any clearly definable source rocks is not 

easy. The authors assumed a close correspondence between basement 

crystalline rocks in the drainage basin and the suspended loads. 

Based on this assumption, they found that the Sm-Nd model ages of 

the suspended loads are on the average 350 Ma younger than the Sm- 

Nd model ages of the basement rocks in the drainage basin. On the 

whole, the Sm-Nd model ages agreed reasonably well between the 

suspended loads and their presumed source rocks (Fig. 3). 

The study of Goldstein and Jacobsen (1988) on river suspended 

loads also revealed an inverse relationship between the Sm/Nd 

ratios of the river loads and their Sm-Nd model ages (Fig. 4). The 
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Figure 3: Comparison of depleted mantle based Sm-Nd model ages 
between river loads and their presumed source rocks (after 
Goldstein and Jacobsen, 1988) 

authors suggested that the Sm/Nd age trend could be due to a pro- 

gressive change in the Sm/Nd ratios of new additions of crust, 

possibly reflecting progressive depletion of incompatible elements 

in the mantle through time. DePaolo (1988a) also inferred a decrea- 

se in Sm/Nd ratio with increase in model age for the crust, based 

on evidence from granitic rocks. The results on modern river sus- 

pended loads are not in agreement with the observation made by 

Taylor and McLennan (1985) who claimed that Archean sedimentary 

rocks tend to have less fractionated light REE patterns than post- 

Archean sedimentary rocks. The study by Dia et al. (1990), on the 

other hand, showed no change in Sm/Nd ratio with depositional age 

for shales and greywackes ranging in age from 0.2 to 3.3 Ga. Isoto- 

pic studies focusing on morphology, mineralogy, and chemistry of 

the suspended loads are needed to understand the actual cause of 

the Sm-Nd age trend for modern river loads. 

Based on the data on suspended loads of modern rivers, 

Goldstein and Jacobsen (1988) estimated that the average Sm-Nd 

model age for the flux of present-day river load from the North 
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Figure 4: Variation of Sm/Nd ratio relative to the model age 
for the suspended loads of some major rivers in the world 
(after Goldstein and Jacobsen, 1988) 

American continent to the oceans is about 1.8 Ga. By contrast, the 

estimated average Sm-Nd model age for the basement rocks of the 

North American continent is about 2.36 Ga, which makes the model 

age of the river load to be about 24% lower than that of the 

basement rocks. The authors explained that the discrepancy in the 

Sm-Nd model age between the river load and the basement rock 

reflects a large contribution of suspended material derived from 

young orogenic areas. 

The weighted average Sm-Nd parameters for the loads of all 

rivers were used by Goldstein and Jacobsen (1988) to calculate the 

parameters for the upper crust presently exposed to weathering. The 

average values of different parameters for global river load are: 

Sm/Nd ratio of about 0.188, end of about -10.6, and Sm-Nd model age 

of about 1.63 Ga. Based on the age relationship obtained between 

the river load and the basement rocks for the North American conti- 

nent, Goldstein and Jacobsen estimated that the present-day upper 

crust exposed to weathering has an average Sm-Nd model age of about 

2.1 Ga. Assuming that the average Sm/Nd of the upper crust exposed 

to weathering is approximately equal to that of the river load, the 

authors inferred the average ENd of the continental upper crust to 

be about -17. 
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Sm-Nd isotopic information about the upper continental crust 

based on data of the present-day river suspended loads should be 

taken with some caution. Drainage basins of major rivers are mostly 

in trailing edge and continent-collision tectonic settings, whereas 

those of many small rivers are in arc-type tectonic settings. But, 

collectively, the suspended loads from these small rivers can make 

up a considerable fraction of the total loads removed from conti- 

nents. Since the Sm-Nd model ages of sediments associated with 

trailing edge and continent-collision tectonic settings are much 

higher than those of sediments associated with arc-type settings, 

as noted by McLennan et al. (1990), a bias in the sampling of the 

river loads may not allow a reasonably correct estimation of the 

Sm-Nd isotopic characteristics of the continental upper crust based 

on the data of the river loads. 

Sm-Nd ISOTOPIC VARIATIONS IN A SEDIMENTARY SEQUENCE 

The Sm-Nd isotopic data of fine-grained clastic sedimentary 

rocks and their constituent particles in a sequence of deposition 

potentially can be of much significance to increased understan- 

ding of the depositional and post-depositional history of the 

sequence. The potential benefits about the latter have been pointed 

out by Awwiller and Mack (1991) and Ohr et al. (1991) who analyzed 

Tertiary sediments from the Gulf Coast area. 

The data of Ohr et al. (1991) for rocks from a stratigraphic 

interval of about 3.5 km make evident that the Sm-Nd model ages of 

untreated bulk samples are higher than that of the corresponding 

insoluble residues by as much as 250 million years. Also, the dis- 

persion in the model ages for the untreated bulk samples appears 

to be slightly higher than that for the acid-leached bulk samples. 

Similar degree of dispersion in the Sm-Nd model ages also exists 

between untreated and acid-leached clay fractions of <0.1#m. These 

disparities in the model ages reflect the presence of varied 

amounts of Sm and Nd in the acid removing phase or crystal sites 

which also differ to some extent in the Nd isotopic compositions. 



302 

The acid leachate contains Sm and Nd which are mobile, the origin 

of which could be different from that of the relatively inert REE 

in the residue. Hence, acid insoluble fraction may be preferable 

to untreated samples for the Sm-Nd isotopic studies on sediments. 
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F i g u r e  5 :  C h a n g e s  i n  t h e  Nd i s o t o p i c  c o m p o s i t i o n s  a n d  m o d e l  
ages with depths for HCl insoluble bulk materials of sediments 
from the Tertiary sequence in the Gulf Coast of Texas (modi- 
fied from Ohr et al., 1991) 

As suggested by the data of Ohr et al. (1991), the Nd isotopic 

composition decreases and the Sm-Nd model age increases with 

increase in.depth for acid-insoluble bulk materials from the top 

2.4 km of the sequence (Fig. 5). Awwiller and Mack (1991) also 

noted more radiogenic Nd toward the surface. Although some changes 

in the Sm/Nd ratios occur, no trend with depth could be establi- 

shed. The more radiogenic Nd toward the surface within the top 2.4 

km of the sequence naturally reflects increasing input of younger 

crustal materials as deposition continued. This can be related to 

several factors such as changes in continental erosion related to 

sea level changes, slow epirogenic uplift of the land exposing more 

and more of the young crustal granitoid rocks, erosional order of 

an older stratigraphic sequence, and possibly some others. Additio- 

nal studies are needed to determine the cause of such isotopic 

trends within a sequence of sediments. 

The acid-leached bulk samples collectively do not define any 

discernable trend between the Nd isotopic compositions and the 
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Figure 6: Changes in the Sm/Nd ratios vs. Nd isotopic ratios 
for acid leached bulk samples and corresponding clay fractions 
for sediments at three different depths (km) within the Ter- 
tiary sequence in the Gulf Coast area of Texas (reconstructed 
from Ohr et al., 1991) 

Sm/Nd ratios. The scatter in this relationship is largely a reflec- 

tion of varied provenances for the Tertiary sediments in the Gulf 

Coast area. We have reconstructed some of the data given by Ohr et 

al. (1991) and come to the conclusion that Sm-Nd isotopic data of 

each acid-leached bulk sample may be described in terms of mixing 

of two end-member components (Fig. 6). It is evident from the data 

on the sample at a depth of about 2.4 km that the Sm/Nd ratio 

decreases and the 143Nd/1~4Nd ratio increases from the bulk sample to 

the <2#m clay fraction to the very fine clay fraction. The lineari- 

ty of the data among the two clay fractions and the bulk material 

for the sample collected at a depth of about 2.4 km probably repre- 

sents a mechanical mixing between two end-member components. 

Similar two-component mixing lines with different slopes potential- 

ly exist also for the samples at depths of about 2.7 km and 3.3 km. 

The compositions of the end-member components may be defined based 

on some reasonable assumptions. As can be seen from the data 

presented in figure 6, the three mixing lines appear to have one 

common end-member component, but with a different second end- 

member component. The average Sm/Nd ratio of bulk sedimentary rocks 

is about 0.19, or 147Sm/144Nd ratio of about 0.115, which is about 

the same as that of many granitoid rocks. Assuming that each bulk 
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sample contained a component with a Sm/Nd ratio of about 0.19, the 

three mixing lines may be extended to this average Sm/Nd ratio to 

obtain the corresponding Nd isotopic value of the component. The 

Sm-Nd model ages of the component with the average Sm/Nd ratio of 

0.19 in the bulk samples are calculated to be about 2.0 Ga (2.4 

km), 1.5 Ga (2.7 km), and 1.8 Ga (3.3 km). The other component 

which is common to all three samples represents a very fine clay 

fraction of diagenetic origin. The common end-member component for 

all three samples appears to have a Sm/Nd ratio about 0.13, or a 

147Sm/144Nd ratio of about 0.08. By taking the corresponding Nd 

isotopic value from the extrapolation of the mixing line, the Sm- 

Nd model age for the common end-member component is calculated to 

be 1.0-i.i Ga. The significance of this young model age is not 

clear, especially in view of the strong diagenetic overprint on the 

origin of this component. 

Sm-Nd ISOTOPIC SIGNATURES AS TRACERS OF DIAGENESIS 

The role of diagenesis on the Sm-Nd isotopes of sediments is 

poorly understood. Analyses of bulk samples of sediments or even 

<2#m clay fractions have not generally provided any convincing evi- 

dence that diagenesis plays any important role in the Sm-Nd chemi- 

cal fractionation of sediments. Frost and Winston (1987) found in 

their study of the Middle Proterozoic sedimentary sequence in 

western North America that the average crustal residence age of 

fine grained sediments is nearly similar to that of some coarse 

grained sediments, in spite of wide variations in Sm/Nd ratios of 

coarse-grained samples. The similarity in the ages suggests that 

the total effect of weathering, erosion, transportation, and 

diagenesis is minimal as far as the Sm-Nd model age is concerned. 

Nelson and DePaolo (1988) observed from a study of Tertiary sedi- 

ments deposited in a rift basin in north-central New Mexico that 

the Nd isotopic characteristics of a mudstone are identical to that 

of sandstones with which the mudstone is interlayered. They sugges- 

ted that the data on the mudstone and the sandstone argue against 

any significant fractionation between Sm and Nd due to the combined 
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effects of weathering, erosion, deposition and diagenesis. The 

results of the studies by Frost and Winston (1987) and by Nelson 

and DePaolo (1988) are in agreement with that of Chaudhuri and 

Cullers (1979) who found almost no change in the REE patterns of 

samples of clays from the deeply buried Tertiary sediments of the 

Gulf Coast area. 

Any variation in the REE contents and Sm-Nd isotopic values 

among fine-grained sediments or sedimentary rocks can be due to 

difference in source rocks for the detrital particles, intensity 

of weathering, depositional environment, burial diagenetic reac- 

tions, or a combination of any of these factors. Some studies in 

about the last five years have either implied or underscored the 

importance of diagenesis as a major factor in determining the Sm- 

Nd isotopic characteristics of fine-grained sediments. 

Stille and Clauer obtained a Sm-Nd isochron for four whole 

rock samples of argiilite and a clay fraction from one of the whole 

rock samples of the Proterozoic Gunflint Formation, which yielded 

an age of 2.08 ± 0.59 Ga and initial 6~ value of about -2.1. The 

authors interpreted the age as being close to the depositional age 

of the sediments and suggested that the isochron could have resul- 

ted from near equilibrium of Nd isotopes during diagenesis shortly 

after deposition. A Sm-Nd isochron was also observed by N~gler 

(1990) who analysed whole rock samples of argillites from Spain, 

but the calculated age of 1524 ± 173 Ma is obviously geologically 

meaningless because the age of sedimentation for the argillites is 

about 490 Ma. As N~gler noted, the isochron for the argillites 

definitely represents a mixing line. 

Recently Bros et al. (1992) analyzed the Sm-Nd isotopic compo- 

sitions of different size fractions from two different samples 

about 60 m apart in a stratigraphic column of Lower Proterozoic 

black shales in southeastern Gabon. The two fine clay fractions of 

<0.2~m and 0.2-0.4 ~m sizes for each of the samples were also 

leached with dilute HCI for determining the Sm-Nd isotopic composi- 

tions of the mobile REE relative to that of the inert REE in the 

mineral structures. The Sm-Nd isotopic data of the untreated, the 

acid insoluble and the soluble materials of each of these two fine 
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clay fractions from individual samples independently defined 

isochron ages of 2099 ± 115 Ma and 2036 ± 79 Ma with very similar 

initial Nd isotopic compositions. The authors interpreted these 

dates to be a period of Nd isotopic homogenization related to 

illitization. The finer clay particles have higher Sm/Nd ratios 

than the coarser counterparts. Basedon mineralogical and chemical 

evidence, the change in the Sm/Nd ratios suggests that diagenetic 

mineralization occurred with varied Sm/Nd ratios of the fluids. 

The data point of the shale which was richest in the organic 

content (about 13% kerogen) plotted between the two isochrons 

defined by the clay fractions of the two other samples which were 

relatively less enriched in organic C. The agreement between the 

organic C rich shale, the leached clay particles and the leachates, 

indicates that it reached a Nd isotopic equilibrium with respect 

to diagenetic fluids. A fracture-filling bituminous sample showed 

the highest 14ZSm/144Nd ratio (about 0.15) and the highest 143Nd/144Nd 

ratio of all materials analyzed. The data of this bituminous mate- 

rial also conform to the isochron trends defined by the silicate 

minerals. The Sm-Nd isotopic enrichment for the bituminous sample 

can be assumed to have been related to its migration history, as 

suggested by Manning et al. (1991) who also observed, as shown in 

this study, isotopic homogenization between source-rock kerogen and 

silicate phases of reservoir rocks. 

The Sm-Nd isochron from data on clays must be interpreted with 

caution. The calculated date from an isochron can become much less 

than, or even approximately close to, that of the age of sedimenta- 

tion, but this alone is not a good enough reason to assume that the 

isochron date relates to a diagenetic event. A mixing line with a 

negative slope at the time of sedimentation could evolve into an 

isochron with a positive slope, whereby the calculated date becomes 

less than, or nearly equal to, that of the age of deposition. The 

Sm-Nd isotopic data of clay fractions and bulk material of a sample 

of the Gulf Coast sediments of Tertiary age provide clear evidence 

that such a mixing line with negative slope can exist (Fig. 6). 

Geochemical and mineralogical data obtained from analyses of 

Tertiary sedimentary deposits of the Gulf Coast area in the U.S.A. 
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have produced a paradigm for clay mineral diagenesis accompanying 

deep burial of sediments. The most attractive feature of the 

diagenetic history of these Gulf Coast sediments is the increase 

in illite content with increase in depth (see companion paper of 

Clauer et al. in this volume for details). Two recent studies have 

addressed on the relation of diagenesis to the Sm-Nd isotopic 

compositions of sediments from the Gulf Coast area (Awwiller and 

Mack, 1991; Ohr et al., 1991). 

The Sm-Nd isotopic analyses by Awwiller and Mack (1991) on 

bulk samples of sandstones and shales in the Oligocene Frio Forma- 

tion from south Texas, which consist of detrital particles derived 

largely from the Tertiary volcanic fields of west Texas and 

northern Mexico, showed a trend in decrease of the 143Nd/144Nd ratio 

with increase in depth for both types of sedimentary rocks. Their 

study of sandstones and shales from the Paleocene-Eocene Wilcox 

Group of south-central Texas indicated a similar trend, but of 

poorer quality, in the Nd isotopic ratio with depth. The sandstones 

of the Frio Formation were found to have the Sm-Nd model ages 

increase with increasing depth, but the shales within the same 

stratigraphic interval did not have such a record of change. Rather 

the Sm-Nd model ages of the shales remained nearly similar through 

much of the stratigraphic interval. Considering the entire strati- 

graphic interval of about 3.5 kmwithin the Paleocene-Eocene Wilcox 

Group, from which the bulk samples were taken for the analyses, the 

Sm'Nd model ages were poorly correlated. Awwiller and Mack's (1991) 

claim that Sm-Nd model ages increase with increasing depth does not 

appear to be convincing. The authors suggested that, although the 

trends in 6Nd and the Sm'Nd model ages in sandstones and shales of 

the Tertiary sequence are possibly due to a detrital control, 

diagenetic changes in the rocks could have influenced the modifica- 

tions in the ages. They concluded that the model ages could have 

been modified by diagenetic reactions involving loss of radiogenic 

Nd from the sediment and mineralogic fractionation of Sm and Nd 

during mobilization of the REE. Awwiller and Mack noted that in the 

Frio sandstones late diagenetic ankerite cement with 6Nd value of 

about -i0 contained less radiogenic Nd than early diagenetic calci- 

te cement with a 6,d value of about -6, which suggested early 

mobilization of Nd from volcanic materials. They also reported that 
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the Sm/Nd ratios of clay fractions of <0.5~m size, which ranged 

from about 0.15 to 0.17, were lower than that of the equivalent 

bulk samples whose Sm/Nd ratios were between 0.17 and 0.23. 
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Figure 7: Relationships of Nd isotopic composition and Sm/Nd 
ratio between acid leachate and corresponding insoluble very 
fine clay fraction for samples at different depths within the 
sequence of Tertiary sediments in the Gulf Coast area of 
Texas. The zone of illitization includes the sequence at 2.4 
km depth and lower in the colums (after Ohr et al., 1991) 

Ohr et al. (1991) also observed that Sm/Nd ratios of fine clay 

fractions <O.l~m were lower than that of corresponding bulk samples 

from the zone of illitization in deeply buried sediments. Since 

these fine Clay fractions consist of large amounts of diagenetic 

illites, mineralogical fractionation of Sm from Nd might have 

occurred during diagenetic formation of illites. Analyzing HCl- 

leached bulk samples and their leachates, and also a coarse clay 

fraction of one of the samples and its leachate, from the illitic 

zone, Ohr et al. found considerable disparity in the Nd isotopic 

composition between an acid insoluble residue and its corresponding 

leachate. This is expected because such materials consist of parti- 

cles of diverse origin. But in analyzing the fine clay fractions, 

they found that, for four out of five fractions from different 

depths, the Nd isotopic composition of the insoluble residue was 

identical to that of the corresponding leachate. But for one 

sample, the leachate and the residue differed in their Nd isotopic 

compositions. Furthermore, for all five samples they analyzed, the 

Sm/Nd ratio of the leachate was higher than that of the correspon- 
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ding insoluble residue (Fig. 7). The similarities in the Nd isoto- 

pic compositions between the acid insoluble residue and the corres- 

ponding leachate for most of these fine clay fractions suggest iso- 

topic homogeneity during diagenesis. What is also clear from the 

data is that neither the insoluble residues of the very fine clay 

fractions themselves nor the leachates themselves are isotopically 

homogeneous. This indicates that if diagenesis produced isotopic 

homogeneity, it had to occur only within a limited scale. 

We would like to draw attention to the low Sm/Nd ratios of 

about 0.13-0.14 for the fine clay fractions. These values are lower 

than the average value of about 0.18 which have been reported in 

the literature for many illitic, smectitic and glauconitic minerals 

(Cullers et al., 1975; Fleet et al., 1980). The reason for the 

difference could be a result of difference in the maturity of evo- 

lution between them, but research is needed to determine the real 

cause. Nevertheless, the Sm/Nd ratio of about 0.13-0.14 for the 

very fine clay fraction is about the same as that for many K- 

feldspar minerals in granitoid rocks, which may suggest that these 

very fine illitic minerals in the Gulf coast sediments formed from 

the alteration of K-feldspar minerals. If we assume an approximate 

conservation of the proportion between Sm and Nd during the trans- 

formation of the precursor to the very fine-grained illitic clay 

minerals, then the average crustal residence age of the precursor 

for these clay minerals was about 1.0-I.I Ga. 

Undoubtedly, evidence already exists that mineralogical frac- 

tionation of Sm from Nd could occur during diagenesis. The question 

remains about the actual mechanism by which it occurs and the 

significance of this diagenetic silicate mineralization on the Sm- 

Nd model ages of the sediments. 

Nd ISOTOPES AS POTENTIAL TRACERS FOR OROGENIC EVENTS 

AND PALEOGEOGRAPHICAL RECONSTRUCTION 

The role of the mantle-derived components in the growth of the 
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continent has been a subject of much investigation during the last 

two decades. Major subduction related orogenic events potentially 

involve additions of juvenile crust differentiated from a mantle 

source. The additions of any new mantle component during the oroge- 

nic episodes should theoretically be evident in the 6,d values of 

weathered and erosional products from the orogeni c belts. Michard 

et al. (1985) noted several maxima of end values in a relationship 

between Nd isotopic compositions and stratigraphic ages for Phane- 

rozoic sediments from France (Fig. 8). The maxima of 6Nd values 

generally coincide with Known orogenic events in central Europe, 

suggesting addition of subduction related crust during these 

events. The data in this figure also make evident that the effect 

of the contributions of young mantle Nd is overshadowed in few tens 

of million years by contributions of relatively non-radiogenic Nd 

from older crustal rocks, as the Nd-isotope signatures of the 

sediments are quickly restored to the pre-orogenic background 

level. In other words, the young crust was uplifted which caused 

the isotopic signature of the detritus from the uplifted young 

crust to overwhelm the signature of the detritus from the ancient 

crust, but the influence of the young crust was soon reduced due 

to its rapid erosion from uplift. One conclusion which can be made 

from the study of Michard et al. (1985) is that a prominent maximum 

of the 6 Nd values in the spectrum of Nd isotopic compositional 

variation with the depositional age of sediments may be used for 

identification and dating of a subductional related, mantle source 

differentiated crust forming event. 

Studies of sedimentary sequence spanning at least several tens 

of million years of depositional history may reveal a general 

increase, but without any discernible maximum, in the 6Nd values 

with decreasing ages of the sediments. Such a trend may signify 

either continuous small additions of new crust produced by a series 

of short duration subduction or a slow and long duration subduc- 

tion, or a slow epeirogenic uplift of the crust continuously 

exposing mantle source derived crystalline rocks to weathering and 

erosion, or a progressive decrease in the influence of the older 

tectonic province in the erosion of the continent. Independent 

evidence is required to explain the cause for a trend of increase 

in Nd isotope ratio with decrease in stratigraphic age. 
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Figure 8: Relationship between stratigraphic age and Nd 
isotopic composition at the time of sedimentation for samples 
of Phanerozoic shales and siltstones from central Europe 
(after Michard et al., 1985) 

The Nd isotopic records may reveal regional differences in the 

responses of sedimentary systems to additions of subduction related 

crusts. Miller and O'Nions (1984) noted contrasts in Nd isotopic 

composition among sedimentary rocks between the two sides of the 

lapetus suture. They concluded that the Hd isotopic compositions 

of shales could be a useful tracer in paleogeographical investiga- 

tions. 

Crustal Recycling History 

Taking the inventories of all sedimentary and metasedimentary 

rocks since the Archean time, Garrels and MacKenzie (1971) remarked 

that the half-life of global sedimentary rocks is about 600 million 

years. The preponderance of very young sedimentary rocks in the 

existing continental crust with the long evolutionary history has 

spurred many different investigations and debates about the crustal 

erosion and the growth of the continental crust. Different factors 

relating to intracrustal processes (such as rates of erosion and 
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sedimentation, metamorphism, anatexis, and magmatism) and addition 

of new mantle differentiated material external to the continental 

internal cycle are important components in the evolutionary history 

of the continental crust with its present distribution of rock 

types exposed to the surface. Contentious views about the crustal 

growth can be found in the article by Veizer and Janssen (1985). 

The history of continental crust formation remains a controversial 

issue. The evolution has been variously explained ranging from a 

continuous formation (Hurley et al., 1962; Hurley and Rand, 1969; 

O'Nions and Pankhurst, 1978; Gurnis and Davies, 1986) to an epi- 

sodic formation (Moorbath, 1977; Patchett et al., 1981; Page et 

al., 1984; Nelson and DePaolo, 1985; DePaolo et al., 1991), to 

increased continental mass trough time (Veizer and Janssen, 1979; 

Dewey and W~ndley, 1981; McLennan and Taylor, 1982), to steady 

continental mass (Patterson and Tatsumoto, 1964; Tatsumoto and 

Patterson, 1964; Armstrong, 1981), and to even decreased conti- 

nental mass (Fyfe, 1978). 
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Figure 9: Relationship between stratigraphic age and the Sm- 
Nd model age for sedimentary and metasedimentary rocks ranging 
in age from Archean to Recent, including the data for modern 
river loads 

The long term continental crustal growth history has been 

examined from the Sm-Nd isotope analyses of fine-grained sediments 
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of different geologic ages. But this requires that the continental 

sedimentary mass should be rapidly recycled so that the records in 

the sedimentary mass reflect continuous evolution of the average 

composition of the continental crust. The long-term growth history 

of the continental crust should be studied only from analyses of 

well mixed, multi-cycled sedimentary systems, the criteria of which 

can be based on the REE distribution patterns. Several studies 

(All~gre and Rousseau, 1984; Frost and O'Nions, 1985; Michard et 

al., 1985; Frost and Winston, 1987; Dia et al., 1990) have brought 

attention to the relationship between the Sm-Nd model ages and the 

stratigraphic ages of sedimentary and metasedimentary rocks from 

different sedimentary basins in the world and the implication of 

the relationship concerning the growth of continents through the 

geologic time. Figure 9 is an illustration of the relationship 

between the model ages and stratigraphic ages of sedimentary rocks. 

The progressively greater difference between the crustal residence 

age and the stratigraphic age for sedimentary rocks younger than 

about 2.0 Ga suggests an increasing role of intracrustal recycling 

of older continental crustal materials since about the Proterozoic. 

The Nd isotopic data can be used to explain the evolution of the 

continental upper crust, provided the sedimentary rock records are 

not biased toward specific tectonic settings such as trailing edge 

and continental collision. Many are inclined to believe in such a 

bias in sedimentary-rock records (Veizer and Janssen, 1979, 1985). 

They provide an alternative explanation which suggests that the 

sedimentary mass essentially consists of reworked sediments and 

sedimentary rocks and old upper crustal crystalline rocks. They are 

in agreement with the results of early studies of Patterson and 

Tatsumoto (1964) and Tatsumoto and Patterson (1964) on Pb isotopes 

of detrital feldspars, which suggest that a very large segment of 

the continents was accreted before the Proterozoic, followed by a 

slow growth during the Proterozoic and the Phanerozoic. 

CONCLUSION 

The analyses of the Sm-Nd isotopes in sediments and sedimen- 
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tary rocks have proved useful in reconstructing provenances of 

sediments, erosional history of the continent, tectonic evolution 

of the earth, and recycling of sediments. Recent studies have shown 

that considerable promise lies ahead in understanding diagenesis 

of sediments by analyses of the Sm-Nd isotopes in very fine- 

grained clays. 

Evidence is sketchy about mineralogical fractionation of Sm 

from Nd in weathering environment, but considerable degree of 

fractionation seems possible. Nothing is known yet about the 

magnitude of change in the Sm-Nd model age which can occur due to 

weathering. Reports about the effect of sorting of detrital parti- 

cles on the model ages are limited, but they point to conflicting 

results between no change and measurable differences in the syste- 

matics of Sm-Nd isotopes due to sorting. Influence of depositional 

environment on the systematics of Sm-Nd isotopes in fine-grained 

sediments needs investigations. Diagenetic reactions can cause 

mineralogical fractionation of Sm from Nd, but its real impact on 

the long-term changes in the Sm-Nd model ages of sedimentary rocks 

has not been examined. Present evidence shows that the diagenetic 

records in fine-grained sediments are limited to very fine clay 

fractions. We have yet to know what happens to the Sm-Nd isotopic 

systematics of these very fine clays when they mature in their 

evolutionarY history subsequent to the growth in the diagenetic 

environment. 

The comparison between stratigraphic ages of sedimentary rocks 

and their crustal residence ages estimated from analyses of 

systematics of the Sm-Nd isotopes has convincingly demonstrated 

that only small amounts of mantle-differentiated juvenile crust 

have been added to the continents since about 2.0 Ga ago. Changes 

in the Nd isotopic compositions of sedimentary rocks through time 

may provide clues for identification of subduction related crustal 

forming events and also tectono-eustatic related erosional history 

of the continent. A future research would be to determine the 

nature of the relationship between orogeny related Nd isotopic 

maxima as recorded in the sedimentary rocks and temporal variations 

in the Nd isotopic compositions of oceans which derived their Nd 

in large part from the continents. 
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