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Abstract-The compilation and major element composition of the “North American shale composite” 
(NASC) are reported for the first time, along with redeterminations for the REE and selected other 
elements by modem, high precision analytical methods. The NASC is not strictly of North American 
origin; 5 of the constituent samples are from Africa and Antarctica, and 15 are from unspecified locations. 
The major element composition of the NASC compares quite closely with other average shale compositions. 
New analyses of the NASC document that significant portions of the REE and some other trace elements 
are contained in minor phases (zircon and possibly other minerals) and that their uneven distribution in 
the NASC powder appears to have resulted in heterogeneity among analyzed aliquants. The results of 
this study show that the REE distributions of detrital sediments can be. dependent to some extent on 
their minor mineral assemblages and the sedimentological factors that control these assemblages. 
Consequently, caution should be exercised in the interpretation of the REE distributions of sediment 
samples as they may be variable and biased relative to average REE distribution of the crustal rocks 
supplying detritus. These effects appear to be largely averaged out in sediment composites, with the result 
that their REE distributions are more likely to be representative of their provenances. 

INTRODUCTION 

A COMPOSITE of 40 shales was prepared at the request 
of the late Paul Gast in the 1950’s. Although its 
compilation has never been described and docu- 
mented in print, selected geochemical properties of 
this composite have been reported, particularly for 
the rare earth elements (REE) (HASKIN and FREY, 
1966; HASKIN and HASKIN, 1966; HASKIN et al., 
1968). Since that time, the REE abundances of the 
so-called “North American shale composite” (NASC) 
have been used, in effect, as a standard of comparison 
in a number of geochemical studies. 

The original interest in the REE distributions of 
fine-grained detrital sediments stemmed from the 
expectation that they represented average crustal rel- 
ative REE abundances (GOLDSCHMIDT, 1938). It was 
possible therefore to evaluate the REE distribution 
in the upper crust (that part exposed to erosion) by 
determining the REE contents of sediment compos- 
ites. The work of MINAMI (1935), HASKIN and GEHL 
( 1962), BALASHOV et al. (1964), HASKIN and FREY 
(1966), and HASKIN et al. (1968) established that the 
relative REE abundances of several sediment com- 
posites (including the NASC) were very similar to 
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one another, but as a group were distinctly enriched 
in the lighter REE compared to the REE distribution 
in chondritic meteorites and presumably that for the 
bulk Earth. The relative enrichment of upper crustal 
rocks in the light REE was attributed to the differ- 
entiation process that formed and modified the Earth’s 
crust (e.g., HASK~N and GEHL, 1962; TAYLOR, 1962; 
HASKIN and FREY, 1966), although the details of 
these processes and how they led specifically to the 
relative REE abundances observed in the NASC and 
other sediments are not really understood. 

More recently, studies of REE distributions in 
shales and other detrital sedimentary and metasedi- 
mentary rocks have been extended to include samples 
from most of the continents, from a variety of 
geological environments, and materials as old as the 
earliest Archaean (e.g., WILDEMAN and HASKIN, 1973; 
RONOV et al., 1974; CULLERS et al., 1975; NANCE 
and TAYLOR, 1976, 1977; BAVINTON and TAYLOR, 
1980; TAYLOR and MCLENNAN, 1981a; BOAK, 1983; 
BOAK et al., 1982, 1983; DYMEK et al., 1983; 
MCLENNAN et al., 1984). These. studies have con- 
firmed that post-Archaean sediment composites as a 
group have rather uniform REE characteristics, al- 
though sediments with sources restricted to certain 
limited environments can deviate considerably from 
these values (e.g., RONOV et al., 1974; NANCE and 
TAYLOR, 1976). By virtue of their broad similarity 
over several continents, the relative REE patterns of 
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the NASC and other post-Archaean sediment com- 
posites have been considered to be repr~n~tivc of 
the post-Archaean upper crust. As such, these patterns 
have constituted an important benchmark for models 
of crustal evolution based on sedimentary REE pat- 
terns (e.g.. TAYLOR, 1977: TAYLOR and MCLENNAN, 
198lb). 

In light of the extensive and continuing use of 
NASC REE abundances in the literature, a more 
comprehensive characterization of that composite 
and its geochemical characteristics using current 
methods appears warranted. One of us (LAH) had 
received some unpublished information from Gast 
on the constituent rocks of the composite and this 
info~ation is now presented. The major element 
chemistry of the NASC (RFD) is reported for the 
first time, and a comparison of its chemistry to that 
of other sediment composites is discussed. New REE 
analyses of the NASC using isotope dilution mass 
spectrometry (LPG) and improved neutron activation 
analysis technique (LAH and RLK) are reported. 
These analyses have significantly higher precision 
than previously reported determinations, reflecting 
improvements in the methods of REE analysis that 
have been made over the last two decades. The new 
analyses document significant heterogeneity among 
analyzed aliquants of the composite for the REE and 
some other elements. A series of analytical experi- 
ments is described whereby the origin of this hetero- 
geneity is found to lie in the small and variable 
amounts of REE-concentrating minerals in the NASC, 
a finding of considerable significance to the interpre- 
tation of sediment REE ~st~butions in general. 
Despite this heterogeneity, the new REE analyses 
reveal some fine structure in the NASC REE distri- 
bution that is important to the interpretation of its 
provenances. 

COMPILATION OF THE NASC 

The composite of sediments that has come to he 
known as the “North American shale composite” 
was prepared at the request of Paul W. Gast during 
his tenure at the University of Minnesota. At that 
time he had access to numerous rock samples that 
had been analyzed for major elements in the rock 
analysis laboratory there. He caused aliquants of 
analyzed samples to be compounded into various 

composites, including the NASC, to enable measure- 
ment of average properties of different rock types. 
Several grams each of these composites were given 
to one of us (LAH) in the middIe 1960’s; sometime 
later, major element com~sitions and info~ation 
on where the constituent samples had been collected 
were also provided. Gast referred to the composite 
merely as “sediments”, but noted that it consisted 
mainly of North American Paleozoic shales. In ad- 
dition, a composite referred to as “metamorphics”, 
also discussed in the present paper, was described by 
GAST (pers. commun.) as somewhat metamorphosed 
North American shales. 

In fact, the NASC samples did not all originate in 
North America: five were from Antarctica and Africa, 
and no place of origin was given for more than a 
third. The geographical distribution of the 40 sedi- 
ments of the NASC was given as follows: Minnesota 
(6); Montana (I); New Hampshire (1); New Mexico 
(1); New York (4); Ohio (1); Oklahoma (2); South 
Dakota (1); West Virginia (3); Antarctica (2): North 
Rhodesia (3); no location (15). More specific locations 
were not provided. 

Limitations on the significance of this composite 
are evident. It was never intended as a representative 
sampling of North America or any place else. It was 
intended merely to provide a first-cut indication of 
some more or less averaged properties of shales. Only 
the agreement of its REE distribution with those of 
composites from other regions gives the REE distri- 
bution of the NASC credibility as representative of 
the Earth’s post-Precambrian upper continental crust. 

The geographical distribution of the composite of 
55 me~rno~ho~ shales was given as folfows: Ari- 
zona (3); Colorado (1); Labrador (2); Maine (2); 
Minnesota (7); New Brunswick (6); Newfoundland 
( I); New Hampshire (5); New York (7); Texas ( 1); 
Virginia (2); Washington (1); Antarctica (2); Venezuela 
(1); no location ( 14). 

The major element com~sitions of the material 
provided by Gast are included in Table 1. 

ANALYTICAL PROCEDURES AND RESULTS 

Major element anai.v.w 

The major element composition of the NASC was deter- 
mined by microprobe analysis of glass prepared by fusion 
of 100 mg each of sample powder and LiaB,O, flux, using 
procedures described in DYMEK and GROMET (1984). Results 
of analyses on two separate aliquants of NASC are listed in 
Table I (columns 1 & 2), where they are reported on a 
100% volatile-free, reduced iron basis. Entries for each oxide 
represent the mean (and standard deviation) for I2 analyses 
on each glass; the two average compositions agree within 
experimental error. 

Also listed in Table 1 (column 5) are the results of 
multiple analyses by the same methods on USGS standard 
rock AGV- 1 conducted over a 2% year period. The closeness 
of agreement between our results and the recommended 
values (column 6) establishes the general reliability of the 
analytical procedures; similar results have been obtained on 
W-I and G-2. 

Column 3 lists a wet-chemical analysis for the NASC 
provided by GAST (pers. commun. to LAH), also reported 
on a volatile-free, reduced iron basis. Except for MnO, the 
agreement with the microprobe analysis is excellent; the 
cause of this single discrepancy is unclear. Column 4 lists 
the analysis for the metamorphosed shale composite as 
pmvided by Gast (reported again on the volatile-fme, re&ced 
iron basis). The difference between the bulk composition of 
this composite and the NASC is noteworthy; in terms of 
major elements at least, they represent somewhat different 
materials. 

Neutron activation analyses for REE 

The initial analvsis for REE in the NASC was done by 
FREY (1966) (seevH~s~~ and FREY, 1966) using radio- 
chemical separation of the individual REE. Such e.ariy 
results do not carry the level of precision now obtainable, 
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Table 1. Hajor element COS3pOSitiOn of the "North Anerican shale COmpOSite” (NASC). 
"metamorphosed shale composite", and AGV-l*. 

1 2 3 4 5 6 

sio* 64.80 t.18) 64.82 t.30) 64.82 60.48 60.41 
TiO:! 0.78 I.031 0.79 1.04) 0.80 0.91 1.06 

;)o03 17.05 5.70 16.58 8.10 17.66 6.26 
MnO 0.25 0.13 0.10 
MgO 2.83 6.35 1.54 C.04) 1.57 
cao 3.51 2.31 5.04 (.09) 5.02 
NaPO 1.13 1.80 4.37 f.07) 4.36 
Kz 0 3.97 2.93 
b 4 0.15 0.50 

*Weight percent oxides, recalculated to 100% on a volatile-free and reduced iron 
basis. 

1,2. "MASC." electron microprobe analysis of 100 mg aliquants fused with lithium 
tetraborate, this work (average and standard deviation for 12 analyses on each 
allquant). 

3. "NASC", wet chemical analysis, Minnesota rock analysis lab (P.W. Gast, pers. 
corn.). 

4. Composite of metamorphosed. mostly North American "shales"; wet chemical 
analysis, Minnesota rock analysis lab (P.W. Gast, pers. corm.). 

5. AGV-1, electron microprobe analysis of 1 g aliquant fused with lithium 
tetraborate, this work (average and standard deviation for 15 groups of 
analyses totaling 85 Individual analyses; wtZ BsO - 0.17t.04). 

6. AGV-1, recomnended values (Flanagan, , 1973; wtX BaO = 0.13). 

although some of the differences between this and later 
analyses are probably related to sample heterogeneity as 
discussed later in this report. Over a period of 10 years, 
additional ahquants were analyzed by an improved version 
of the radiochemical separation procedure (HASKIN et al., 
1968), by separation and radioassay of the REE as a group 
(KOSIEWICZ, 1973, pers. commun.; procedures of DENE- 
CHAUD et al., 1970), and by instrumental neutron activation 
(JACWS, 1976, pets. commun.; procedures of JACOBS et al., 

1977). The results of these analyses are listed in Table 2 
along with a new analysis determined by a recently refined 
instrumental neutron activation technique that is more 
precise than the former methods (LINDSTROM and KOROTEV, 
1982). 

Note that the REE concentrations given in columns l-5, 
Table 2 do not converge to a single set of values. However, 

with the exception of individual elements in some of the 
older analyses (e.g., Pr, Eu and Tb in column I; Pr and Ho 
in column 2, Ce and Ho and/or Er in column 3), the results 
define generally smooth chondrite-normalized distribution 
patterns characterized by strong relative fractionation in the 
light REE, a negative Eu anomaly, and slight or no relative 
fractionation among the heavy REE (see Fig. 1). The spread 
of values among the different analyses is well outside the 
known precision for several of the better determined elements, 
suggesting the possibility of sample heterogeneity. 

Isotope dilution mass spectrometric analyses 

The isotope dilution analyses reported here follow the 
procedures of GROMET (1979) with the exception that 
sample dissolution was carried out either by reaction with 

Table 2. REE concentrations in aliquants of the "North American shale composite" (NASC). 

NEUTRON ACTIVATION ANALYSES MASS SPECTROHETRY ISOTOPE DILUTION ANALYSES 

1 2 3 4 5 6 7 8 9 10 11 12 

La 
Ce 
Pr 
Nd 
Sm 
ELI 
Gd 
Tb 
DY 
Ho 

:: 

39 
76 
10.3 
37 

::: 
6.1 
1.3 
___ 

1.40 

:::Ll 

32 
73 

:;' 

:::4 
5.2 
0.85 
--_ 

39 
72 
_-_ 

36 
6.9 
1.28 
6.4 
1.08 
6.0 
1.36 
3.2 
___ 

Yb 3.1 3.3 3.06 3.21 3.07 1.17 1.90 2.00 1.96 0.293 
LU 0.48 0.55 0.456 ___ ___ ___ ___ ___ ___ ___ 
sample 

wt.(mg) 1000 1070 1000 20 107.41 229.88 50.20 50.20 50.20 El.53 49.40 218.92 

l Weight basis is for shales including H20 and COP; values in ug/g. 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 

::: 

RNAA, individual element separation (Haskin and Frey, 1966). 
Improved RNAA, Individual element separation (Haskin et al.. 1968). 
RNAA, REE group separation (Koslewlcz. 1973.' pers. comn.1. 
INAA (Jacobs, 1976, pars. corm.). 
Improved INAA. this work. 
MSIO, HF bomb dissolution, this work. 
MSIO, sum of 8 and 9. thls work. 
NSID. HF insoluble (open beaker), this work. 
MSID. HF soluble (open beaker), this work. 
MSID, HF soluble (open beaker), this work. 
MSID, HF soluble (open beaker). this work. 
MSID. dil. HMO3 soluble (open beaker). this work. 

32.3 
72 ___ 
___ 
6.4 
1.15 
___ 

0.78 
___ 
___ 

31.1 
66.7 
___ 

27.4 
5.59 
1.18 
___ 

0.85 
--_ 

___ 
_-- 

67.0 66.6 
--_ ___ 

34.4 29.4 
6.69 5.66 
1.39 1.19 
5.60 5.40 ___ ___ 
5.75 5.33 
___ ___ 

3.34 3.21 
___ ___ 

___ 
2.86 
___ 

1.00 
0.324 
0.109 
1.08 
___ 

2.04 
___ 

1.36 
__- 

63.7 69.2 

28.4 
5.34 
1.08 
4.32 
___ 

3.27 
__- 

1.85 
___ 

31.0 
i.ea 
1.17 
4.55 

3.51 

1.93 

___ 
70.0 
___ 

30.7 
5.75 
1.15 
4.51 
___ 

3.34 
___ 

1.86 

_-- 
8.31 
__- 

4.75 
1.22 
0.264 
1.24 
___ 

0.907 

0.388 
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FIG. 1. REE distributions for the NASC. The results of the most recent instrumental neutron activation 
analysis (column 5, Table 2) and two isotope dilution analyses (columns 6 and 7, Table 2) arc plotted. 
The field shown represents the range of all neutron activation analyses of the NASC (columns I-5, Table 
2), with some smoothing of a few apparently anomalous values. In this and subsequent figures, the 
samples are normalized to the chondritc values of HASKIN et al. (1968) for mon~topic elements and 
Leedy (MASLJDA et al., 1973) divided by 1.20 for multi-isotopic efements. 

HF in open Teflon beakers, or by reaction with HF in 
enclosed Teflon bombs of the type used for zircon dissolution 
(e.g.. &mH, 1973). The initial analysis was carried out on 
an ahquant dissolved in an open beaker. A very small 
quantity of fine black residue (estimated visuahy at no more 
than a few volume percent) was left after evaporation with 
HCR& and red&solution in dilute HNO, . This residue was 
assumed to consist entirely of unreacted graphite, and the 
resulting analysis (column 10, Table 2) was reported incor- 
rectly as that of NASC (GROMET and DYMEK, 1982). A 
second aliquant was dissolved in an enclosed Teflon bomb 
without ieaving any residue; this analysis yielded REE 
concentrations that are similar to the first analysis for the 
lighter REE, but are significantly higher for the heavier REE 
(column 6, Table 2). 

In order to determine if a resistant phase (or phases) 
harboring some of the heavier REE was surviving HF attack 
in an open beaker, two additional isotope dilution analyses 
were performed. The first was de-signed to determine the 
REE content of the residue. An aliquant of powder was 
attacked twice with HF in an open beaker before the 
addition of isotopically altered spike (in the preceding anal- 
yses, spiking was done before attack to ensure as complete 
an equilibration of spike and dissolved sample as possible). 
A fine black residue remained, as before. This residue was 
separated from the dissolved &action of the sample by 
repeated cycles of washing the residue with 2N HNOs, 
centrifuging, and pipeting off the supernate. The supernate 
washings were combined, spiked and processed for analysis. 
The residue was spiked separately and dissolved with HF in 
a Teflon bomb, leaving no residue. The RFE contents of 
the dissolved fraction and residue (columns 9 and 8, Table 
v-are reported as concentrations relative to the total sample 
weight (the residue itself could not be weighed). REE 
concentrations of the dissolved fraction are slighdy iower 
but in general agreement with the REE contents determined 
in the first open beaker dissolution. Lesser amounts of the 

REE are found in the residue, but it is comparatively 
enriched in the heavier REE (Fig. 2). This small quantity of 
residue holds approximately onp &ird of the heavier REE 
in the NASC. The summation of the REE contained in the 
dissolved fraction and residue (column 7, Table 2) agrees 
fairly closely with the analysis carried out in a bomb and 
with the most recent INAA results (column 5, Table 2) (see 
Figs. 1 and 2). 

Another split of powder was dissolved in an open beaker, 
principally so that the residue could be examined with a 
petrographic microscope. This provided an opportunity to 
obtain an lotions REE analysis of the fraction of powder 
soluble in HF in an open beaker (column 11, Table 2). The 
residue from this dissolution was mounted in an oil of 1.80 
index of refraction. The presence of dispersed graphite 
hampered observations, but several small grains of zircon 
were identified on the basis of an index greater than that of 
the oil, stubby prismatic form, high birefrmgence, parallel 
extinction and length-slow orientation. Several larger, col- 
orless, prismatic grains with an index less than that of the 
oil, parallel extinction and length-stow orientation were 
observed. These characteristics and an insolubility in HF 
suggest this phase is an aluminosilicate, prohably sillimanite. 
Two isotropic grains with an index less than that of the oil 
were present. These isotropic grains are not likely to be 
garnet (this mineral dissolves in concentrated HF under 
prolonged attack), but are perhaps a spineI. 

A final split of NASC was leached gently in warm 2N 
nitric acid for 20 minutes to determine the easily sobrble or 
desorbable fraction of REE. The REE contents of the 
leachate, reported as concentrations relative to the total 
nowder weiaht. am aiven in column 12, Table 2. The 
~e&hate contains from 10% to 20% of each REE in the 
NASC. The remaining residue was washed of fines and 
processed through a heavy liquid separation Onethylene 
iodide) so that grains with densities greater than 3.3 g/cm’ 
could be observed. Most of the grains present were silicates 
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FIG. 2. A) REE distributions for three separate open beaker HFdissolutions of the NASC (columns 
9-l I, Table 2). B) REE distributions for the dissolved and residue fractions (columns 9 and 8, Table 2) 
resulting from an open beaker dissolution experiment and their sum (column 7, Table 2). Details of the 
experiment are described in the text. 

that are soluble in HF. In a population of approximately 
200 grains, 9 grains of zircon were identified. Grains with 
the properties corresponding to an aluminosilicate were not 
observed, undoubtedly because their expected density is less 
than that of methylene iodide. Two isotropic grains and a 
few opaque grains were observed. 

Neutron activation analyses of the metamorphosed 
shale composite 

On learning of the importance of REE-concentrating 
minerals in the NASC and recognizing the disparities among 
several REE analyses, it was appropriate to consider per- 
forming analyses on multiple aliquants of the NASC for a 
large number of elements in order to identify further the 
effects of heterogeneity. Recent improvements in the precision 
of INAA procedures (LINDSTROM and KOROTEV, 1982) and 
extensive studies of multiple ahquants of standard&d samples 
together with multiple radioassay of single aliquants (Ko- 
ROTEV, unpub.) have enabled us to determine accurately 
the extent of our ability to detect heterogeneity among 
ahquants of single powdered samples. The precision for 
multiple analyses of most of the 29 elements determined by 
the current technique is one percent or less (as sample 
standard deviation given as percent of observed value). 

Unfortunately, the quantity of NASC remaining in the 
vial was too small for such an experiment, so the apparently 
similar composite of metamorphosed shales was used, one 
aliquant of the NASC was also analyzed. Table 3 lists data 
for 29 elements for four aliquants of the metamorphosed 
shale composite (columns l-4), its average (column 5), its 
sample standard deviation in percent (column 6), and results 
of a previous analysis for REE (column 8). Column 9 gives 
the concentrations for USGS standard rock BCR- 1 analyzed 
concurrently with the shale samples, and column 10 gives 
recent “consensus” values (GIADNEY et al., 1983) for com- 
parison. Column 11 gives data obtained on an aliquant of 
the NASC by JACOBS (pers. commun.), using an earlier 
version of the INAA procedure, and column 12 gives values 
determined by the current procedure. 

Column 7 of Table 3 contains estimates of analytical 
precision for those elements whose concentrations were 
calculated from multiple radioassays of either the four 
metamorphosed shale aliquants (longer-lived radioisotopes) 
or of the NASC ahquant. Vatues given are relative sample 

standard deviations in percent. These were calculated for 
Sc, Cr, FeO, Co, Rb, Sb, Cs, Ba, Ce, Nd, Eu, Tb, Yb, Lu, 
Hf, Ta, and Th as follows: each aliquant of powder and a 
standard were assayed on two different Ge(Li) detectors 
during the first period of radioassay (7- 12 days after irradia- 
tion) and again during the second period of radioassay (28- 
33 days after irradiation), providing four independent con- 
centration values (relative to the standard) for each of the 
above elements. From these four values, a mean concentra- 
tion and standard deviation were calculated for each element 
in each aliquant. The mean concentrations for each of the 
four aliquants of the metamorphosed shale composite are 
listed in columns l-4, the standard deviations for the four 
individual aliquants were averaged and are listed in column 
7. These mean standard deviations, based on the repeatability 
of radioassay, approximate the precision expected for replicate 
determinations of separate aliquants of a perfectly homoge- 
neous material against a perfectly homogeneous standard. 
Similar estimates of standard deviation expected for perfectly 
homogeneous samples and standards could not be made for 
the remaining elements as they were measured only during 
the first or second radioassay. (Their activities had either 
died out prior to the second period of radioassay or were 
not intense enough during the first.) However, the single 
ahquant of the NASC and the standard were assayed three 
times using three separate detectors during the first and 
second period of radioassay. This provided similar infor- 
mation for all 29 elements. The resulting estimates for those 
elements discussed earlier are not listed as they are quite 
similar to those obtained from multiple assay of the four 
aliquants of the metamorphosed shale composite. The esti- 
mates for the remaining elements (NasO, KrO, CaO, Ni, 
As, Br, Sr, Zr, 4 Sm, W and U), based on the short-lived 
isotopes and weak long-lived isotopes, are listed in column 
7. The validity of these estimates is supported further by 
results of extensive other recent analytical work (KOROTEV, 
unpub.) 

For the elements NqO, KrO, Sc, FeO, Co, Ni, Rb, Cs, 
Ta, and U, the vahms in column 7 are not significantly 
different from the actual sample standard deviations for 
four ahquants given in column 6. Thus, within our ability 
to measure, the composite is homogeneous at an ahquant 
size of 75 mg for those elements. For the elements Cr, Sr, 
Sb, Ba, most REE, Hf, and Th, the values in column 6 are 
some 3 times larger than those in column 7, good evidence 
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Table 3. Neutron activation analysis results for the "metamorphosed shale composite", the 
"North American shale composite" (NASC), and BCR-I*. 

METAMORPHOSED SHALE COMPOSITE BCR-I ._I NASC -_____ _ 

1 2 3 4 5 6 7 8 9 10 iI 12 -- 

Nan 0 1.680 1.674 
KZD 3.0 2.8 
cao 2.2 1.9 
SC 17.87 17.96 
Cr 412 419 
Fe0 7.81 7.87 
CO 28.6 28.0 
Ni 217 235 
AS 11.5 11.2 
Br 0.75 0.70 
Rb 129 130 
Sr 176 198 
ZV 173 180 
Sb 0.74 0.80 
CS 6.15 6.00 
B?l 523 514 
La 30.7 33.5 
CC 67.8 73.7 
Nd 29.7 31.8 
Sm 5.75 6.26 
EU I.25 1.27 
Tb 0.87 0.89 
Yb 2.97 2.86 
LU 0.437 0.423 
Hf 4.57 5.35 
Ta 0.853 0.849 
w 1.4 N.D. 
Th 9.33 10.72 
u 2.60 2.44 

1.676 
3.0 
2.0 
18.16 
414 
7.84 
28.2 

229 
11.9 
0.74 
128 
204 
158 
0.83 
6.08 
521 
33.8 
75.9 
32.9 
6.38 
1.30 
0.90 
2.68 
0.405 
4.63 
0.828 
1.5 
10.86 
2.49 

1.665 
3.1 
1.8 
18.09 
421 
7.90 
28.1 
226 
11.1 
0.97 
130 
190 
148 
0.79 
6.17 
550 
32.6 
73.3 
30.8 
6.25 
1.28 
0.89 
2.71 
0.401 
4.61 
0.860 
N.D. 
10.38 
2.38 

1.674 
3.0 
2.0 
18.0 
417 
7.86 
28.2 

227 
11.4 
0.79 
129 
192 
165 
0.79 
6.10 
527 
32.6 
72.7 
31.3 
6.16 
1.27 
0.89 
2.80 
0.417 
4.79 
0.848 
1.5 
10.3 
2.48 

0.4 
4 
10.9 
0.7 
1.0 
0.5 
0.9 

3.3 
3.1 
15 
0.7 
6.3 
8.7 
4.6 
1.3 
3.0 
4.3 
4.7 
4.4 
4.5 
1.6 
1.3 
4.9 
4.0 
7.8 
1.6 

6.7 
3.8 

1.3 
4 
0.7** 
0.4 
0.3 
0.7 
0.6 
9.6 
1.2 
8.8 
0.4 
0.7 
3.7 
1.4 
0.8 
0.9 
0.2 
1.1 
1.8 
0.4 
0.9 
2.3 

1.6 
1.0 
1.0 
3.6 
___ 

0.6 
3.1 

___ 3.29 3.27t.11 1.05 
-- N.D. 1.69t.08 4.0 

___ 6.02.6 6.95t.15 --- 
-- 32.7 32.Bk1.7 14.6 
- 11.3 16 i4 130 
- 12.6 12.1?.3 5.1 

-- 38.2 36.3t1.6 27 
___ <50 13 +4 --- 

--- <4 0.64+.14 --- 
___ N.D. 0.07t.03 --.- 
___ 54 i 4 47.1r.6 --- 
___ 347t20 330 f5 --- 
___ 185*25 191 *5 --- 
___ 0.70 0.62k.10 --- 
___ 1.01 0.97+. 13 --.- 

-- 698 678 Cl6 --- 
34.0 24.9 25.Ot.8 32 
73.8 54.3 53.7+.8 72 
35.1 28.0 28.7k.6 --- 
6.05 6.63 6.5Bk.17 6.4 
1.51 1.96 1.96t.05 1.15 
0.88 1.07 1.05f.09 0.78 
2.71 3.37 3.39'.08 3.3 
0.41 0.5D9 0.512+.02 0.55 
___ 5.08 4.9 '.3 6.3 
-- 0.77 0.79t.09 1.2 

___ N.D. 0.402.09 --- 
-- 6.01 6.0 t.6 12.2 ___ 1.78 1.711.16 - 

1.008 
3.8 

3.3 
14.9 

124.5 
5.09 
25.7 
58 

28.4 
0.69 

125 
142 

200 
2.09 
5.16 
636 

31.1 
66.7 
27.4 
5.59 
1.18 
0.85 

3.06 
0.456 
6.30 
1.12 
2.1 
12.3 
2.66 

Sample 
Wt.(ag) 77.48 75.40 78.57 75.05 306.5 --- 1,070 44.15 --- 20 107.41 

*Concentration values are for undried samples (i.e.. including CO2 and H20) in weight percent 
for oxides (total element as oxide) and ug/g for other elements. Values in columns I-5, g, and 
12 were determined against multielement reference standards 1633a (NBS coal flyash). DTS-1 (USGS 
dunite), and AN-G (GIT-IWG anorthosite). Concentration values used for each element are listed 
in Table 1 of Korotev et al. (1984) with the following additions: K20(2.27%), As(1451, 
Sb(6.15). Br(2.31). Rb(134), Cs(10.42) in 1633a and U(110) in AN-G, and the following changes: 
La(77.9). Ce(169), Nd(76.8), Sm(16.1). Eu(3.57), Tb(2.571, Yb(7.73). and Lu(1.115) in 1633a. 

l-4. 
5.6. 
7. 

Separate aliquants of the metamorphosed shale composite, this work. 
Mean and sample standard deviation (in I) of l-4. 
Expected sample standard deviation (in I) for 75 mg aliquants based on multiple counts 
of sample-standard pairs on different detectors. **The value for CaO is based on 3 deter- 
minations of NASC (column 12) which were fortuitously much more precise than would be 
eXDeCted on the basis of counting statistics. The latter predict about 111 uncertainty 

8. 
9. 

10. 
11. 
12. 

for heterogeneity. For the remaining elements, ambiguity _ 

fo; the values in columns l-4. 
Improved RNAA analysts (Haskin et al., 1968). 
BCR-1. this work. with one standard deviation estimate of analytical precision for those 
elements for which this value exceeds 5%. N.D.=low concentration could not be determined 
in presence of Naz4. 
"Consensus" values and stated uncertainty from Gladney et al. (1983) for BCR-1 
"NASC." (Jacobs. 1976. DWS. corn.). 
"NASC;" this wo;k. 

prevails, the differences bemg too large to Ignore nut not 
large enough to establish with confidence that heterogeneity 
has been observed. 

DISCUSSION 

Comparison of the bulk compositions of the NASC 
und other average shales 

The major element composition of the NASC 
determined in this study is compared to the compo- 
sitions of selected other average shales and shale 
composites in Table 4 and Fig. 3. In general, the 
bulk composition of the NASC compares quite closely 
with these previously published estimates of average 
shale compositions, particularly that of CLARKE ( 1924) 
(Col. 2). The relatively high SiOZ, A&O3 and l&O 
contents that characterize most of these sediment 
composites are features expected of a typical chemi- 
cally mature argillaceous sediment (c.$ GARRELS and 

MACKENZIE, 197 1). The large range in CaO abun- 
dances in these composites is probably caused by 
variable carbonate contents and/or calcite/dolomite 
ratios. 

A plot of SiOz/Alz03 versus KrO/NazO (Fig. 3) 
reveals some important characteristics of the NASC. 
Its SiOz/AlzOs ratio is centered within the range 
established for shales. The K,O/NazO ratio for the 
NASC is within range of average Proterzoic and 
Phanerozoic shales, which as a group appear distinctly 
higher in KzO/NarO ratio than reported averages of 
Archaean shales (compare columns 9 & 10 with l- 
8). These chemical ratios suggest that the NASC bulk 
composition has the qualities of an average of aver- 
ages. In terms of SiOr/AlaOs and KzO/NaZO ratios, 
the NASC most clearly resembles the Canadian Pro- 
terozoic (Aphebian) average (Col. 7). Perhaps the 
sediments comprising the NASC and the Canadian 
Proterozoic (Aphebian) average share many aspects 
of their provenance. 
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Table 4. Major element compositions of selected average shales and shale composites* 

2415 

SiOn 64.80 64.21 59.75 56.78 67.78 64.09 66.90 63.04 62.13 65.47 

TiOz 0.70 0.72 0.98 0.92 0.70 0.82 0.78 0.94 0.78 0.49 

A1203 16.90 17.02 17.79 16.89 16.59 16.65 16.67 18.63 18.11 16.11 

Fe0 5.66 6.71 5.59 6.56 4.11 6.03 5.87 7.66 7.33 5.85 
MnO 0.06 0.5 __--- 0.08 _____ 0.07 0.06 0.12 0.10 0.07 

MgO 2.86 2.70 4.02 4.56 3.38 2.54 2.59 2.60 3.57 2.50 

CaO 3.63 3.44 6.10 8.91 3.91 5.65 0.53 1.31 2.22 4.10 

Na20 1.14 1.44 0.72 0.77 0.98 1.27 1.50 1.02 2.68 2.80 

KzO 3.97 3.58 4.82 4.38 2.44 2.73 4.97 4.57 2.92 2.37 

PzOs 0.13 0.19 0.12 0.13 0.10 0.12 0.14 0.10 0.17 0.14 

1 2 3 4 5 6 7 8 9 10 

*All compositions recalculated to 100% volatile-free basis. 

1. NASC. weighted average of microprobe analyses (this study). 
2. Average shale (Clark, 1924). 
3. Average North &narican Paleozoic shale (Ronov and Migdisov, 1971). 
4. Average Russian Paleozoic shale (Ronov and Higdisov, 1971). 
5. Average North Prnerican Mesozoic/Cenozoic shale (Ronov and Migdisov, 1971). 
6. Average Russian Mesozoic/Cenozoic shale (Ronov and Migdisov, 1971). 
7. Average Canadian Proterozoic (Aphebian) shale (Cameron and Garrels, 1980). 
8. Average Russian Proterozoic shale (Ronov and Migdisov, 1971). 
9. Average Canadian Archean Shale (Cameron and Garrels, 1980). 

10. Average Archean shale (Ronov and Migdisov. 1971). 

The final important features shown on Fig. 3 are 
the six shale composites utilized by CAMERON and 
GARRELS (1980) to construct their average Canadian 
Proterozoic (Aphebian) shale, and the eight shale 
composites utilized for their average Canadian Ar- 
chaean shale. The dispersion evident in these data 
illustrates the degree to which significant chemical 
variations can be masked in compiling comprehensive 
composites or averages. A similar amount of diversity 
in compositional characteristics may well exist in the 
individual shales used in the compilation of the 

NASC. Because the compositional characteristics of 
such composites need not correspond to any individ- 
ual sample in the compilation, some caution in the 
interpretation of these composites is warranted. 

REE heterogeneity in the NASC and the 
role of minor minerals 

The analyses for the NASC now available, whether 
grouped by method of analysis or taken collectively, 
clearly indicate that this material is heterogeneous 
for the REE. The two complete analyses by isotope 

50 1 I I I II”‘1 I I I 1 Ilil~ I I II 

0 
- * 

20 - ::I 

& 

g IO= 

? 
0” - 
;;; 5- 

2- 

NASC 
composite of metom. shales 
ovg. Archoean Cameron 0 
avg. Proterozoic Gone/s 09801 
other overages 

. I 

0 

0 IO 657 q 0 
A 

0 0 9 0 de *A&t) 8 
0 oA AA 

4 3 

FIG. 3. Si02/A1203 VS. K2O/Na20 (weight ratios) for the NASC, the composite of metamorphosed 
shales, and selected other shale averages. The numbers adjacent to filled symbols correspond to the entries 
listed in Table 4. Open symbols represent individual local average shale compositions used by CAMERON 
and GARRELS (1980) to compile the grand average of Canadian Archaean and Proterozoic (Aphebian) 
shales. 
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dilution have systematic differences for several ele- 
ments that are larger than the analytical errors that 
can be attributed to them (~2%: GROMET, 1979). 

The remarkably smooth REE pattern shape for each 
determination confirms that random analytical errors 
for individual elements are small and do not contrib- 
ute signi~cantly to the observed differences. The 
differences among the neutron activation analyses are 
also systematic and outside their analytical errors 
both For the NASC and the me~rno~llo~d shales. 
The deviations from smoothness of patterns from the 
earlier neutron activation work are mostly within the 
somewhat larger errors associated with those analyses. 
Thus analytical capabilities have for some time ex- 
ceeded the quality of the composite for REE, although 
the composite appears to be signi~cantly homogeneous 
for major elements. 

The results of the trace element analyses provide 
strong evidence that minor phases in the NASC 
contain significant portions of the REF. The disso- 
lution experiments document that an HF-resistant 
minor phase (or phases) holds approximately one 
third of the heavier REF. The microscopic observa- 
tions suggest that zircon is a likely site for the REE 
in the undissolved residue. The other HF-resistant 
phases (~uminosi~cate, graphite, opaques and possibly 
spinel) are expected to contain insignificant propor- 
tions of the REE on the basis of crystal chemical 
characteristics. Garnet, if it is indeed present in the 
residue, is a possible exception. However. the overall 
agreement among three separate REE analyses of the 
OF-soluble fraction (Fig. 2a)-despite varying lengths 
and intensities of attack-indicates that the HF- 
resistant and HF-soluble fractions each holds generally 
consistent and reproducible portions of the REE in 
the composite, and that the heavy REE-bearing, HF- 
resistant phase or phases are not being partially 
attacked. This is consistent with the insolubility of 
zircon in HF in an open beaker and inconsistent 
with the at least reluctantly reactive nature of garnet 
under such conditions. 

The extent to which the REE in the HF-resistant 
fraction are contained in zircon can be evaluated 
further. An INAA analysis of the NASC gives a Zr 
concentration of 200 ppm (Table 3), indicating that 

the m~imum amount of zircon in the NASH 1s 
approximately 0.041 weight %. If this quantity ot 
zircon contained all the REE in the residue. the 
average zircon grain would have 6940 ppm b‘e and 
2840 ppm Yb. To determine if these implied REE 
concentrations are reasonable for crustal zirrcms, a 
comparison to values observed in zircon inrrn ~1 
variety ofcrustal rock types is presented. A summary 
of available analyses is given in Table 5. The brevity 
of the table reflects the few studies reporting REE 
concentrations in zircon. The very large range in 
zircon Ce and Yb abundances, despite the few ex- 
amples that have been studied, is notable. It must be 
emphasized that this limited compilation cannot be 
considered representative of the range or the mean 
of REE concentrations in crustal zircons, although it 
does establish a minimum range. With this limitation 
in mind, the Yb c’ontent inferred for the average 
NASC zircon is observed to be within the range of 
reported values (X0-4 100 ppm Yb) whereas the (‘e 
content inferred for the average NASC zircon exceeds 
the highest reported value (2270 ppm Ce) by a factor 
of three. 

This comparison suggests that zircon could account 
for much but probably not all of the heavier REE in 
the residue, and a lesser proportion of the fighter 
REE. It seems likely that other HF-resistant, strongly 
REE-en~ch~ trace phases, as yet unidentified, also 
are present in the residue and contribute to the REE 
found there. 

An alternative or additional source for the fightw 

REE in the residue could come from the associated 
soluble fraction if it was incompletely removed during 
the repeated washings in dilute acid. For example. if 
5% of the REE in the soluble fraction were retained 
in the residue by adsorption or occlusion, all of the 
Ce (but less than 10% of the heavier REE) in the 
residue would be accounted for. Perhaps the somewhat 
lower REE contents found in the soluble fraction 

associated with the analyzed residue (‘Table 2, cof. 9) 
compared to the other sotuble fractions (Table 2. 
cols. 10 and 11) reflect this. (The latter two analyses 
were spiked before dissolution, effectively eliminating 
REE adsorption on or occlusion in the residue as a 

problem.) 

_____~____l, _._ I. _ ____--.I __._. -__. -_._I_” .-.-- -..- -- ..-. ._-.-.. 

_A Yb Rock Ty~e/i.ocality Reference__ 

-~-- ------___ 

104-f27 529-598 DaciteslJapan Nagasawa (1975) 
16-24 392-725 Granites/Japan 

450 955 Bishop (felsic) tuff (earlyi/USA Hildreth 11979) 
2270 608 BYshop (felsic) tuff (late)lUSA 

300-400 1400-3000 Skye Epigranites and Granophyre/U.K. Exley (19801 
300-2000 2300-4100 Arkose/U.K. 

42 253 Granodiorite/USA Gronet & Silver (1%33) 

19-47 119-144 Beach sands/India Murali et al. 11983) 
11-50 30-250 Plutonic igneavs rocks/India 
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Given that our observations require a significant 
fraction of the heavier REE in the NASC to be 
contained in one or more accessory phases, their 
uneven distribution in the NASC powder is a potential 
source of the observed heterogeneity in REE concen- 
trations. In order to evaluate this, the physical state 
of the NASC powder was examined with the aid of 
a microscope. This revealed that the powder is char- 
acterized by a considerable range in grain size, and 
that among the coarser fractions there is an abundance 
of 0.1 mm to 0.3 mm-sized grains. This is cause for 
some concern as the disparity in the size of these 
grains and the very fine fractions of the powder can 
lead to partial segregation of the different size fractions 
during grinding and general handling. This problem 
is recognized in the preparation of most materials 
used for rock standards in that they are very finely 
and thorou~ly ground. Unfo~unately, such was not 
the case for the NASC or its constituent samples. 

As a result, the non-uniform distribution of grains 
of different minerals in NASC powder must be 
considered as the probable cause of some chemical 
heterogeneity in the powder and aliquants taken from 
it. The magnitude of the heterogeneity is expected to 
be small for elements dispersed among the major 
minerals in the powder, but substantial for those 
elements contained in minor and trace phases. The 
problem is expected to be most severe for elements 
concentrated in phases that are particularly hard, 
have poor cleavage and a density very different from 
that of the majority of grains. In light of this and 
previous observations, it appears that the uneven 
distribution of zircon could well be the principal 
cause of the observed variations in heavy REE con- 
tents of the NASC. Presumably at least one other 
minor phase, one that concentrates light REE, is also 
involved as those elements are heterogeneously dis- 
tributed. The REE analysis of the dilute acid leachate 
(column 12, Table 2) indicates that as much as 20% 
of some of the lighter REE and 10% of some of the 
heavier REE are contained in an easily soluble phase 
(e.g., authigenic apatite?) or are adsorbed on mineral 
surfaces. 

Further evidence that minor phases are the source 
of the heterogeneity, and that analytical error is not, 
is obtained indirectly from the analytical experiments 
on the four aliquants of the metamorphosed shale 
composite. The large number of elements analyzed 
in that experiment permits correlations in the con- 
centrations of heterogeneously distributed elements 
to be identified. Despite relatively narrow concentra- 
tion ranges observed among the four aliquants, strong 
coherence is seen between those element pairs that 
on crystal chemical grounds are expected to have 
correlated behavior. Values for correlation coefficients 
are shown in Table 6 for all element pairs yidding 
correlation coefficients >10.81 as well as for a few that 
are not. Light REE are well correlated with each 
other and with SC, Th and Sb, Yb and Lu are 
correlated with each other and with Zr; Cr is well 

Table 6. Correlation coefficients Ir) for pairs of elements in 4 
aliqusnts of the metdmorphosed shale composfte. 

La-Ce .9J ce-SC .87 Sm-Yb -.a6 
La-Nd .94 Yb-Lu .9a Sm-Lu -A3 
La-% .97 Yb-Zr .80 I%-Zr -.40 
La-EU .89 W-Fe .98 SeYb -.99 
La-Tb .90 zr-Hf .64 Fe-Co -.83 
La-Th .996 Ce-Yb -.a7 Fe-Na -.96 
La-Sb .95 CPLU -.a1 Ba-Na -.81 

Cs-Hf -.a8 

correlated with FeO. With only four samples and a 
very narrow range of variation in concentration, 
some correlations may not be meaningful, whether 
plausible or not, and some correlations will be poorer 
than expected (e.g., Zr-Hf). For a coherent group 

such as the REE, for which chemical properties 
change gradually as a function of atomic number, 
the consistent pattern of correlations (light REE with 
each other and with Th, heavy REE with each other 
and Zr) and anticorrelations (light REE versus heavy 
REE and Zr) are statistically meaningful, plausible, 
and supportive of the idea that uneven distribution 
of zircon and other minor minerals is responsible for 
most of the observed sample heterogeneity among 
analyzed aliquants of the shale composites (note that 
the four determinations of Zr in the metamorphosed 
shale composite vary by 20%). Analytical errors are 
present in the older neutron activation data, and in 
some cases are greater than initially realized, but 
most of the differences among sets of results (Table 
2) are a result of sample heterogeneity. 

Recommended values for the NASC? 

The presentation of a set of recommended values 
for the REE contents of the NASC with the precision 
and accuracy available with modem anaiytical tech- 
niques is precluded by the heterogeneity of the NASC 
powder. The three high precision analyses available 
are an insufficient sampling to insure that the heter- 
ogeneity has been averaged out. Additional analyses 
are not possible as the supply of NASC powder is 
nearly exhausted. 

If a lesser degree of precision and accuracy is 
acceptable, as would be the case for general compar- 
ison to other REE patterns, the values for the three 
new analyses (columns 5, 6 and 7, Table 2) could be 
averaged, or if just those elements determined by 
isotope dilution are desired, the two complete isotope 
d~ution analyses (columns 6 and 7) could be averaged. 
These averages provide a more precise relative REE 
pattern than the earlier analyses, particularly for 
several of the heavier REE as their precision was 
much poorer in the earlier work. Either of these 
averages falls within the range of the earlier analyses 
except in the case of Ce, which is lower in each of 
the three new analyses than in earlier analyses as well 
as in two of the HF-soluble (open beaker) fractions 
(columns 10 and 11, Table 2). 

Concentrations of numerous other elements in the 
NASC are given in column 12, Table 3. These 
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concentrations constitute a single analysis of a material 
known to be heterogeneous for certain trace elements 
and should be viewed with a corresponding degree 
of caution. 

Implications for shale REE geochemistry 

The results described above have some important 
implications for the interpretation of the REE pattern 
of the NASC, and of the REE patterns of other shales 
and sediments in general. The first concerns the 
presence of a significant portion of the REE, especially 
the heavier REE, in minor minerals. To the extent 
that this minor mineral fraction is detrital in origin, 
the heavy REE contents of sediments containing 
them are dependent on the factors that control the 
abundance and composition of the detrital resistate 
mineral assemblage. Such factors include sorting and 
winnowing by wave and current action during and 
after transportation and deposition, These processes 
are known to operate in the fluvial cycle, in the 
shallow marine environment of continental basins, 
platforms and shelves, and also to some extent on 
continental slopes, rises and the ocean floor (e.g.. 
KENNET, 1982). As a result, sediments produced in 
a wide variety of environments can be susceptible to 
these effects. 

It should be noted here that the localization of a 
significant portion of the REE in minor minerals is 
not an observation limited to the NASC. For example, 
a detailed study by CULLERS et al. (1979) on REE in 
size fractions of sediments from the mid-continent 
of North America has shown that heavy minerals in 
these sediments can be a variable but appreciable 
reservoir of the REE, particularly the heavy REE. 
This effect was most pronounced in the silt-sized 
fractions, and as the examination of the NASC 
powder revealed, silt and sand-sized grains are com- 
mon in the shales constituting the NASC. 

An additional factor relevant to this problem is 
the growing appreciation of the importance of minor 
mineral assemblages as major sites for REE and other 
trace elements in plutonic igneous rocks (e.g., BUMA 
et al., 197 1; SIMMONS and HEDGE, 1978; EXLEY, 
1980; MITTLEFEHLDT and MILLER, 1983; GROMET 
and SILVER, 1983; NOYES et al., 1983). Plutonic 
igneous rocks are a major component of the Earth’s 
crust and as such must contribute significantly to 
sediment composites thought to be representative of 
that crust. The weathering of plutonic rocks whose 
REE are contained to varying degrees in resistate 
minor minerals will produce a sediment whose REE 
budget is controlled to some degree by that minor 
mineral assemblage. Unless the processes operating 
during weathering, transport and deposition have 
resulted in a sediment with the same proportional 
representation of these minor phases as was present 
in the source, the REE patterns of such sediments 
will be biased relative to the average REE pattern of 
the crustal rocks supplying detritus. In light of this, 

it is possible that variations in REE abundances and 
pattern shapes in some sediments may reflect localized 
changes in the abundance of minor phases rather 
than yielding information about variable proportions 
of rock types in sediment source areas. A similar 
caution may also apply to the REE patterns of those 
sediments in which a portion of the REE is contained 
in authigenic and/or diagenetic minerals, or where 
the detrital minerals have been affected by authigenic 
or diagenetic processes (e.g., PIPER, 1974; C~JLLEKS 
et al., 1975, 1979). Other factors recognized as having 
an effect on the REE patterns of sediments include 
climate, intensity of weathering, acid-base character 
of weathering profiles and stream waters and depo- 
sitional environment (e.g., BALASHOV et al.. 1964; 
RONOV et al.. 1974: NESBITT, 1979; CULLERS PI ai.. 
1979). 

All of the above factors complicate the inference 
of sediment provenance from REE characteristics. 
While some or all of these factors may be averaged 
out in broadly sampled sediment composites (see 
following section), they are much less likely to be so 
masked in individual sediment samples. In fact, a 
considerable variability has been observed in the REE 
patterns of individual sediment samples in many 
studies (e.g., HASKIN et ul., 1966a,b, 1968; CIJLLERS 
et al., 1974, 1975, 1979: NANCE and TAYLOR, 1976) 
even if just shales or specific size fractions from 
shales of the same formation are considered. We 
concur with CULLERS et al. (1979) that our under- 
standing of the interplay of factors affecting the REE 
contents of sediments is incomplete and that the 
interpretation of sedimentary REE patterns must be 
approached with caution. 

A contribution to the interpretation of the 
NASC REE pattern 

The rather limited variation in the relative REE 
patterns of post-Archaean sediment composites from 
many continental platforms and basins (e.g., BAL- 
ASHOV et al., 1964; HASKIN et al., 1966; NANCE and 
TAYLOR, 1976) (see Fig. 4) is a remarkable and 
significant observation. It is difficult to explain this 
observation without appealing to the fact that the 
crustal rocks exposed to erosion on each continent 
must have had on average very similar REE patterns, 
and that, as inferred by many workers, the REE 
patterns of the composites closely approximate the 
average REE pattern of these crustal rocks. This 
implies that for these composites, the largely local 
factors discussed in preceding sections are aver- 
aged out. 

If composites such as the NASC are considered 
representative of the upper crust, the three new REE 
determinations of the NASC provide some improved 
constraints on the average REE pattern of the upper 
crust of “North America”. Despite the heterogeneity 
discussed above, the improved accuracy of these data 
documents the smoothly fractionated nature of the 
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FIG. 4. REE distributions for shale averages or composites 
from four continents. The NASC REE distribution is derived 
from an average of columns 6 and 7, Table 2. 

NASC REE pattern (Fig. 1). The persistence of a 
modest fractionation relative to chondrites across the 
heavier REE (Gd-Yb), a feature masked within the 
analytical uncertainties of prior measurements, is 
clearly shown. A significant aspect of this finding is 

that it permits rocks with moderately to steeply 
fractionated heavy REE patterns to constitute an 
important part of the upper crust. In fact, extensive 
North American granitic terrains are known to have 
an abundance of rocks with these characteristics (e.g., 
ARTH and HANSON, 1975; BARKER et al., 1976; 
FREY et al., 1978; GROMET, 1979; GROMET and 
SILVER, 1983 and in prep.) and they should be 
represented in the crustal average. Inasmuch as no 
abundant, complementary material with a positive 
slope in the heavy REE is known and available to 
cancel the negative slope in the granitic rocks, the 
unfractionated heavy REE pattern originally inferred 
for the NASC from the early analyses was an unre- 
solved problem. 

We note that the modestly fractionated heavy REE 
pattern of the NASC does not limit the abundance 
of rocks with strongly fractionated REE patterns to 
small percentages of the crust; such rocks typically 

have very low heavy REE contents, allowing the 
rocks with less steeply fractionated patterns and higher 
heavy REE abundances largely to control the heavy 
REE fractionation of the average. This feature is 
schematically illustrated in Fig. 5 by showing REE 
patterns calculated for simple mixtures of two grano- 
diorites from the Peninsular Ranges batholith. The 
granodiorites are representative of two major end- 
member REE types in the batholith (GROMET, 1979): 
patterns with moderate light REE enrichment and 

o 70% Western grd. - 30% Eastern grd. 
l 50% Western grd. - 50% Eastern grd 

A NASC 
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PIG. 5. Calculated REE patterns of mixtures of two granodiorites from the Peninsular Ranges batholith 
(GROMET, 1979). REE patterns of the two granodiorites, which are representative of the western and 
eastern regions of the batholith, are shown in the inset. Note that the REE pattern shape of the 70-30 
mixture compares quite closely to that of the NASH, especially in the heavy REE. 
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nearly unfmctionated heavy REE are characteristic 
of rocks from the western part of the batholi~, and 
patterns with strong light REE enrichment and 
strongly fractionated, lower concentrations of the 
heavy REE are characteristic of rocks from the eastern 
part of the batholith. A 70-30 mixture of these two 
granodiorites yields a REE pattern quite close to the 
relative distribution found in the NASC especiaily in 
the heavy REE. The purpose of this calculation is 
not to argue that NASC-like REE patterns could 
arise by crudely mixing detritus derived from the 
Peninsular Ranges, but simply to point out that rocks 
with very strongly fractionated, heavy REE-poor 
REE patterns like the eastern granodiorite (Ce& 
Yb, = 18.6) can be a major contributor to post- 
Archaean sediments along with other rocks possessing 
less fractionated, higher heavy REE abundances. 

A caution 

Although the REE patterns of the NASC and other 
similar sediment composites share features suggesting 
they are representative of the continental crust exposed 
to erosion, extension of this inference to sediment 
composites in general should be avoided unless rea- 
sonable justification can be provided. The reason for 
this is that the inference of ~p~n~tivene~ of the 
continental crust is based on and appears only to 
apply to composites with broad geographic coverage 
and a predominance of continental platform and 
basin sediments in their compilation. The same ar- 
gument cannot be made for sediment composites 
whose provenance is limited, such as where tectonic 
setting has imposed a pronounced bias on sediment 
provenance. For example, sediments in active “geo- 
synclinal” areas typically sample a high proportion 
of local lithologies, many of which are volcanogenic. 
The REE patterns of these sediments commonly 
differ from those of continental platform and basin 
sediments regardless of age (e.g., RONOV et al., 1974; 
NANCE and TAYLOR, 1977). Isotopic studies also 
have indicated a dominance of local sources for such 
sediments (MCCULLOCH and WASSERBURG, 1978). 
Because of this bias, sediment composites from gee- 
synclinal regions are unlikely to provide an average 
of the entire exposed continental crust at the time of 
their formation, although such composites may well 
be representative of their geographically and geolog- 
ically more limited provenances. 

The above considerations and caution are probably 
relevant to the interpretation of REE patterns of 
Archaean sediments, which as a group may have 
lower light REE contents than post-Archaean com- 
posites (TAYLOR and MCLENNAN, 198 la,b) and lack 
pronounced negative Eu anomalies (e.g., WILDEMAN 
and HASKIN, 1973). The degree to which these REE 
characteristics are representative of Archaean crust 
may be limited by the observations that many Ar- 
chaean detrital sediments, including “shaley” types, 
have features characteristic of locally derived sedi- 

ments (e.g., PETTIJOHN, 1943, 1972; HENDERSON, 
1972; LOWE, 1980; BOAK et al., 1982, 1983; BOAK, 
19831, and that, as pointed out by DYMEK et al. 
(1983), there is an apparent underrepresentation of 
sediments from Archaean high-grade terrains in pub- 

lished REE studies of Archaean sediments, TAYLOR 
and MCLENNAN (198la) have suggested, however. 
that Archaean sediments provide a fairly broad sam- 
pling of Archaean crust on the basis of an indicated 
uniformity in Archaean sediment REE patterns in 
several studies and evidence or indications of non- 
local components in some Archaean sediments. Ad- 
ditional studies of the REE characteristics of Archaean 
sediments will be useful in further evaluation of these 
concepts. 

SUMMARY AND CONCLUSIONS 

New analyses of the mostlv North American shale 
composite document that minor phases contain sig- 
nificant portions of the REE in this material, and 
suggest that the observed heterogeneity in REE abun- 
dances for different aliquants is the result of uneven 
distribution of such phases in the NASC powder. 
Dissolution experiments show that approximately 
one third of the heavier REE are held in an HF- 
resistant minor phase or phases, probably to a large 
extent in zircon, and that as much as 20% of some 
of the lighter REE and 10% of the heavier REE are 
contained in an easily soluble phase (apatite?) or are 
adsorbed on mineral surfaces. The NASC is consid- 
erably more homogeneous in major element com- 
position, which compares quite closely with other 
average shale com~sitions. 

The new high-precision isotope dilution and iNAA 
analyses of the NASC indicate its REE pattern is 
smoothly fractionated and that some relative frac- 
tionation persists through the heavier REE. If the 
NASC relative REE abundances are representative of 
the upper crust of North America (despite pitfalls in 
the compiIation and homogeneity of the composite), 
the fractionation in the heavier REE allows granitic 
rocks with steeply fractionated REE distributions 
(which are known to constitute an important fraction 
of the upper crust of North America) to have a 
reasonable representation in the NASC provenances. 

The results of this study raise a caution that the 
REE distributions of detrital sediments can be depen- 
dent to some extent on the sedimentological and 
other factors that influence the abundance and com- 
position of the minor mineral assemblages. These 
effects appear to be most pronounced for individual 
sediment samples, but are muted or eliminated for 
well-constructed sediment composites. REE charac- 
teristics of sediment composites therefore are more 
likely to be representative of their provenances, but 
only those sediment composites whose provenances 
sample the exposed continental crust in an unbiased 
manner will be representative of that CNSt. Samples 
of individual sediments do have value in that they 
reflect the many processes contributing to their origin, 
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albeit our ability to decipher them fully is limited at Average sedimentary rock rare earth element patterns and 

present. With comparatively rapid, easy and accurate crustal evolution: some observations and implications 

analytical methods now available, the richness of 
from the 3800 Ma Isua Supracrustal rocks, West Green- 

information ultimately available from individual sed- 
land. In Workshop on Early Crustal Genesis, pp. 23-26. 

iments should provide a better understanding of the 
The Lunar and Planetary Institute, Houston. 

EXLEY R. A. (1980) Microprobe. studies of REE-rich accessory 
many factors that influence their geochemical char- 

actetistics. 

minerals: implications for Skye granite petrogeneais and 
REE mobility in hydrothermal systems. Earth Planet. Sci. 
Lett. 48, 97-l 10. 
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