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A SELF-CoNSISTENT COMPILATION OF ELEMENTAL CONCENTRATION
DATA FOR 93 GEOCHEMICAL REFERENCE SAMPLES

Randy L. KOROTEV
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Washington University, St. Louis, MO 63130, U.S.A.

Concentration data obtained by instrumental neutron
activation analysis (INAA) are presented for up to 36
chemical elements in 93 geochemical reference samples,
including some for which there are little previous data.
Because all data are based on at least three independent
analyses, and for many of the data the uncertainty
associated with counting is an insignificant source of
error, the values presented here are considered of higher
precision than generally reported by INAA. Information
on subsampling error (sample heterogeneity) is also
presented.

This paper presents elemental concentration data obtained
by INAA (instrumental thermal neutron activation analysis)
for 93 international geostandards (geochemical reference
samples). We have obtained these data over a period of
eleven years during which time we have analyzed
approximately 11700 terrestrial, lunar, and meteoritic
samples for a variety of research projects. (Throughout this
work, I use “we” to mean “I and other personnel of this
laboratory;” see acknowledgments.) The geostandards
were analyzed as quality control standards with each batch
of research samples and several of the geostandards (Table
1) are ones for which there are few published data. Because
each analyzed subsample of geostandard was irradiated
with a large thermal neutron fluence (> 2x10'8 cm2, time
integrated flux) and radioassayed on several occasions for
long durations and because all averages are based on
analyses of atleast three (usually, four or more) subsamples,
the data presented here are more precise than those typically
reported by INAA.

ANALYTICAL PROCEDURES, SUBSAMPLING,
AND STANDARDS

During the eleven years these data were collected, we
have constantly improved laboratory equipment and

procedures. Nearly all of the data reported here, however,
were obtained by the following procedures.

Most research done in this laboratory involves small,
irreplaceable samples (e.g., 1-2), so procedures are optimized
for small samples and the largest mass of powdered material
that we can easily accommodate is about 250 mg. Thus in
atypical analysis, 100-250 mg of each geostandard (hereafter,
a “subsample”) was sealed in a tube of ultrapure fused silica
and irradiated for 12 hours in a thermal neutron flux of
approximately 5x1013 cm2s-1, Each tube received at least
two radioassays of 2-12 hours duration between 7 and 13
days following irradiation; the two radioassays were each
done using different detectors. This procedure was repeated
between 28 and 35 days following irradiation. For most
analyses, the tubes also received two 10-20 minute
radioassays between 6 and 7 days following irradiation.
Thus a single analysis is based on 4-6 separate radioassays
of a subsample and the corresponding standards. Because
for typical geologic materials in the 100-250-mg mass
range we have repeatedly determined that tube blanks are
negligible, each subsample was radioassayed in the tube in
which it was irradiated, except for SARM 43 and SARM 49
(below), which have very low concentrations of most
elements.

Except for SRM 1633a and 1633b, which we ground
prior to use (3), we took all materials (geostandards treated
as unknowns and comparator standards) directly from the
containers in which they were stored and sealed them into
irradiation tubes without pulverizing or drying them in
order to minimize the possibility of contamination. Thus,
all data presented here are on a “wet-weight” basis (i.e.,
micrograms of element per gram of undried sample). Data
for LOD (loss ondrying) at 110°C are presented in the tables
and may be used for correction to dry-weight basis; LOD
data are based on one or two determinations each. Also
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Table 1. Analyzed geochemiéal reference samples (geostandards), with issuing organization and lithologic type

USGS - United States Geological Survey

1) AGV-1 andesite

2) ATT-1 clay, attapulgite
3) BCR-1 basalt

4) BHVO-1 basalt

5) BIR-1 basalt

6) BSK-1 sediment

D CSB-1 clay, bentonite
8) DNC-1 diabase

9) DTS-1 dunite

10) G-2 granite

11) GSM-1 gabbro

12) GSP-1 granodiorite
13) GXR-1 Jjasperoid

14) MAG-1 marine mud
15) PCC-1 peridotite

16) QLO-1 quartz latite
17) RGM-1 rhyolite

18) SCo-1 shale

19) SDO-1 shale

20) SDC-1 mica schist
21) SGR-1 shale -

22) STM-1 nepheline syenite
23) TLM-1 tonalite

24) W-2 diabase

NIST - National Institute of Standards and Technology (U.S.),
formerly National Bureau of Standards

25) Ic limestone, argillaceous
26) 69b bauxite

27) 70a feldspar, potassium
28) 99a feldspar, sodium
29) 278 obsidian

30) 679 clay, brick

31) 688 basalt

32) 692 iron ore

33) 1633a coal flyash

34) 1633b coal flyash

35) 2704 river sediment

GS] - Geological Survey of Japan

36) JA-1 andesite
37) JA-2 andesite

38) JA-3 andesite
39) JB-1a basalt

40) JB-2 basalt

41) IB-3 basalt

42) JGb-1 gabbro

43) JF-1 feldspar
44) JF-2 feldspar
45) JG-1a granodiorite
46) JG-2 granite

47) JG-3 granodiorite
48) JP-1 peridotite
49) JR-1 rthyolite

50) JR-2 rhyolite

CCRMP - Canadian Certified Reference Materials Project

51) SY4 diorite gneiss

ANRT - Association Nationale de la Recherche Technique (Paris)

52) DR-N diorite

53) DT-N kyanite (disthene)
54) FK-N feldspar, potassium
55) GL-O glauconite

56) GS-N granite

57) UB-N serpentinite

CRPG - Centre de Recherches Pétrographiques et Géochimiques
(France)

58) BR basalt

59) GA granite

60) - GH granite

61) Mica-Mg phlogopite, grains
62) Mica-Mg phlogopite, powder
63) Mica-Fe biotite, grains

64) Mica-Fe biotite, powder

GIT-IWG - Groupe International de Travail - International
Working Group

65) AC-E granite

66) AN-G anorthosite

67) "BE-N basalt

68) MA-N _ granite

69) PM-S gabbro

70) WS-E diabase (dolerite)

SABS - South African Bureau of Standards

71) SARM 1 granite (NIM-G)

72) SARM 2 syenite (NIM-S)

73) SARM 3 lujavrite (NIM-L)

74) SARM 4 norite (NIM-N)

75) SARM 5 pyroxenite (NIM-P)

76) SARM 6 dunite (NIM-D)

77) SARM 7 platinum ore

78) . SARM 39 kimberlite (S7)

79) SARM 40 carbonatite (S8)

80) SARM 41 carbonaceous shale (59)
81) SARM 42 soil (S10)

82) SARM 43 magnesite (S11)

83) SARM 44 sillimanite schist (S12)

84) SARM 45 kinzigite (corundum schist, S13)
85) SARM 46 stream sediment, high (S14)
86) SARM 47 serpentinite (S15)

87) SARM 48 granite (S16)

88) SARM 49 quartz, high purity (S17)
89) SARM 50 diabase (dolerite) (S18)

90) SARM 51 stream sediment, medium (S19)
91) SARM 52 stream sediment, low (S20)

IGI - Institute of Geochemistry (Irkutsk, Russia)

92) BIL-1 lake silt
93) ZUK-1 coal ash




listed are the total number of analyses, n, and the total mass
of analyzed material, m,. The value m/n gives the average
subsample mass per analysis, usually 100-250 mg. For a
given geostandard, however, the actual subsample mass
may have varied by more than a factor of two from analysis
to analysis depending on the average mass of the research
samples analyzed concurrently. Smaller average subsample
masses were used for geostandards that contain high
concentrations of elements that activate strongly (e.g.,
DTS-1 and MA-N) than for those that contain low
concentrations (e.g., SARM 49).

I obtained all data reported here by comparison to
multielement working standards of known composition. I
obtained all “known compositions” for the working standards
by standardization against either chemical standards or
other working standards which in turn had been standardized
directly against chemical standards (4). For Na, Ca, and W,
AN-G (Greenland anorthosite, GIT-IWG) was the working
standard, and for most other elements, SRM 1633a (coal
flyash, NIST standard reference material) was the working
standard (concentration values from reference [4], except
that for Tb, a concentration of 2.53 jig/g was used as a result
of restandardization in 1988). For many analyses,
concentrations for some elements were determined against
other working standards (including in-house synthetic
standards) which I have standardized against SRM 1633a
(Rb, Sr), primary chemical standards (Zn, Zr, Au, Ir), or
DTS-1 (Cr, Ni; values from reference [4]). Thus none of the
data presented here are based on “recommended” or
“consensus” values from the literature. Some elements
were notdetermined in every analysis because an appropriate
standard was not included with every batch. In particular, K,
Zn, Au, and Ir results are usually based on fewer analyses
than the value of n (number of analyses) listed in the tables.
Also, we do not report concentrations for Zn in geostandards
for which the Zn/Sc concentration ratio is less than 50; with
lower ratios, the values we obtain for Zn are systematically
high and not reliably correctable because of the spectral
interference from the large 1120.5 keV peak of 6Sc on the
1115.5 keV peak of $5Zn. Only for SARM 46, SARM 51,
and SARM 52 (contaminated soils) were Cd and Hg
concentrations determined.

Typically, we irradiated and radioassayed samples in
batches of approximately 60 tubes, which consisted of two
tubes of SRM 1633a, one or two tubes of AN-G, one tube
each of one or two secondary working standards,
approximately 50 tubes of research samples, and four to six
tubes of geostandards (treated as “unknowns”) with
compositions similar to the research samples. However, in
order to minimize certain possible sources of systematic
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error in the averages calculated for any given geostandard
(e.g., flux heterogeneity, below), only one subsample of any
given geostandard was analyzed in each batch.

Photopeak integrations and data reduction were done
with the TEABAGS programs of Lindstrom and Korotev
(5), which have undergone constant refinement during the
period, including amajorupgrade in 1987 forimplementation
onamicroVAX®II (Digital Equipment Corporation). These,
programs include corrections for interferences from products
of 235U fission (6). Some other general experimental details
are described in Korotev (7).

RESULTS

Average concentrations obtained for the geostandards
are presented in Table A1. The estimated precision of each
value is indicated according to the key of Table 2. If for the
most sensitive photopeak of an element, A is the integrated
number of counts above background and ¢ is the standard
deviation based on counting statistics associated with A in
a given analysis, and if ¢ routinely exceeded A in different
analyses of a given geostandard, then a detection limit is
given instead of a concentration value. This detection limit
or “less than” (<) value corresponds to the concentration
value calculated from 36 (instead of A) for atypical analysis.
“Not analyzed” usually indicates that the three analyses
required to calculate a mean were not obtained because an
appropriate standard was not included for the element in
every analysis (e.g., Au). It is also used to indicate that
interferences consistently prevented a reliable concentration
or upper-limit value from being obtained (e.g., Zn). For
some geostandards for which we have several analyses, the
distribution of concentration values leads us to suspect that
the element was not uniformly distributed among the
analyzed subsamples. The corresponding mean value (Table
Al)is flagged with an “H” or “h” superscript, according to
the key of Table 2. I have also provided estimates of the
concentrations of those rare earth elements (REEs) which
were not analyzed directly. Each of these issues is discussed
in more detail in the following sections.

Precision

As a result of the high neutron fluence, redundant
radioassays, and long radioassay times, elemental
concentration values reported here are based on large
numbers of counts. For example, in a typical analysis of
BCR-1, the total number of net photopeak counts upon
which a concentration value is based exceeded 107 for Sc
and Fe, 10¢ for Na, La, and Sm, and 105 for Eu and Lu. Even
forRb, aninsensitive element atlow concentration (49 j1g/g) in
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Table 2. Key to data presentation

for a relative 95% confidence limit
(uye/x,) Of

<3%
3-10%
10-30%
>30%

other information

standard value
(all other values based on this value)

estimated value (rare-earth elements)

heterogeneity suspected; see text
s is significantly greater than 5, and
siX > 10%
sIX > 5%

mass-weighted mean;

. highly heterogeneous; see text

one highly anomalous value excluded
from mean; see text

not analyzed, i.e., < 3 values

below detection limit (36)

LOD

n

m

the best value (x,) example
is presented in this
type style
bold 7.38
normal 74
italic 7.

(italic) ( 7 )

1

(1 (741

H 7.44
h 7.4h
<>H <7>H
H) 7.4(H)
na. na.

< <.

loss on drying at 110°C overnight
number of analyses
total mass of analyzed material

BCR-1, atotal of 7x10* counts was typically obtained. Thus
for many data presented here, “counting statistics” are not
the principal source of uncertainty. Other major sources of
random uncertainty are (1) inhomogeneity of the neutron
flux, (2) variation in water concentration (LOD) associated
with using undried powders in conditions of variable relative
humidity, and (3) actual differences in composition among
analyzed subsamples (see “Subsampling error,” below).
Sample-to-detector geometry effects are not a substantial
source of random error because we match subsample
volumes in a given experiment and rotate tubes during
radioassay using detectors with horizontal cryostats (7).

All concentration data presented here are means of three
or more (n = 3) independent analyses, i.e., different
subsamples of a geostandard analyzed in different batches
against different subsamples of comparator standards. For
elements such as Na, Sc, and Sm for which concentrations
in any given analysis are based on more than 10° total
counts, the ratio of the sample standard deviation, s, to the
mean concentration of the n analyses, X, is typically 0.007-
0.013 for any geostandard for which we have many analyses
(e.g., n > 8), if the geostandard is uniform in composition.
If counting statistics were the only source of error, we would

expect s/X to be 0.001 (=\106/ 106) or less. Thus ~1% RSD
(relative standard deviation, s/X) is effectively the lower
limit of our batch-to-batch precision.

I believe that the largest source of this uncertainty, i.e.,
the largest source of error in a single analysis for elements
for which counting statistics are a negligible source of
uncertainty, is “flux heterogeneity,” specifically, a slight
difference in thermal neutron flux between a tube containing
an “unknown” (subsample of a geostandard) and one
containing a comparator standard (known composition). As
a consequence, intrabatch precision is usually better than
interbatch precision because within a batch, all samples are
compared against the same tube of comparator standard for
any given element. Another consequence of flux
heterogeneity is that an analysis of a particular subsample
that yields a concentration for Fe that is 0.5% lower, for
example, than the mean concentration obtained in many
analyses is likely to also yield concentrations of Sc, La, and
Hf that are 0.5% low compared to their rgspective means.
This occurs because in any given analysis, all of these
elements are determined against the same tube of comparator
standard (SRM 1633a), which may have a received a higher
neutron flux than the tube containing the subsample of



interest. However, in a subsequent analysis of the same
geostandard, there is as equal probability that flux
heterogeneity will lead to results that are 0.5% high. Thus
I have minimized the effect of this source of systematic
error by taking the mean of results obtained in several
analyses (i.e., different irradiations) because over several
analyses there is nomechanism that would lead to a particular
geostandard (e.g., BHVO-1) consistently receiving a
systematically low or high flux with respect to the comparator
standards. [The possible exception, of course, is that a
geostandard containing a particularly high concentration of
B, Cd, or some other strong absorber of thermal neutrons
could receive a consistently low average dose, but
calculations verify that it is unlikely that the “thin” target
approximation (e.g., 8)is violated forany of the geostandards
analyzed here].

I have calculated “best values” as follows. For each
concentration value x obtained from a single analysis there
is an associated estimate, s,, of the standard deviation of the
population of all such values (n = =), where

Se = (sz + sg) 7z Eqn. 1

s, isthe standard deviation associated with counting statistics
and s, is an estimate of the interbatch standard deviation,
which] assume to be equal to 1% of the concentration value
(s,=0.01x). As noted above, for elements and samples for
which s_ is negligible compared to s,, s, is essentially
identical for all analyses, i.e., 5, is ~1% of the concentration
value. In this case, I calculate the best value, x,,, as the
simple mean, X, of all n analyses

2 Xk
k=l n
X =X= L
BV n

Eqn. 2 (s . << s5,)

and I calculate a 95% confidence limit, u,,,. from the
sample standard deviation, s, and Student’s ¢ factor in the
usual manner,

Ugs,gv= f—% Eqn. 3

(e.g.,9).

For elements and samples for which s, is negligible
compared to s, i.e., when counting precision dominates (s,
= 5,), values of s_are usually variable from analysis to
analysis depending on a variety of analytical factors that
vary from batch to batch, most notably sample mass,
radioassay time, sample-to-detector distance, and decay
time. For example, a Zr concentration obtained from one
analysis might be 200 + 20 pg/g (i.e., x,*5,,) while that
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from a second analysis might be 193+ 7 pg/g (i.e., x, % s, ,).
In this case, I calculate the best value as the s,-weighted
mean, X,, where

I X

k=1,n¢2
nse.k

z 1

k=l,n 2
Se k

xgyv=Xy = Eqn. 4 (s,<< s,

and I calculate the 95% confidence limit (u,; ,,) as

Ugsgy =15, =t . 1 , Eqn. 5
k=1,n g

Operationally, if s/x averages less than 3%, I have
calculated the best value (x,,) as the simple mean (X),
otherwise the best value is the uncertainty-weighted mean
(X,). [Certain exceptions to this general rule are discussed
in the next section.] In Table A1, best values are coded by
precision according to the relative 95% confidence limit,
Uys g /X5, and the key of Table 2. For example, for bold-
faced values, u,, 5, /x,, < 3%.

Subsampling error

One important cause of imprecision in geostandards
data is actual variation in the concentration of an element
among different analyzed subsamples. I shall refer to this
reality of rock analysis as subsampling error. Subsampling
error is often designated “sample heterogeneity,” a
misleading term because, as noted by Ingamells and Switzer
(10), no mixture of minerals can be truly homogeneous,
regardless of how finely pulverized or well mixed.

To evaluate subsampling error, I have used the following
procedure. For each elementin each sample, | have compared
(one-sided F test at 95% confidence) the total variance, s2,
associated with X (Eqn. 2) to the estimated variance
associated with analytical uncertainty, 52, where §, is the
average of s, (Eqn. 1) for all subsamples. In some cases s2
significantly exceeds §,2, from which I infer that a portion
of the observed scatter results from subsampling error.
Instances of subsampling error revealed by this procedure
are indicated in Table A1 by an “H” or “h” superscript, but
only whens/Xexceeds 5% (Table 2). If  have underestimated
the analytical uncertainty, s,, the procedure will erroneously
ascribe some unrecognized source of analytical uncertainty
to subsampling error. However, most of the instances of
subsampling error indicated in Table A1 are geochemically
reasonable, thus I assume the procedure is generally valid.
I discuss some systematic occurrences of subsampling error
below.
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Figure 1. Ratio, for two subsamples each of granodiorite JG-1aand granite JG-2, of concentrations
of REEs (rare earth elements) in the subsamples to the mean concentrations for all subsamples
analyzed. The deviation from unity considerably exceeds analytical uncertainty (1-2%) and the
magnitude varies systematically with atomic number (except for Eu, which is divalent).
Subsampling error represented in this figure results from nonuniform distribution of REE-rich
minerals such as allanite, apatite, monazite, xenotime, and zircon among the small subsamples.
For clarity, data are not plotted for Nd because it is determined less precisely than the other REE

As expected, subsampling error occurs frequently for
elements such as Cr, Zr, Hf, Th, U that are carried primarily
by trace minerals in which the elements occur in high
concentration (chromite, zircon). Similarly, in most
geostandards for which we detect Au, subsampling error is
serious for Au because most of the Au occurs in metallic
form. Also as expected, some of the worst instances of
subsampling error occur in coarse-grained, evolved rock
types. Forexample, for all three of the GSJ granodiorite and
granite samples, subsampling error is serious, particularly
for the REE (rare earth elements; Figure 1). These
geostandards are not finely pulverized and grains of different
colors are easily visible in the samples to the naked eye.
Among subsamples, concentrations of LREE (light REE,
La and Ce) tend to correlate with each other and those of
HREE (heavy REE, Yb and Lu) also correlate, but the
LREE donotusually correlate with the HREE. This indicates
that at least two REE-rich minerals are involved. I have
observed similar, but less severe, behavior in granodiorite
GSP-1 (3). For several monomineralic geostandards with
very low concentrations of most elements (feldspars, quartz),
subsampling error is a major cause of subsample to
subsample variation in concentrations for REE, Hf, Ta, Th,
and U.

In many geostandards, As and Sb are nonuniformly
distributed. Some of the worst subsampling errors that we
observe involve Sb. Some subsamples of some geostandards
have anomalously high concentrations of Sb; this is
particularly evident in AN-G and SRM 278 because we
have analyzed these materials many times (Figure 2).
Curiously, AN-G (anorthosite) isone of the few geostandards
that, during its preparation (11), was ground in tungsten
carbide, which is highly efficient at pulverizing and mixing
samples. Similarly, subsampling erroris usually not observed
in glassy samples like SRM 278 (obsidian). We do not
observe subsampling error for any other elements (except
Au)ineither AN-G or SRM 278. Together these observations
suggest that the high Sb concentrations we occasionally
observe in these two geostandards (and possibly those we
observe in others, as well) are somehow associated with
post-grinding contamination or possibly sporadic blank
problems during analysis (e.g., Sb contaminated silica
tubes). However, other samples that we have analyzed
many times during the same time period do not show Sb
anomalies (Figure 2), so I discount blanks as the source of
the problem. We obtain Sb concentrations via both short-
lived 122Sb and the long-lived 124Sb (4); the values routinely
agree within counting statistics. Thus I conclude that the Sb
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Figure 2. Frequency histograms for the concentration of Sb in anorthosite AN-G (a,b) and obsidian SRM 278 (c). AN-G is
shown both on a logarithmic (a) and linear (b) scale; the distribution clearly indicates that some Sb-rich phase is distributed
nonuniformly among the subsamples. Sample masses for AN-G ranged from 30-300 mg, but averaged 140 mg. Data for other
samples analyzed during the same time period, €.g., in-house standard WU-A (379 + 3 ng/g Sb), do not show Sb anomalies
(d), thus the anomalies showed by AN-G and SRM 278 are probably associated with the geostandard and are not an analytical

artifact

anomalies are a property of some geostandards and not
related to our analytical procedure.

In a few cases where subsampling error is serious and n
is sufficiently large that it is evident that the distribution of
values is not normal (as in AN-G, Figure 2), I report mass-

weighted means as best values because these should best
represent the concentration in alarge subsample. I emphasize
that subsampling errors reported here are aggravated by the
relatively small sample masses used (0.1-0.25 g) and that
the magnitude of the error in many cases is small and only
apparent because of the high precision.
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DISCUSSION
Accuracy

I have made two tests of accuracy of the best values
presented here. First, | have compared differences between
our BVs (best values, x,,) and RVs (recommended,
consensus, or working values, x,,). Second, | have compared
ratios of our BVs to the RVs. A difficulty in making such
comparisons is that some RVs are known to a high degree
of precision (e.g., < 1%) while others are known only
poorly. Similarly, although our data for some elements are
precise, our data for other elements are routinely of poor
precision compared to data upon which RVs are based
because INAA is not the most precise technique for those
elements (e.g., Sr and Nd). Thus comparisons are based
only on data for geostandards for which 95% confidence
limits, u, .., are explicitly stated (12) or can be calculated
(e.g., Eqn. 3) from the data presented (13-14). Although I do
not regard these as ultimate tests, they provide a focus for
discussion.

Differences

For the difference test I compare 671 pairs of values in
29 geostandards, ranging from 13 elements in PCC-1 to 31
elements in SCo-1. (For this test, rare earth elements for
which concentrations were estimated were not included;
see below.) I define the maximum uncertainty, u,,, ., as the
greater of u,, ,, Or u,, ., and ignore the smaller uncertainty.
The absolute test of agreement is whether Lx,, - xp 1 <uy; ...
However, this simple test often suggests disagreement for
values that differ by only a few percent when the relative
value of u,,,,, is very low, as for Fe in most geostandards,
because both the RVs and BVs are very precise. Thus for the
difference test, I include a “relative difference” criterion in
addition to the “absolute difference” criterion. The result of
the difference test is that 628 of the tested BVs agree with
the RVsin that e, - x ) < w4, .. Or g, - X5l < 0.1x,,, that is,
93.6% of our best values agree within 10% of the RV or
within the maximum uncertainty. The success rate is reduced
to 79% for a 3% relative difference criterion and 75% for a
1% criterion. I believe that in several of the instances in
which our BV differs by more than 10% from the RV, as well
as some other cases of lesser disagreement, that the RV is
inaccurate. I discuss three types of systematic disagreement
below.

Several instances of severe disagreement involve Cr at
low concentration. For example, we obtain 10.8 £ (0.3, 8.7
+0.2,and 2.8010.13 pg/g CrinBCR-1,AGV-1,and RGM-
1, compared to RVs of 16, 10.1, and 3.7 pg/g. Comparison
for the other geostandards show that our agreement is good

for Crat high concentration (Table 3), but that our values are
sometimes low compared to RVs at low concentrations of
Cr. The cause of our low values, particularly compared to
other INAA data, is that I make interference corrections on
the 320.1 keV peak of 3!Cr from '"’Lu at 321.3 keV and
147Nd at 319.4 keV when these interfering peaks are
unresolved from the peak of interest, which is usually the
case. These two interferences are so severe that in silicic
rocks like AC-E we can see no signal for>'Crin the presence
of the peaks for the two interfering isotopes; as a result, 1
report < 2 pg/g for Cr in AC-E. If we do not make these
corrections, concentrations we obtain for Cr in low-Cr
samples are more nearly consistent with the RVs. I suspect,
however, that some recommended values for Cr in low-Cr
rocks are erroneously high because of inclusion in the
averages of INAA data for which these corrections were not
made.

Similarly, another systematic discrepancy involves Na
at low concentration. In Mg-rich, ultramafic samples such
as PCC-1, DTS-1, and UB-N, a significant fraction of the
24Na derives from Mg via the 2*Mg (n,p) 2*Na reaction. We
make a correction of 1.6x10* apparent percent Na per
percent Mg (updated from reference 4), which is
approximately a -50% correction for high-Mg/Na samples
like DTS-1 and PCC-1. In ultramafic rocks, Na
concentrations are near the detection limits of several other
techniques, although not INA A. Thus recommended values
for Na are dominated by INAA data, some of which I
suspect are erroneously high from failure to correct for the
nuclear interference from Mg.

A third source of systematic discrepancy between our
values and some published RVs involves corrections we
apply to Zr, Ba, La, Ce, Nd, and Sm for nuclear or spectral
interferences associated with fission of 235U in the sample
(6). Though we apply the corrections to all samples regardless
of U concentration, they are particularly important for high-
U samples like SARM 48 and GXR-1. For pegmatitic
granite MA-N, the problem is so critical that virtually the
entire signal for 140La, 141Ce, and '¥’Nd s from the (n, fission)
reaction on 23°U, not the (n,y) reaction on REE isotopes
(15).

Ratios

In order to reveal possible systematic errors, I have
evaluated our BVs for 29 well-characterized geostandards
by simply computing the ratio x,,/x,, for each element in
each geostandard and calculating for each element the mean
ratio and 95% confidence limit on that mean. If the mean
ratio is significantly different from unity, then a systematic
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Table 3. Mean (also minimum and maximum) of ratio of best values (BV, this lab) to recommended, consensus, or working
values (RYV, literature), with 95% confidence limits on ratios

BV /RV BV/RV
n min max mean 195%  signif. n min max mean 195%  signif:
Na 24 0.972 1.014 1.001 0.004 La 23 0.906 1.016 0.990 0.011
K 2 0.957 0.997 0.977 - Ce 23 0.915 1.090 0.998 0.017
Ca 14 0.950 1.037 1.006 0.015 Pr 16 0.889 1.026 0.954 0.020 X
Sc 21 0.870 1.074 0.976 0.021 X Nd 19 0.890 1.015 0.967 0.014 X
Cr 20 0.675 1.051 0.955 0.047 Sm 24 0.944 1.055 1.000 0.011
Cr* 16 0.840 1.051 0.994 0.029 Eu 22 0.832 1.010 0.955 0.019 X
Fe 26 0.953 1.011 0.987 0.006 X Gd 21 0.830 1.158 0.962 0.037 X
Co 21 0.965 1.154 1.033 0.022 X Tb 18 0.895 1.033 0.959 0.019 X
Ni 7 1.000 1.055 1.025 0.021 X Dy 21 0.931 1.129 1.040 0.023 X
Zn 5 0.991 1.080 1.029 0.041 Ho 10 0918 1.078 1.036 0.033 X
As 3 0.988 1.043 1.013 0.070 Er 14 0.815 1.200 1.033 0.054
Se 2 0.921 1.143 1.032 - Tm 10 0.929 1.077 0.979 0.035
Rb 24 0918 1.080 0.997 0.015 Yb 19 0.900 1.065 0.990 0.020
St 20 0.936 1.045 1.014 0.012 X Lu 13 0.904 1.075 0.964 0.029 x
Y 21 0.887 1.114 1.013 0.033 Hf 22 0.986 1.054 1.027 0.010 X
Zr 16 0911 1.147 '1.011 0.033 Ta 15 0.874 1.007 0.936 0.021 XX
Sb 11 0.907 1.016 0.962 0.022 x w 3 0.895 1.077 1.010 0.248
Cs 17 0.922 1.060 1.001 0.017 Th 19 0920 1.074 0.959 0.018 X
Ba 23 0.906 1.020 0.977 0.012 X U 13 0.907 1.033 0.971 0.023 X

n = Number of geostandards compared.

x = The mean ratio is significantly different from unity, but within 5%.

xx = The mean ratio is significantly different from unity by more than 5%. -

* Excludes geostandards with < 15 pg/g Cr for which RVs are suspected to be erroneously high; see text.

Italicized elements : best values are estimated from concentrations for other REE elements; see text.

Based on comparisons for AGV-1, BCR-1, G-2, GSP-1, PCC-1, BHVO-1, MAG-1, QLO-1,RGM-1, SCo-1, SDC-1, SGR-1, STM-1, AC-E, AN-
G, BE-N, BR, DR-N, DT-N, FK-N, GA, GH, GS-N, MA-N, Mica-Fe, Mica-Mg, PM-S, UB-N, and WS-E (12-14, 26-29). Includes only high-
precision data, i.e., those for which the confidence limits are < 10% of the concentration values. There is an insufficient amount of high-precision
data to make comparisons for Br, Ag, Cd, Ir, Au, and Hg.

error is indicated. For this comparison [ ignore uncertainties GIT geostandards™ (12) is extremely useful for making
on the BVs and RV, except that [ have excluded from the comparisons such as those discussed above as data for 16 of
comparison any BV-RV pair for which the confidence limits the 29 geostandards evaluated were taken from that source.

are greater than 10% of the value (i.e., uy,,/x,, > 0.1 or

In making the comparisons I discovered a number of
Ugs e/ Xy > 0.1); thus n < 29 for all elements.

disagreements between our best values and the recommended
or working values that were the result of problems with
working values or the corresponding confidence limits. I
discuss those problems here for consideration by future
compilers of data.

The results show that for many elements our BVs are
systematically low or high compared to the recommended
values, but that the relative errors are small, < 5% for all
elements except Ta (Table 3). For example, our BVs are
significantly (95% confidence) and systematically high for

St, on average, but only by a factor of 1.014. The most Three classes of problem were encountered. First, in a
serious disagreement is that our BVs for Taare low by 6.7%, fewvcase's there are obv1ous'errors In work.mg values_, 1.€.,
on average, compared to the RVs. I do not know the cause the working value is clearly inconsistent with the available
of discrepancies such as this, but cannot discount systematic data (e.g., Zn in.GH, Y in DT-N, and ?S in UB-N; 16_' 17).
errors in the concentration values of our working standards. There are other instances where working values fall in the
‘ range of reported data, but do not appegr to correspond to

Some problems associated with using working values means or modes, even after exclusion of aberrant data that
might justifiably be excluded (e.g., La and Euin GS-N; 17).

The recent compilation of “working values with Second, in some cases our values fail to “agree” with

confidence limits for twenty-six CRPG, ANRT, and IWG- working values only because the working values are not
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stated to a number of significant digits justified by the
confidence limit. For Sm in UB-N, for example, I obtain a
best value of 0.214 + 0.003 pg/g. By the difference test
described above, this value fails to agree with the working
value, “0.2 + 0.01”. However, the actual mean and 95%
confidence limit calculated from the 7 data upon which the
working value is based is 0.206 £ 0.009 (17) and our best
value does, in fact, fall within this range. The advantage or
rationale of expressing working values to fewer decimal
places than that of the stated confidence limits is not evident
to this geochemist (e.g., Srin UB-N: 9 + 1.85; 12). Third,
there are a number of instances where the stated confidence
limit is smaller by a factor of at least two than is justified by
the data upon which the working value is apparently based
(e.g., Sb and Hf in BR, Hf in DT-N, Ta in Mica-Fe; 16-17).
For the purpose of the comparisons discussed in this section,
I have either modified a few (< 12) working values and
confidence limits to be consistent with available data or not
included the data in the comparison where the source of the
problem was not clear (e.g., La and Eu in GS-N).

Rare earth elements

Dataquality for the REEs can be judged by the smoothness
of the REE “pattern”, i.e.,a plot of normalized concentrations
against atomic number or inverse ionic radius (e.g., 18-19).
The REE:s are unique in that, because of their geochemical
coherence, “bad” values for one REE can sometimes be
detected based on concentrations of other REEs. The benefits
of this characteristic are generally not utilized in generating
recommended values for the REEs in geostandards and, in
fact, in some compilations RVs are not stated to enough
digits to generate smooth REE patterns.

This laboratory has a long-standing interest in the
geochemistry of the REEs (e.g., 18, 20-22) and 1 have
expended more effort in obtaining accurate data for the
REE:s than some other elements. An apparent disadvantage
of INAA compared to some other techniques is that only
some of the REEs can be determined. Under our operating
conditions, we routinely obtain precise data for 7 of the 14
naturally occurring REEs, with an eighth, Nd, determined
less precisely. However through the benevolence of nuclear
fate, some light, middle, and heavy REEs can be determined
by INAA, as well as anomalously behaving Eu and Ce. Thus
the eight elements that we determine are sufficient in nearly
all circumstances we have encountered to characterize
adequately the “REE pattern” of a rock or mineral. For all
but a few geochemical problems, having additional data for
the missing elements would not influence the geochemical
interpretation.

For reference, 1 have included plots of chondrite-
normalized REE concentrations foreach of the geostandards
analyzed here as Figure A1 (except for a few, in which REE
concentrations are below detection limits, e.g., DTS-1 and
MA-N). By interpolation (and, for Gd, some subjective
extrapolation), the preparation of REE plots based on precise
data for measured REEs allows usto make accurate estimates
of the concentrations of REEs not measured directly (18). In
fact, using this procedure I can estimate the concentration of
Nd in most rocks more accurately than I can determine it
through direct analysis. Thus for reference, I include for
most of the analyzed geostandards estimates of
concentrations of REEs not measured directly, including Y
[in square brackets]. This procedure cannot be used for
samples where REE concentrations are affected by industrial
contamination (SARM 46 and SARM 52). Also, it may not
reliably estimate Pr in samples where Ce behaves
anomalously and there is “curvature” to the REE pattern
(e.g., SRM 69b). The estimate for Y assumes that the
element plots halfway between Ho and Er on the plots of
Figure Al.

Although it is not customary to report estimated
concentrations in compilations such as this, the data of
Table 3 show that the estimates are usually accurate within
5% and are seldom in error by more than 10%, except
perhaps for Gd, thus these estimates should be useful for
some applications.

Special features

In this section I discuss special features of some of the
geostandards.

USGS

I include data for four geostandards that have been
described but have had only limited distribution: ATT-1,
CSB-1, GSM-1, and TLM-1 (23-24).

NIST

Subsampling error is serious for SRM 70a (K feldspar)
and 99a (Na feldspar) where concentrations of Cr, trivalent
REE, Hf, Ta, Th, and U vary considerably among subsamples.
Both SRM 278 (obsidian) and SRM 688 (basalt) have
concentrations of Au that are anomalously high for the types
of rocks they represent; the Au is not uniformly distributed
among small subsamples and is almost certainly a
contaminant. As discussed above, some subsamples of
SRM 278 have anomalously high concentrations of Sb
(Figure 2).



CRPG, ANRT, and GIT-IWG

For granite GA, and to a lesser extent granite GH, there
is a small problem with variation in concentrations of
incompatible trace elements (REE, Hf, Ta, Th, U) from
subsample to subsample. Total variance (s2) significantly
exceeds analytical variance (s,2) for both light and heavy
trivalent REE in GA and the light REE in GH, but the
relative standard deviations are only about 3%, insufficient
to trigger the “h” flag (5%) of Table Al.

For the two CRPG mica standards, we have analyzed
both the powdered (p) and granular (g) allocations; the
granular samples consist of unground mica grains. For
Mica-Fe (biotite) we obtain virtually identical average
concentrations for all elements except W (from tungsten
carbide) in the two types of samples. Concentrations of
REE, Th, and U are not uniform among subsamples of the
granular sample, however. For Mica-Mg (muscovite),
concentrations of most elements in the two sample types are
also almost identical. However, concentrations of Sb, REE,
W, Au, and Th are greater in the powdered allocation.
Concentrations of all REE except Eu are below detection
limits in the granular sample. In the powdered sample, REE
concentrations are detectable, but light REE (La and Ce) are
variable from subsample to subsample.

Despite having been ground in tungsten carbide,
concentrations of several elements vary among subsamples

of FK-N (K feldspar). We have only analyzed four .

subsamples of GL-O (glauconite), but for one of the
subsamples, REE concentrations are about 12% lower and
Th about 6% lower than the mean of the other three.

GSJ

As noted above, subsampling error is a problem for the
granitoid samples (JG-1a, JG-2, and JG-3; Figure 1) and, to
a lesser extent, the feldspar samples (JF-1 and JF-2).

SABS

For most elements determined by INAA, SARM 49
(high purity quartz) and SARM 43 (magnesite) are at the
low end of the range of concentrations among geostandards
analyzed here. For some elements, our values are
considerably less than the certified values (25), a
circumstance I suspect is related to contamination and
blank problems in some data upon which the certified
values are based. In order to eliminate the potential for tube
blanks causing systematic errors for any element in our
analyses, for these two geostandards only I transferred the
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irradiated powders to unirradiated silica vials for radioassay.
Subsampling error is serious for a number of elements in
SARM 43 (As, Ba, LREE, Hf, Au, and Th) and is a lesser
problem in SARM 49 (Cr, Fe, Co, LREE, Au, and Th).

The average mass of the eight analyzed subsamples of
SARM 7 (Pt ore) was only 115 mg, compared to a
recommended sample mass of > 10 g when used as a
precious-metal standard. As a result, subsampling error
causes low precision for Ir and Au, as well as As, Sb, Hf, Ta,
Th, and U. Despite the small subsamples, our average
concentration (mass-weighted) for Ir is reasonable: 70 ng/
g of I, compared with a certified value of 74 + 12 ng/g. Our
average Au concentration (mass-weighted), however, is
low by a factor of two: 149 ng/g Au, compared to a certified
value of 310 + 15 ng/g. In one 50-mg subsample, we
obtained concentrations of Co and W significantly greater
than the mean of the other subsamples (Co: 128 pg/g,
compared to 113 + 1 pug/g; W: 187 ug/g, compared with <
2 pg/g). 1 attribute these anomalies to a fragment of
tungsten carbide and have excluded this subsample from
the means for these two elements. No -anomaly in Ta
concentration was observed, which, like Co, is an additive
in some commercial tungsten carbides.

The contaminated sediment samples, SARM'46, SARM

51, and SARM 52 each have “unnatural” REE patterns

(Figure Al.3) indicating contamination with REE,
particularly Ce and Nd in SARM 46 and Ce in SARM 52.
The REE are nonuniformly distributed in our small
subsamples of SARM 46 (average mass: ~150 mg).
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RESUME

Les concentrations de 36 éiéments chimiques déterminées
par activation neutronique instrumentale dans 93
échantillons géochimiques de référence, y compris
quelques-uns pour lesquels il existait peu de données,
sont présentées. Etant donné que toutes ces données
sont basées sur au moins trois analyses indépendantes et
que pour beaucoup de ces données l'incertitude associée
avec le comptage est une source d'erreur insignifiante,
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les valeurs présentées ici sont considérées comme ayant
une meilleure précision que celles généralement associées
avec l'activation neutronique instrumentale. Des
informations sur l'erreur générée par la subdivision
d'un échantillon (hétérogénéité des échantillons) sont
également présentées.
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APPENDIX

Table Al. Best values, from instrumental neutron activation analysis

AGV-1 ATT-1 BCR-1 BHVO-1 BIR-1 BSK-1 CSB-1 DNC-1 DTS-1* G-2.

USGS USGS USGS USGS USGS USGS USGS USGS USGS USGS
Na % 3.16 0.0455 2.4 1.689 1.355 2.85 1.74 1.445 0.0053 3.06
K % 2.3 0.65 n.a. n.a. <l. 2.3 (0.44) n.a. n.a. 3.7
Ca % 3.53 1.22 5.08 8.4 94 2.85 0.90 8.0 <0.5 1.39
Sc ng/g 11.80 8.69 321 31.2 43.7 6.87 5.20 314 3.38 335
Cr  pgg 81 134. 108 294. 408. 51. 3. 29. 73
Fe % 4.68 211 9.34 8.64 7.99 2.4 241 6.99 6.00 1.85
Co ng/g 15.39 5.74 372 454 53.6 7.55 0.666 58.3 1384 4.4
Ni pg/g  (14) 21 <50. 125. 178. 30. 5. 281. <12.
Zn ug/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
As ugl/g 0.89 2.90 0.61 0.55 <l. 27 274 <L <l. (0.24)
Se ne/g <l. <04 <l. <l. <2. 54 (0.22) <l. <l. <03
Br ne/g (0.19) 0.62 <04 022 <2. 17.3 (0.19) <0.5 <1. <0.5
Rb ugl/g 67.6 485 49.1 10.1 <l10. 101. 104 4.9 <5. 168.
Sr ngl/g 659. 70. 336. 406. 114. 400. 211. 151. <10. 482,
Y ng/g [18.9] [23] . [36] [27.] [16.2] [15.6] [46.] [17.5.] n.a. (10.7]
Zr uglg 219. 192. 1717. 164. <100. 152. 186. (46.) <40. 327.
Ag ug/g n.a. (0.18) n.a. n.a. n.a. <l. 0.22 n.a. n.a. <0.5
Cd ne/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Sb ng/g 4.2h 2.65 0.59 0.149 047 <0.86>H 2.38 0.81 <0.60>H 0.045
Cs ug/g 1.29 2.83 0.957 0.100 <0.3 317 0.164 0.220 <0.05 1.34
Ba pg/g 1194, 141. 661. 127. <40. 769. 345, 103. <40. 1854.
La ue/g 38.6 239 25.1 15.51 0.601 23.2 56.3 3.70 <0.06 89.3
Ce ne/g 68.9 4.1 52.6 378 2.03 455 120.2 8.26 na. 164.
Pr ug/s [7.8] (5.0} [6.5] [5.1] [0.4] [4.9] [13.] [1.01 na. [16.]
Nd pg/g 313 20.7 27.5 23.6 <10. 179 49. 45 <l. 52.0
Sm  pg/g 5.89 432 6.65 6.23 1.097 355 10.97 1.4 <0.015 7.33
Eu 1.7/ 1.602 0.847 1.942 2.08 0.518 0.819 0.703 0.590 <0.02 1.34
Gd ng/g [4.4] 3.711 [6.2] [6.3] [1.9] 2.7 [8.9] [2.0] n.a. (3.7
Tb ng/g 0.644 0.619 1.03 0.948 0.366 0.431 1.39 0.382 <0.1 0.449
Dy ng/g [3.6] [3.9] [6.3]1 [5.4] [2.5] [2.6] [8.3] [2.6] n.a. [2.3]
Ho pg/g [0.71] [0.85] [1.3] [1.05] [0.58] [0.57] [1.7] [0.62] n.a. [0.42]
Er ng/g [1.8] [2.3] [3.6] [2.6] [1.6] [1.6] [4.5] [1.8] na. [0.99]
Tm  pg/g [0.26] [0.35] [0.52] [0.34]) [0.25] [0.23] [0.63] [0.28] n.a. [0.13]
Yb  ug/g 1.63 227 3.30 1.968 1.66 1.51 384 1.94 <0.1 0.720
Lu ug/g 0.244 0.339 0.487 0.268 0.246 0.234 0.52 0.296 <0.01 0.0997
Hf ug/g 5.31 5.44 5.00 4.56 0.60 431 8.74 1.04 <0.05 8.2
Ta ug/g 0.833 0.57h 0.757 1161 0.038 0.719 3.46 0.085 <0.05 0.791
w uglg <3. <l. <. <. <3. (1.2) <15 <2 <l. <.
Ir ng/g n.a. <. n.a. n.a. n.a. n.a. <l. n.a. n.a. <1.
Au  ng/g <. <L.7>H <5. n.a. na. <3. <3. <8. na. (3.)
Hg ug/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Th V.77 6.10 6.95 5.69 1.16 <0.1 10.4 453 0.210 <0.1 239
U ng/g 1.98 4.73 1.66h 041 <0.3 2.84 15.5 (0.06) <0.2 1.92
LOD % 1.00 83 0.73 0.06 0.04 1.53 na. 0.26 0.07 0.13
n 8 6 9 20 11 5 6 8 15 6
m, g 2.04 0.61 2.00 435 2.10 1.17 1.03 1.63 2.63 1.04

* Updated slightly from - :ference (4); for all abbreviations and codes, see Table 2. !



- Table Al (continued). Best values, from instrumental neutron activation analysis

GSM-1 GSP-1 GXR-1 MAG-1 PCC-1 QLO-1 RGM-1

USGS USGS USGS USGS USGS USGS USGS
Na % 1.40 2.07 0.051 2.88 0.0058 3.13 3.05
K % <l 4.8 <0.5 (3.0) na. 2.8 3.3
Ca % 9.2 1.36 (1.0) 0.96 0.38 23 0.83
Sc ng/g 38.7 5.89 1.46 16.68 8.18 8.4 441
Cr _ug/g 6.4 104 104 9.4 2870. L5 2.8
Fe % 9.31 297 25.1 4.7 5.73 2.99 1.28
Co pg/g 415 6.65 7.8 215 115. 7.29 1.95
Ni ueg/s <80. <30. (40.) 55. 2400. <30. <20.
Zn une/s na. n.a. 800. na n.a. n.a. n.a.
As ng/g 24 <l. 438. 9.6h <04 2.6H 321
Se ng/g <l. <0.5 18. 111 <l. <0.5 <0.5
Br ug/g <1.2 0.4) <2. 232. 0.35 1.08 1.90
Rb ne/g 7.5 252. (10.) 149. <S. 71.8 149.
Sr ue/s 411. 243. 330. 146. <20. 342. 107.
Y ug/g [10.1] [25.] [26.] [29.] n.a. [24.] [24.]
Zr ng/g <100. 605. <150. 131. <50. 182. 223.
Ag ug/g <. n.a. n.a. n.a. n.a. n.a. n.a.
Cd une/g n.a. n.a. na. n.a. n.a. n.a. n.a.
Sb une/s 1.75 3.12 120. 0.888 1.30 1.81k 1.20
Cs ug/s 0.85 1.008 27 8.59 <0.1 1.68 9.93
Ba ug/g 81. 1270. 770. 471. <30. 1375. 814,
La ug/g 2.07 182. 7155 41.8 0.027 26.7 231
Ce ne/g 499 437. 149 859 n.a. 50.8 46.2
Pr ne/g n.a. [52.] [2.0] [9.6] n.a. 5.7 [5.0}
Nd ug/s 4.) 200. (10.) 36.4 <. 224 18.3
Sm  ug/g 1.23 263 3.10 737 (0.005) 4.68 4.06
Eu ug/g 0.550 222 0.64 1.42 <0.03 1.267 0.598
Gd  uglg [(1.6] [11.] [4.2] [5.8] na {3.9] [3.4]
Tb ng/g 0.272 1.28 0.79 0.91 <0.03 0.644 0.591
Dy ne/g [1.7] [6.0] [4.8] [5.3} n.a. [4.0] [3.8]
Ho pg/g [0.37} [1.0] [0.99] - [1.1] n.a. [0.88] [0.85]
Er ne/g [1.0] [2.2] [2.6] [2.9] n.a. [2.4] [2.4]
Tm  pg/g [0.15] [0.28] [0.36] [0.401 n.a. [0.36] [0.37]
Yb ne/g 0.943 1.65 2.27 2.53 (0.025) 242 249
Lu ne/s 0.142 0.230 0.35 0.376 (0.0056) 0.373 0.384
Hf ung/g 0.84 16.1 0.77 3.66 <0.05 4.80 6.16
Ta He/g 0.067 0.85 (0.10) 1.085 <0.07 0.788 0.893
w ug/g <3. <4. 184. (1.5) <l. (0.5) 15
Ir ng/g n.a. <2. n.a. n.a. n.a. n.a. n.a.
Au  ng/g (2.) <5. 4200.H n.a. n.a. n.a. n.a.
Hg ng/g n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Th pg/g 0.48h 103.0 244 11.50 <0.04 4.55 14.07
8] ug/s (0.17) 2.38 35. 245 <0.2 1.88 5.74
LOD % 0.12 0.06 n.a. 3.1 0.48 0.32 0.39
n 5 6 3 9 5 7 8
m, g 0.81 1.36 0.29 1.70 1.29 1.36 1.57

For all abbreviations and codes, see Table 2.

SCo-1
USGS

0.671
22
1.94
11.57
70.2
354
11.13
24.
n.a.
125
0.82
0.59
111.5
175.
[24.]
166.
n.a.
n.a.
237
1.77
559.
293
56.7
[6.4]
254
5.14
1.088
[4.2]
0.675
[4.1]
[0.89]
[2.4]
[0.35]
2.27
0.341
4.75
0.804
15
n.a.
24
n.a.
9.01
3.00
2.75
15
331

SDC-1

- USGS

1.521
n.a.
1.01
14.99
62.1
4.30
17.76
38.
n.a.
<0.8
<0.5
<0.5
124.0
186.
[42])
317.
n.a.
n.a.
0.49h
4.00
622.
42.1
89.9
[10.]
394
8.29
1.588
(6.6]
110
[6.9]
[1.5]
[4.3]
[0.64]
4.26
0.631
8.67
1.192
0.7)
n.a.
n.a.
na.
11.32
3.0h
0.13

1.44

231

SDO-1
USGS

0.274
2.8
0.83
12.89
65.5
6.48
46.3

n.a.
69.7
1.72
38
125.9
83.
[39.]
143.
n.a.
n.a.
4.42
6.65
7.
369
754
(8.7]
344
7.99
1.608
[7.1]
1.152
[7.0]
(1.45]
(3.8]
[0.55]
3.46
0.507
4.7
0.915
12

2.8
n.a.
9.58
479
1.38

0.90
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Table Al (continued). Best values, from instrumental neutron activation analysis

SGR-1
USGS
Na % 225
K % 1.24
Ca % 5.82
Sc He/g 494

Cr uglg 312
Fe % 2.028
Co ug/g 11.73

Ni ugl/g 26.
Zn ug/g n.a.
As ng/g 66.2
Se ue/g 4.0

Br ugl/g 0.49
Rb  pg/g 79.0
Sr ug/g 393.
Y  ugg (103

Zr g 45.
Ag  uglg  (0.25)
Cd ug/g n.a.

Sb ug/s 3.29h
Cs ue/g 5.19
Ba pne/g 270.
La une/g 184
Ce ug/g 344
Pr pglg  [37]
Nd  pg/g 13.8
Sm  pg/g 2.60
Eu ug/g 0.466
Gd  pug/g [1.9]
Tb une/s 0.297
Dy  ug/g (18]
Ho pe/g [0.38]
Er  ng/g (1.0]
Tm ng/g [0.15]
Yb ug/g 0.966
Lu ug/g 0.146
Hf ug/g 1.371
Ta ug/g 0.402

W pglg 23
Ir ng/g n.a.
Au  ng/g <10>H
Hg ug/g n.a.

Th Hne/g 448
U ug/g 5.31

LOD % 0.71
n 12
m, g 1.76

STM-1
USGS

6.66
n.a.
0.80
0.522
2.JH
3.63
0.72h
<30.
242.
4.84
<1.5
1.5
113.7
720.
[48.]
1270.
n.a.
n.a.
1.56
1.517
571.
1511
264.
[24.}
717.
123
342
[9.1]
1.425
[8.51
[1.8]
[4.8]
[0.68]
4.32
0.632
29.1
175

37

na.
n.a.

n.a.
294
8.8
0.19
9

1.74

TLM-1
USGS

221
131
4.82
21.8
143
522
194
<50.
n.a.
2.73
<0.5
<0.5
62.1
307.
[26.]
131.
<2.
n.a.
1.43H
2.88
729.
123
28.2
(3.7}
16.4
4.18
0.992
[4.3]
0.711
4.4
[0.95]
[2.6]
[0.37]
241
0.355
3.87
0.39
<3.
<3.
<4,
n.a.
3.5h
1.22h
0.18

0.84

For all abbreviations and codes, see Table 2.

w-2
USGS

1.67
n.a.
7.9
35.6
925
757
4.7
80.
n.a.
1.15
<l.
(0.24)
21.2
206.
[22.]
93.
n.a.
n.a.
0.75h
0.89
163.
10.60
22.8
[2.8]
12.2
333
1.087
[3.5]
0.605
[3.8]
[0.82]
[2.2]
[0.32]
2.05
0.295
2.59
0.451
n.a.
n.a.
n.a.
n.a.
2.12
0.47
0.18

1.61

1c
NIST

0.0188
0.24
35.8

1.203
174
0.385
1.079
7.7
29.
1.16h
(0.06)
0.50
11.6
269.
[4.1]
29.
n.a.
n.a.
0.155
0.545
78.
4.51
7.27
[1.0]
43
0.815
0.156
{0.70]
0.116
[0.71]
[0.15]
[0.41]
{0.060]
0.388
0.0585
0.77h
0.087
(0.13)
n.a.
134
n.a.
0.949
1.42
0.09
8

1.41

69b
NIST

0.020
<08
<0.6
8.32

73.
4.82
0.96

<60

n.a.
24.4

(3.)
127

44
134.
[78.]

2670.

n.a.

n.a.

" 1.89
0.15

77.
75.0
249.
n.a.

31.
573

0.866
[5.7]
1.21
9.2}
[2.4]
[8.0]

[1.39]
104
1.58
58.2
439

5.8
n.a.
n.a.
n.a.

83.9
12.9h
0.70

0.90

70a
NIST

1.85
99
(0.08)
0.088
(0.33H
0.0527
0.0259
<8.
30
041
<0.2
<0.2
522.
62.
[1.16]
<1S.
3.2H
n.a.
0.168
9.45
120.
0.47h
0.51h
n.a.
<l.
0.092h
0.575
[0.13]
0.025H
[0.17]
[0.0411
[0.12]
[0.019]
0.13H
0.019H
(0.06)H
0.09H
0.3
<0.15
<l.
n.a.
(0.29H
0.13H
0.08

0.74

99a
NIST

4.62
43
1.49

0371
0.0411
0.049

n.a.
<0.2
<0.5
<0.2

1044
431.

[1.53]

(7)
n.a.
na.

0.030

0.481

2460.

2.64h .

4.3h
[0.50)
2.1
0.48h
0.781
[0.43]
0.064h
[0.34]
[0.061]
[0.14]
[0.017]
0.097H
0.014H
0.304
0.0194
<l.
n.a.
n.a.
n.a.
0.49H
0.24H
0.07

0.92

278
NIST

3.56
34
0.69
498
5.7H
1413
1.446
<25.
n.a.
4.40
<0.5
234
127.
67.
[41.]
287.
na.
n.a.
<1.5>H
5.13
890.
30.1
61.8
[6.8]
26.0
5.79
0.769
[5.3]
0.961
[6.3]
[1.5]
[4.2]
[0.65]
4.46
0.676
8.05
1.262
1.9
n.a.
<17>H
n.a.
11.76
4.58
0.18
24

4.16

679
NIST

0.128
n.a.
(0.24)
228
106.7
9.05
25.7
55.
n.a.
9.45
<0.7
1.14
189.
82.
[41.]
146.
n.a.
n.a.
0.708
9.68
439.
49.8
103.2
[11.5]

9.12
1.78
[7.4]
1.193
(7.2]
(1.5]
[4.0]
[0.58]
3.68
0.538
442
1.208
L5
n.a.
n.a.
na.
1345
2.70
2.54

1.39



Table A1l (continued). Best values, from instrumental neutron activation analysis

688 692 1633a* 1633b 2704 DR-N DT-N

NIST NIST NIST NIST NIST ANRT ANRT

Na % 1.584 0.0061 0.165 0.195 0.573 220 0.0194
K % <l. <08 19 19 na. na.
Ca % 88 <2. 0.9 17 2.52 5.0 <0.3
Sc  nglg 371 1.621 40.1 11.52 272 2.08
Cr ue/g 329. 224 193. 197. 137. 33.6 251.
Fe % 7.22 59.2 9.38 7.70 4.06 6.70 0.394
Co ugl/g 48.5 13.64 4.1 48.6 13.40 37.2 158
Ni ug/g 159. <80. 130. 114. 44. <80. (14.)
Zn ne/g n.a. n.a. n.a. n.a. 446. n.a. n.a.
As  pglg 23 415 132. 225 32 (0.23)
Se ue/s <l. <2. n.a. 10.2 1.19 <l <0.5
Br nef/g 04 1.61 2.31 2.9 59 1.51 (0.07)
Rb ugl/g 3.6 (21.) 134. 138.7 1034 73.6 4.6
Sr ue/g 175. <100. 835. 1035. 159. 417. 32.
Y ug/g [20.] [9.6] [86.] [89.] [33.1 [28.] [11.2]
Zr ue's 55. (45.) 240. 223. 289H 128. 390.
Ag ug/g n.a. n.a. n.a. 0.7 n.a. n.a. n.a.
Cd ne/g n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Sb uglg  <0.096>H 0.505 6.15 485 3.8h 0.36 0.224
Cs ne/s (0.09) 0.11 1042 10.53 5.82 6.28 0.117
Ba ue/g 167. 56. 1320. 679. 409. 37s. 132.
La ug/g 5.16 13.52 79.1 854 304 21.3 89.7
Ce ng/s 11.97 38.7 168.3 183. 63.4 453 140.4
Pr ug/g [1.7] n.a. [19.3] [21.] [7.2] [5.4] [14.]
Nd ug/g 8.4 10.6 75.7 82. 28.3 22. 50.
Sm  pug/g 240 1.94 16.83 18.6 6.24 5.29 8.36
Eu ug/g 0.982 0.503 3.58 3.93 1.28 1.449 1.436
Gd  pglg [2.85] [1.64] [15.2] [17.] [5.5] [4.9] [4.7]
Tb ug/s 0.503 0.273 2.72 0.92 0.79 0.553
Dy ug/g [3.3] [1.7] [15.3] [16.] [5.7] [4.9] [2.7]
Ho ug/g [0.73] [0.35] [3.21] [3.3] [1.2] [1.0] [0.46]
Er ue/g 2.1 [0.95] [8.45] (8.7 [3.3] [2.8] (1.0}
Tm  uglg [0.31] [0.14] [1.20] {1.2] [0.48] [0.40] 0.12]
Yb ug/g 2.04 0.889 7.50 7.43 3.06 253 0.715
Lu ugl/g 0.306 0.133 1.075 1.050 0.447 0.362 0.120
Hf ue/g 1.547 0.50h 7.29 6.77 7.8h 353 10.9
Ta ug/g 0.268 0.201 1.93 1.83 0.957 0.56 2.65
w ue/s <4. 3.0 4.6 4.5 1.9 132. 108.
Ir ng/g n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Au  nglg <74>H <5. n.a. <55.>H (7.H n.a. 4.1
Hg pne/g n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Th ug/g 0.280 0.711 24.0 244 8.77 4.66 11.86
U pgl/g 0.27 0.85 103 8.85 3.26 1.63 2.29
LOD % 0.14 0.18 0.14 n.a. 0.88 0.38 0.15
n 16 7 6 7 6 5 5
m, g 3.94 2.60 0.48 0.89 0.94 1.09 1.28

* From reference (4), with new data for Tb and LOD; for all abbreviations and codes, see Table 2.

FK-N
ANRT

1.86
10.6

- (0.07)
0.038
0.98H
0.051h
15.8
<10.
n.a.
0.25
<0.2
(0.10)
875.
37.
[0.42]
<10.
n.a.
n.a.
0.344
6.99
199.
0.878
0.92
n.a.

<2.
0.056
0.424
[0.046]
(0.009)
[0.06]
[0.015]
[0.045]
[0.0073]
0.052H
0.0084H
(0.04)H
(0.26)H
135.
n.a.
9.5H
n.a.
(0.14)H
(0.17)H
0.15

5

0.97

0.0111
6.4
0.7

7.86
129.
134
14.6
35.
n.a.
11.1
<0.5
<0.7
241.
(21.)
[12.2]
(34.)
n.a.
n.a.
0.202
3.46
<25.
20.2h
52.5
[6.5]
27.
6.03h
1.23h
[4.6]
0.61h
[3.0]
[0.50]
[1.1]
[0.12]
0.65h
0.087h
1.14
0.178
<1.
n.a.
<1.5
n.a.
3.27
0.80
3.51

0.62

233

GS-N
ANRT

2.76
4.0
1.70
6.86
55.7
251
67.1
31
n.a.
1.64
<0.8
2.5
183.
588.
[18.3]
214.
n.a.
na.
0.63h
5.60
1360.
722
136.
[14.]
47.
7.53
1.543
[4.5]
0.618
[3.5]
[0.69]
[1.8]
[0.24]
1.47
0.211
6.52
2.35
513.
n.a.
7.3H
n.a.
40.3
19
0.32

0.99
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Table Al (continued). Best values, from instrumental neutron activation analysis

Na %
K %
Ca %
Sc uglg
Cr ug/g
Fe %
Co  pg/g
Ni  pg/g
Zn  uglg
As  uglg
Se  pg/g
Br  pg/g
Rb  ugig
Sr uglg
Y ug/g
Zr  pglg
Ag  ug/g
Cd  pglg
Sb pglg
Cs  pgig
Ba  pg/g
La  pgig
Ce  ngig
Pr pglg
Nd  pg/g
Sm  pug/g
Eu  pgig
Gd  pglg
T ug/g
Dy g/
Ho  ug/g
Er  pglg
Tm  pg/g
Yb  uglg
Lu  ug/g
Hf  pg/g
Ta  pg/g
W uglg
Ir ng/g
Au ng/g
Hg  pgig
Th  ug/g
u ne/g
LOD %
n

m, g

UB-N
ANRT

0.095
<0.5
0.9
12.42
2400.
5.71
101.1
2000.
n.a.
11.8
<.
5.0
48
<50.
27
<50.
n.a.
n.a.
0.30H
11.1
26.
0.309
0.73
n.a.
<3.
0.215
0.078
[0.31]
0.060
[0.41]
[0.095]
[0.27]
[0.042]
0.289
0.0445
0.120
<0.08
17.H
(3.4)H
16
n.a.
(0.06)
(0.06)
1.56
6

1.09

BR

CRPG

2.25
n.a.
10.0
224
366.
8.94
58.7
266.
n.a.
2.2
<l.
(0.24)
49,
1380.
[29.]
249.
n.a.
n.a.
0.119
0.80
1056.
82.3
150.
[17.]
64.
12.04
3.60
[9.0]
1.26
[6.5]
[1.2]
[2.6]
[0.32]
1.77
0.241
5.86
5.63
(1.4)
n.a.
n.a.
n.a.
10.19
2.5
0.59
5

1.37

GA
CRPG

2.60
34
1.75
7.08
73
1.885
4.71
<30.
n.a.
16
<0.5
1.9
169.
312.
[21.]
152.
n.a.
n.a.
0.124
6.29
816.
40.3
78.
[7.9]
217.
5.18
1.033
[3.71
0.60
[3.7]
[0.79]
2.1]
[0.31]
2.05
0.304
4.5h
1.26
19
<l.
<3.
n.a.
16.5h
5.5H
0.14
6

1.33

GH
CRPG

2.85
4.1
0.55
0.725
1.6
0.904
0.210
<15.
71.
(0.34)
<0.7
<0.3
381.
11.
[83.]
142.
n.a.
n.a.
0.052
2.65
19.
25.0
63.
[7.4]
29.
9.12
0.114
{11}
198
[13.]
[3.0]
[8.5]
[1.3]
8.35
1.176
6.9
4.4h
(1.5)
<l1.
<15
n.a.
80.
18.6
0.07
5

1.18

Mica-Fe

1€:9)
CRPG

0.186
7.3
<.

14.5
86.2
18.0
249
(31.)

1330.
2.8
<4.
2.

2240.

<100.

[53.1
830.
n.a.
n.a.
<0.2
167.
134.
200.h
430h
[47.]
170.
34h
-0.64h
[21.]
2.5h
[12.]1
2.2
[4.8]
[0.59]
3.3H
0.53H
273
319
8.8H
n.a.
<5.
n.a.
160h
90H
0.04
4

043

Mica-Fe

P
CRPG

0.180
7.2
<2.

14.39

86.2
179
255
(33.)

1320.
3.1
<4.
<.

2210.

<100.

[52.]
850.
n.a.
n.a.
<0.3
170.
132.
200.5
439.
[47.]
172.
348
0.65
[21.]
249
[12.]
(2.1]
4.7
[0.57]
3.30
0.52
274
315
16 H
n.a.
<10.
n.a.
162.
90.
0.71
5

0.53

Mica-Mg
(®)
CRPG

0.113
8.8
<0.2
1.005
96.2
6.66
28.1
121.
302.
<0.5
<l.
<0.3
1340.
<80.
n.a.
(17.)
n.a.
n.a.
0.03
50.5
4120.
(0.03)
<0.3
n.a.
<.
<0.02
(0.014)
n.a.
<0.02
n.a.
n.a.
n.a.
n.a.
<0.05
<0.01
0.28
4.25
2.
n.a.
<1.5
n.a.
<0.06
(0.13)
n.a.

4

0.19

Mica-Mg

)
CRPG

0.113
87
<0.15
1.004
94.1
6.51
27.7
116.
298.
<0.5
<l.
(0.13)
1320.
4.
n.a.
(11.)
n.a.
n.a.
0.26H
49.5
4040.
0.30H
(0.43)H
n.a.
<4.
0.015
0.015
n.a.
<0.03
n.a.
n.a.
n.a.
n.a.
(0.018)
(0.008)
0.27
4.20
2.1
n.a.
(2.8)
n.a.
0.077
(0.15)
0.53
4

0.77

* Values in boxes from reference (4), with updates for Na and Ca; for all abbreviations and codes, see Table 2.

AC-E

AN-G*

‘GIT-IWG GIT-IWG

4.89
n.a.
<1.0
0.100
.
1.728
(0.11)H
<20.
242,
2.38
<l1.
0.54
149.
<30.
[190.]
780.
n.a.
n.a.
0.38
2.81
52.
59.8
158.2
[21.]
91.
25.0
1.92
[28.]
4.82
[31.]
[6.9]
[19.]
[2.8]
17.7
241
28.7
6.24
<4.
n.a.
n.a.
n.a.

17.7 .

4.7h
0.16
9

1.74

(0.16)
9.95
474
229
2438
349

(0.014)
0.13
130

19.90



Table Al (continued). Best values, from instrumental neutron activation analysis

BE-N MA-N PM-S WS-E JA-1 JA-2 JA-3 JB-1a

GIT- IWG GIT-IWG GIT-IWG GIT-IWG GSJ GSJ GSJ GSJ

Na % 236 438 1.549 1.843 2.87 2.35 2.36 2.03
K % n.a. (2.7) <L5 (0.7) (0.4) 14 (14) (1.0)
Ca % 10.1 0.5 9.1 6.6 4.1 45 4.5 6.8
Sc ug/g 223 0.191 34.0 279 28.0 17.85 20.1 274
Cr ug/g 365. <S. 327. 99.2 5.4 421. 66.5 419.
Fe % 8.94 0.316 7.12 9.24 4.82 428 4.52 6.21
Co ug/g 624 0.46h 50.5 45.6 10.78 279 20.2 376
Ni 10.774 281. <150. 121. 54. <40 135. (29.) 145.
Zn ug/g na. 218. n.a. n.a. n.a. na. n.a. n.a.
As Hglg 17 (17.8 <l. 0.80 2.7 09 44 2.1
Se ne/s <l.5 n.a. (04) <l. <0.5 <05 <l. <l.
Br ug/g <l (1.2) <0.8 <1.2 <0.5 <0.5 L5 (0.39)
Rb ng/g 50. 3560. (3.) 27. 1.7 72. 36. 39.
Sr ng/g 1430. (90.) 281. 410. 266. 258. 289. 459.
Y uglg [29.1 n.a. (1.7 [33.]1 [29.1 [17.6} [20.] [23.]
Zr nelg 260. <200. (34.) 193. 79. 112. 111. 129.
Ag ue/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Cd He/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Sb pe/g 0.26H .72 - <0.08 0.070 0.201 0.131 0.248 0.24
Cs uglg 0.74 590. 0.34 045 0.615 4.99 2.09 1.23
Ba ug/g 1006. (49.) - 146. 332. 294. 311 305. 488.
La [I:77:4 82.7 <0.7 2.61 26.8 495 15.9 9.25 371
Ce ng/g 151. <. 6.80 59.6 131 335 213 65.1
Pr ug/g [17.] n.a. [1.0] [7.51 [2.0] 13.6] [2.8] [6.8]
Nd ug/g 65. <15. 5.2 32. 10. 13. 12.2 25.
Sm ug/g 12.17 <0.5 1.80 8.86 343 3.12 3.09 5.06
Eu  pg/g 3.63 (0.05) 1.063 221 1.097 0.887 0.771 1.46
Gd  puglg 9.0} n.a. [2.1] 7.1 [4.3] [2.8] [3.0] [4.2]
Tb ug/g 1.26 <0.15 0.349 1.10 0.73 0.478 0.52 0.70
Dy ug/g [6.5] n.a. [2.1] [6.3] [4.7} [3.0] [3.3] [4.2]
Ho ug/g [1.2] . na [0.44] [1.2] [1.1] [0.64} [0.73] [0.87]
Er ue/g [2.6] n.a. [1.1] [3.1] [2.9] [1.8] [2.0] [2.3]
Tm  ug/g [0.32] n.a. [0.16] [0.42] [0.44] [0.26] [0.30] [0.32]
Yb ug/s 1.76 <0.5 0.989 249 2.90 1.65 1.96 2.04
Lu ng/s 0.239 <0.2 0.143 0.345 0.433 0.242 0.292 0.296
Hf ug/g 5.85 4.6H 1.11 531 2.55 3.02 3.26 3.56
Ta une/g 5.62 292. 0.166 1.09 (0.10)H 0.64 0.237 1.66
w ug/g (33.)H 74. <2. <5. <2. 1.2 13 (2.0)
Ir ng/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Au ng/g n.a. <10. <3. <5. n.a. n.a. n.a. n.a.
Hg pg/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Th nglg 10.23 1.6H 0.038 2.88 0.70 4.80 3.08 8.72
8] ue/g 2.4h 12.9h <0.25 0.63 0.32 2.30 0.95 L7h
LOD % 0.63 0.23 0.13 0.76 0.37 1.05 0.23 0.97
n 5 6 5 5 4 4 4 4
m, g 1.31 0.79 0.47 0.44 0.80 0.92 0.93 111

" For all abbreviations and codes, see Table 2.

JB-2
GSJ

1.52
<l.
7.3

544

255

10.02
371
<100.
n.a.
3.0
<l.
(0.6)
(8.)
185.
[24.]
<120.
n.a.
n.a.

0.21

0.79

217.

2.22
6.3

[1.1]

(6.0)

2.26

0.818

3.0

0.55

[3.7]

[0.84]
[2.4]
[0.37]
2.48
0.379
1.52
(0.03)
(1)
n.a.
n.a.
n.a.
0.20
(0.14)
0.13
4

1.02

235
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Table Al (continued). Best values, from instrumental neutron activation analysis

JF-1 JF-2 JG-1a JG-2 JG-3 JGb-1 = - JP-1 JR-1 JR-2

GSJ GSJ GSJ GSJ GSJ] GSJ GSJ GSJ GSJ
Na % 241 1.79 254 2.62 3.00 0.924 0.0156 2.94 2.95
K % 84 104 34 3.6 22 <0.5 <03 (3.3) 36
Ca % 0.63 (0.07) 1.52 0.49 2.6 8.7 041 046 0.34
Sc uel/g 0.204 0.067 6.02 2.16 8.45 34.7 7.03 5.06 5.23
Cr ue/s 331 (1.1H 17.0h (3.)H 20.8 60.h 3010. 0.97 1.9
Fe % 0.051 0.034 1.377 0.639 2.54 10.65 5.73 0.600 0.511
Co ug/g  0.056h 0.549 5.20 4.09 10.97 61.1 7.03 0.559 0.125
Ni ng/g <5. <5. <25. <15. (13.) <70. 2510. <20. <20.
Zn ug/g n.a. na. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
As [18:774 (0.9H 0.37 (0.36) 0.86 (0.49) (1.3)H (0.5H 15.1 18.2
Se ug/g <02 <0.1 <05 <0.5 <0.5 (0.5) <l. <0.5 <0.5
Br ° pg/g (0.06) (0.10) <03 <03 (0.22) <0.7 (0.25) 2.1 1.7
Rb ug/g 263. 216. 178. 294, 67. (8.) <5. 250. 299.
Sr ne/g 164. 190. 184. (18.) 367. 348. <20. 31. (6.)
Y ug/g [2.9] [0.33] [31] [81.] [16.8] [9.8] na. [42.] [47.)
U ug/g 41H 4.) 118. 89. 149. (35.) <50. 90. 82.
Ag ug/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Cd He/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Sb ue/g 0.049 0.023 0.045 0.046 0.038 (0.05) (0.035) 1.08 1.35
Cs ng/g 2.08 1.08 11.1 6.97 1.90 0.21 (0.05) 199 251
Ba ug/g 1760. 290. 470. 58. 449. 62. (11.) 47. 28.
La ug/'s 2.53 0.512 215 19.4h 204 345 0.026 194 14.92
Ce ug/s 4.12 0.49 46.3 49.h 41.2 8.15 <L 470 . 37.8
Pr ug/s [0.43] [0.07] [5.11 [6.0] [4.5] [11] n.a. [5.6] [4.5]
Nd ug/g 1.65 (0.34) 194 25. 16.5 (5.) <3. 22.6 17.8
Sm  pug/g 0.38h 0.076 455 8.1h 3.33 1.44 0.0076 5.89 5.47
Eu pne/g 0.755 0.581 0.679 0.088 0.822 0.611 <0.02 0.271 0.100
Gd [19:77:4 [0.41] [0.064] [4.3] [10.] [2.7] [1.6] n.a. [5.7] [5.8]
Tb ug/g  0.072h 0.0088 0.77 1.87 0.444 0.26 <0.04 0.98 1.04
Dy [11:77 [0.46]) [0.054] [5.0] [13.] [2.8] [1.7] n.a. (6.5} [7.1]
Ho pe/g [0.10] [0.012]} [1.1} [2.9] [0.61] [0.36] n.a. [1.5} [1.7]
Er ne/g [0.29] [0.033] 3.1 [8.3] [1.7] (1.0] n.a. [4.4] [4.9]
Tm ug/g  [0.045] [0.0049] [0.46] [1.3] [0.25] [0.14] n.a. [0.68] [0.77}
Yb ue/g 0.31h 0.033 3.1h 8.5 1.69 0.90 (0.025) 4.63 532
Lu ue/g 0.048 0.0049 0.45h 1.24 0.261 0.129 (0.005) 0.70 0.805
Hf ug/s 124 0.123h 4.03h 5.2h 4.18 0.84 013 4.90 5.35
Ta ng/g 0.059 0.029 1.65 2.25h 0.59H 0.13 <0.08 1.63 2.06
A\ [19:774 0.3) 33 13.6h 29.6 14H 33 0.9 22 24
Ir ng/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Au ng/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Hg ue/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Th ug/g 1.16 (0.28)H 12.5h 31h 7.8h 0.45H <02 255 30.5
U pne/g 0.38H (0.07) 4.6h 11.2h 2.44 (0.09) <0.2 9.1 114
LOD % 0.07 0.14 0.18 0.12 0.18 0.17 0.60 0.38 0.39
n 4 4 5 4 5 4 4 5 5
m, g 0.79 0.77 0.94 0.95 1 1.01 1.13 1.08 1.03

For all abbreviations and codes, see Table 2.

SY4
CCRMP

537
(1.3)
5.6
0.897
9.jh
4.30
2.28
<30.
105.
<1.0
<0.5
221.
54.1
1190.
[136.]
570.h
<0.5
n.a.
(0.011)
1.59
331.
585
125.
f14.]

- 57.
13.32
1.96
[14.]
2.76
[19.]
[4.7]
[14.]
[2.2]
153
2.10
11.1h
0.786
<3.
<.
<4.
n.a.
1.18h
0.67H
0.15
5

0.53
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Table Al (continued). Best values, from instrumental neutron activation analysis

SARM1 SARM2 SARM3 SARM4 SARMS5 SARM6 SARM7 SARM39 SARM40 SARM4l

NIM-G NIM-S NIM-L NIM-N NIM-P NIM-D S7 (S8) (S9)
SABS SABS SABS SABS SABS SABS SABS SABS SABS SABS
Na % 248 0.305 6.39 1.84 0260  0.006!1 0.554 0.442 0.038h 0.774
K % n.a. n.a. n.a. <l. <0.7 <0.2 (0.12) (0.9) <0.1 1.1
Ca % 0.54 0.45 2.1 8.17 2.0 (0.22) 4.17 6.9 355 1.03
Sc ugl/g 0451 3.78 0.186 39.8 284 4.74 25.6 13.44 8.78 13.19
Cr ng/g 11.44 12.5 9.0h 31h 25200. 2990. 6350. 1360. <55.>H 122.
Fe % 1.350 0.958 6.92 6.26 8.95 11.96 8.47 6.46 191 285
Co ueg/g 0.29h 2.87 2.29 59.1 110.5 213. 113.H) 70.6 15.0 12.15
Ni ng/g <20. <20. <50. 122. 568. 2010. 2330. 973. <50. 117.
Zn ne/g 60. n.a. 424. na. n.a. n.a. n.a. n.a. n.a. na.
As nel/g 17.34 0.26 1.7 <l. <2. 0.55 2.08 5.7 35 26.7
Se ne/g <0.7 <03 <0.5 <. <4. <2. 24 <15 <0.5 2.66
Br ng/g 045 0.28 0.9 <l <l. 0.19 0.39 25 0.86 0.40
Rb ue/g 321. 528. 197. 4.9 (5.) (4.) 7.9 51. (1.3) 56.3
Sr ne/g <30. 62. 4770. 269. <200. <100. 174. 1510. 1650. 58.
Y ug/g [129.] [1.4] [22.] [6.5] [3.6] n.a. [6.0] [16.1] 33.] [16.3]
Zr ug/sg 276. 15. 11300: <80. <100. <50. <100. 240. 97.H 135.
Ag ue/g n.a. <l n.a. <2. n.a. n.a. n.a. n.a. n.a. n.a.
Cd une/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Sb ug/g 0.792 (0.05)H (0.11)H 0.060 0.069 0.044 15H 0.42 0.175 1.22
Cs ug/g 0.868 6.47 2.62 024 0.16 0.090 0.25 354 0.081 2.90
Ba ug/g 112. 2530. 409. 84. 36. <20. 65. 1640. 447. 712.
La ugl/g 111.7 4.95 227. 2.84 1.90 0.091 3.12 88.6 70.1 333
Ce pg/g 207. 11.7 292. 5.61 32 <L 6.6 185. 151. 63.1
Pr ug/g [20.] [1.5] [20.]1 [0.71] n.a. n.a. [0.80] (21.] [17.] [6.6]
Nd pg/g 70. 6.6 48. (3.2) <10. <3. (3.3) 78. 68. 24.
Sm pg/g 15.08 1.287 447 0.836 043 0.013 0.715 12.0 11.81 441
Eu ug/g 0.326 - 0.259 1.079 0.588 0.127 <0.03 0.221 3.03 3.32 0.689
Gd pglg [15.] [0.75] [2.6] [0.94] [0.49] n.a. [0.8] [7.2] [8.4] [3.0]
Tb ug/g 2.78 0.088 0.45 0.164 0.087 <0.04 0.144 0.84 1.21 0475
Dy ug/g [19.] [0.39] [3.1] [1.1] [0.57] n.a. [0.95} 4.0 [6.7] [2.8]
Ho  pg/g [4.5] [0.059]1 [0.74] [0.24] [0.18} n.a. [0.21} [0.67] [1.3] [0.60]
Er ne/g [13.] [0.12] [2.3] [0.66] [0.36] " na [0.61} [1.4] [3.1] (1.6}
Tm  uglg [2.1] [0.013] [0.38] [{0.099] [0.056]) n.a. [0.093] [0.16] [0.42] [0.23]
Yb ng/g 14.3 0.067 2.83 0.656 0.39 0.046 0.635 0.86 247 1.50
Lu ng/g 2.05 0.0114 047 0.101 0.067 0.0104 0.100 0.119h 0.352 0.227
Hf ug/g 12.85 0.466 234. 0.36 0.30 0.065 0.578 58 L7h 395
Ta ng/g 4.50 0.036 220 0.064 <0.15 <0.1 0.094 744 0.60h 0.83h
w ng/g <3. <l. 8. <2. <3. <1. <2 (1.3) <. Q. -
Ir ng/g <l. n.a. <2. n.a. n.a. <3. <70.5H <4, <3. n.a.
Au ng/g <4. <. <10. <3. <8. <5.  <I50>H 10.H <5. (3.3H
Hg pe/g n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a n.a.
Th ugl/g 49.2 0.691 61.2 0.34 0.18) <0.1 0.73H 9.1 5.18 11.8
8) ng/g 18.0 0.41 18.3 (0.40)H 0.21) 0.17 0.2/H 2.35h (0.13) 2.08
LOD % 0.13 0.12 0.26 0.10 0.10 0.10 0.20 0.80 0.49 3.07
n 6 5 5 6 6 7 9 5 5 6
m, g 1.39 1.02 0.70 1.20 0.67 1.45 1.03 1.19 1.10 1.14

For all abbreviations and codes, see Table 2.
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Table Al (continued). Best values, from instrumental neutron activation analysis

SARM 42 SARM43 SARM44 SARM45 SARM46 SARM47 SARM48 SARM49 SARMS0 SARM 51

(S10) (S11) (S12) (S13) (S14) (S15) (S16) (S17) (S18) (S19)

SABS SABS SABS SABS SABS SABS SABS SABS SABS SABS
Na % 0.109 0.0096 0.041 0.569 (0.13) 0.0034 2.37 0.00590 1.73 0.049
K % (0.37) <0.01 <l. 2.6 n.a. <0.2 (3.8 0.012 <2. n.a.
Ca % 0.64 0.529 <l. (0.8) n.a. <0.2 6.1 0.008 8.0 (0.6)
Sc pg/s 1081 0301 13.13 40.2 143 591 2.32 0.0226 375 195
Cr uglg  4450. 171.h 402. 249 559. 2030. 23H 0.75h 351. 475.
Fe % 321 0.159 1.386 8.85 19.8 2.84 0.406 0.00208h 1.77 125
Co ug/g 30.8 3.78 4.36 378 56.1 717 0.507 0.0169h 454 59.2
Ni ugl/s 139. 309. <40. 73 127. 2170. <30. (0.5) 94. 183.
Zn  uglg n.a. 36 n.a. n.a. 6560. n.a. n.a. 2.2h n.a. 2210.
As ug/g  1.55h 0.13H (1.2H 36.H 890.h 2,04 7.7 0.068 (0.9) 97.
Se  pug/g <l. <0.2 <l. <15 na. . <l. <0.05 21. (1.1)
Br [1.77 59 0.32 <l. <l. 6.9 2.1 (0.7) 0.73h <l. 154
Rb pg/g 221 <04 115 144. 27. <5. 281. 0.92 14.8 41.
Sr [17.77 42. <5. <50. 101. n.a. <70. (30.) 2.6 206. na.
Y neg/g  [12.2] [0.22] [80.] [76.] [14.4] [0.77] [360.] [0.071] [25.] [20.]
Zr ngl/g 205. <5. 400. 317. (110.) <50. 303. (0.4) 77. (134.)
Ag 11774 n.a. n.a. n.a. n.a. 55. <l. (0.33) n.a. na. 26.
Cd He/g n.a. n.a. n.a. n.a. 74. n.a. na. n.a. n.a. 40.
Sb pug/lg 0247 0.44h 0.55 0.40h 1180. 1.744 1.78 0.0538 0.33 196.
Cs ug/g 1.16 0.022 0.819 6.23 1.97 <0.1 1.74 0.0474 0.25 3.66
Ba ug/g 198. 4.0 38. 791. 172. 73. 31s. 175 203. 262.
La ug/g 1357 (0.12)H 110.9 61.7 <19.5H 1.68H 639. 0.115h 15.0 20.8
Ce uglg 284 (0.27)H 228. 129. <66.>H 3.z 1140. 0.235h 32.0 53.
Pr ne/g [3.0] n.a. [25.] [15.] n.a. [0.39] [99.] [0.027] [3.9] n.a.
Nd pg/g 10.7 <0.5 90. 58. <325H (1.3) 288. (0.10) 16. 22.
Sm pg/g 220 (0.028)H 17.6 11.8 <3.4>H 0.146h 49 0.0187h 3.86 3.97
Eu ug/g 0528 0.0042 2.75 2.23 0.74 0.032 0.397 0.0032 1.031 0.90
Gd - uglg [1.8] (0.029)H [12.} 9.3} (3.0 [0.12] [39.] [0.013] [3.9] [3.2]
Tb ug/g 031 (0.0052)H 2.05 - L70 0.50 0.020) 7.19 0.0020 0.673 0.55
Dy ue/g [2.0] (0.034] [13.] (113 [2.8] [0.13] (50.1 [0.012] [4.2] [3.4]
Ho ug/lg [044] [0.0077] [2.9] 2.7 [0.55] [0.028] [12]] [0.0026] [0.91] [0.73]
Er He/g [1.2] [0.022] [8.1] [7.8] [1.4] [0.078] [38.] [0.0070] [2.5] [2.0]
Tm He/g  [0.19] [0.0034] [1.2] [1.2] [0.18] [0.012] [6.2] [0.0010] [0.36] [0.29]
Yb ue/g 1.25 0.0230 8.1 8.59 L1 0.084H 4.0 0.0065 234 1.80
Lu pg/g 0.192 0.0038 1.22 1.30 0166  0.015H 6.40 0.00091 0.348 0271
Hf ug/g 527 <0.010>H 121 9.6 2.54 (0.023) 15.0 0.0084 234 3.48
Ta pug/g 0398  (0.0026) 5.36 1.55 0.30 <0.05 6.55 0.0060 0.338 0.68h
w ug/g (0.6) (0.04) 624 (1.7) <20. <l. <10. <0.1 <3. 49.
Ir ng/g (11.) <0.5 n.a. n.a. 19. (4.)H <3. <l.5 n.a. n.a.
Au  ng/g 6.2 0.44 n.a. (3.) <lI6>H <6.>H <25>H <i3>H  <235H 26.H
Hg ue/g n.a. n.a. n.a. n.a. 7.3 n.a. n.a. n.a. n.a. 1.2
Th ug/g 4.4h  <0.065H 49.1 19.8 <10.>H 0.7H 113. 0.040H 454 8.3h
U uglg 117 0.020 17.2h 3.32 (1.4) (0.09) 26.8 0.013 0.38 1.93
LOD % 2.24 0.17 0.14 0.22 2.08 1.19 0.16 0.21 0.22 57
n 5 6 5 5 5 6 5 5 6 4
m, g 1.05 1.13 1.17 1.06 0.77 0.98 0.68 0.90 1.40 0.57

For all abbreviations and codes, see Table 2.




Table Al (continued). Best values, from instrumental

neutron activation analysis

SARM 52 BIL-1

(520)
SABS IGI
Na % 0.046 1.4
K % n.a. 1.8
Ca % (0.39) 1.33
Sc ng/g 20.5 125
Cr [19:773 1240. 70.3
Fe % 138 4.69
Co ng/g 80.1 164
Ni ue'g 223. 48.
Zn ug/g n.a. n.a.
As pne/g 325 16.2
Se ng/s (08) (1L.OH
Br ng/g 3.1 11.0
Rb ng/g 27. 944
Sr ng/g <100. 265.
Y ng/g [20] 29.1
Zr ug/g 288. 135.
Ag ng/g 3.0 n.a.
Cd ng/g <10. n.a.
Sb ug/g 41. 0.692
Cs ug/g 2.12 5.89
Ba ne/g 316. 692.
La ug/g 15.8 424
Ce ne/g 144. 80.7
Pr ug/g n.a. [9.0]
Nd ung/g 14. 35.
Sm ne/g 3.17 6.98
Eu ug/g 0.717 131
Gd . nglg [2.8] [5.4]
Tb neg/g 0.50 0.85
Dy ng/e (3.2] i5.1]
Ho ug/g [0.73] [1.1]
Er [19:774 [2.1] [2.8]
Tm neg/g [0.32] [0.41]
Yb uneg/g 2.14 2.63
Lu ug/g 0.32 0.399
Hf ug/g 7.7 391
Ta ug/s 0.82 0.754
w ue/g <5. 3.5
Ir ng/g (3.) n.a.
Au nglg  <300>H (2.8)
Hg ug/g (0.42) n.a.
Th ue's 9.1 13.3
U ug/g 2.9h 12.3
LOD % 1.73 32
n 4 4
m, g 091 0.66

For all abbreviations and codes, see Table 2.

ZUK-1
IGI

0.148
04
14.5
105
48.1
4.31
13.2
48.
n.a.
79
0.77
1.81
15.2
3520.
[23.]
98.
na.
‘na.
0.680
0.92
2610.
194
389
[4.5]
179
381
0.812
[3.5]
0.605
[3.8]
[0.85]
[2.4]
[0.35]
233
0.353
2.60
0.40
(0.8)
na.
(34
n.a.
5.64
3.52
3.7

0.53
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Figure Al. Chondrite-normalized concentrations of REEs (rare earth elements) in geostandards. Historically, “chondrite-
normalized” concentrations have been based on averages or composites of data for ordinary chondrites (20, 21, 30). However,
the most precise set of REE concentrations in meteorites is that of the compilation of Anders and Grevesse (31) for C1
chondrites. C1 (carbonaceous) and ordinary chondrites have similar relative concentrations of REEs, but absolute concentrations
are greater in ordinary chondrites because they are depleted in volatile elements compared to C1 chondrites. Thus for this plot,
REE concentrations of the geostandards are divided by the factorfC,,, where C,, is the concentration “Mean C1 Chondr.” from
Table 1 of Anders and Grevesse (31) and f= 1.36. The factor f yields concentrations of all REE similar in absolute magnitude
to those of the ordinary chondrites of Haskin et al. (20, 21) and Nakamura (30), but the resulting values are more precise (i.e.,
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Figure A1 (continued). Chondrite-normalized concentrations of REEs (rare earth elements) in geostandards. Historically,
“chondrite-normalized” concentrations have been based on averages or composites of data for ordinary chondrites (20, 21, 30).
However, the most precise set of REE concentrations in meteorites is that of the compilation of Anders and Grevesse (31) for
C1 chondrites. C1 (carbonaceous) and ordinary chondrites have similar relative concentrations of REEs, but absolute
concentrations are greater in ordinary chondrites because they are depleted in volatile elements compared to C1 chondrites.
Thus for this plot, REE concentrations of the geostandards are divided by the factor fC,,, where C,, is the coricentration “Mean
C1 Chondr.” from Table 1 of Anders and Grevesse (31) and f= 1.36. The factor fyields concentrations of all REE similar in
absolute magnitude to those of the ordinary chondrites of Haskin et al. (20, 21) and Nakamura (30), but the resulting values
are more precise (i.e., they generate smoother patteins)
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Figure A1 (continued). Chondrite-normalized concentrations of REEs (rare earth elements) in geostandards. Historically,
“chondrite-normalized” concentrations have been based on averages or composites of data for ordinary chondrites (20, 21, 30).
However, the most precise set of REE concentrations in meteorites is that of the compilation of Anders and Grevesse (31) for
C1 chondrites. C1 (carbonaceous) and ordinary chondrites have similar relative concentrations of REEs, but absolute
concentrations are greater in ordinary chondrites because they are depleted in volatile elements compared to C1 chondrites.
Thus for this plot, REE concentrations of the geostandards are divided by the factor fC ., where C, is the concentration “Mean
C1 Chondr.” from Table 1 of Anders and Grevesse (31) and f= 1.36. The factor fyields concentrations of all REE similar in
absolute magnitude to those of the ordinary chondrites of Haskin et al. (20, 21) and Nakamura (30), but the resulting values
are more precise (i.e., they generate smoother patterns)
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Figure A1 (continued). Chondrite-normalized concentrations of REEs (rare earth elements) in geostandards. Historically,
“chondrite-normalized” concentrations have been based on averages or composites of data for ordinary chondrites (20, 21, 30).

However, the most precise set of REE concentrations in meteorites is that of the compilation of Anders and Grevesse (31) for
C1 chondrites. C1 (carbonaceous) and ordinary chondrites have similar relative concentrations of REEs, but absolute
concentrations are greater in ordinary chondrites because they are depleted in volatile elements compared to C1 chondrites.
Thus for this plot, REE concentrations of the geostandards are divided by the factor fC_;, where C_, is the coricentration “Mean
C1 Chondr.” from Table 1 of Anders and Grevesse (31) and f= 1.36. The factor f yields concentrations of all REE similar in
absolute magnitude to those of the ordinary chondrites of Haskin et al. (20, 21) and Nakamura (30), but the resulting values
are more precise (i.e., they generate smoother patterns)
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Figure Al (continued). Chondrite-normalized concentrations of REEs (rare earth elements) in geostandards. Historically,
“chondrite-normalized” concentrations have been based on averages or composites of data for ordinary chondrites (20, 21, 30).
However, the most precise set of REE concentrations in meteorites is that of the compilation of Anders and Grevesse (31) for
C1 chondrites. C1 (carbonaceous) and ordinary chondrites have similar relative concentrations of REEs, but absolute
concentrations are greater in ordinary chondrites because they are depleted in volatile elements compared to C1 chondrites.
Thus for this plot, REE concentrations of the geostandards are divided by the factor fC, |, where C_, is the concentration “Mean
C1 Chondr.” from Table 1 of Anders and Grevesse (31) and f= 1.36. The factor fyields concentrations of all REE similar in
absolute magnitude to those of the ordinary chondrites of Haskin et al. (20, 21) and Nakamura (30), but the resulting values
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Figure A1 (continued). Chondrite-normalized concentrations of REEs (rare earth elements) in geostandards. Historically,
“chondrite-normalized” concentrations have been based on averages or composites of data for ordinary chondrites (20, 21, 30).
However, the most precise set of REE concentrations in meteorites is that of the compilation of Anders and Grevesse (31) for
C1 chondrites. C1 (carbonaceous) and ordinary chondrites have similar relative concentrations of REEs, but absolute
concentrations are greater in ordinary chondrites because they are depleted in volatile elements compared to C1 chondrites.
Thus for this plot, REE concentrations of the geostandards, are divided by the factor fC |, where C, is the concentration “Mean
C1 Chondr.” from Table 1 of Anders and Grevesse (31" and f= 1.36. The factor fyields concentrations of all REE similar in
absolute magnitude to those of the ordinary chondrites of Haskin et al. (20, 21) and Nakamura (30), but the resulting values
are more precise (i.e., they generate smoother patterr:s)
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