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Abstract

High precision trace element data are reported for representative samples of the upper continental crust: 11 loess samples
and 22 shale samples (PAAS) previously used by Taylor and McLennan to define the rare earth element (REE) content of
the upper crust. Our results confirm the REE concentrations of Taylor and McLennan’s [Taylor, S.R., McLennan, SM.,
1985. The continental crust: its composition and evolution. Blackwell, Oxford, 312 pp.] estimate of the upper continental
crust but suggest substantial revisions for Nb and Ta, in agreement with recent work of Plank and Langmuir [Plank, T.,
Langmuir, C.H., 1998. The chemical composition of subducting sediment and its consequences for the crust and mantle.
Chem. Geol. 145, 325-394.]. From our data, the upper continental crust has average Nb = 11.5 + 2.6 ppm (instead of 25
ppm) and Ta=0.92 + 0.12 ppm (instead of 2.2 ppm), which trandates into a bulk crust Nb =8 ppm, Ta= 0.7 ppm,
La/Nb= 2.2, and Nb/Ta= 12-13. These revisions confirm the crustal subchondritic Nb/Ta and superchondritic La/Nb
ratios and reinforce the observation that the continental crust and the Depleted Mantle are not strictly complementary: an
additional Nb- and Ta-rich reservoir having superchondritic Nb/Ta is required to balance the Silicate Earth. Using the
continental crust’s La/Nb ratio to estimate the proportions of crustal growth in convergent margin and intraplate settings,
we suggest a plume contribution of only between 5 and 20% to the continents, even lower than previous estimates. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

The refractory lithophile elements Nb, Ta, and
rare earth elements (REE) are assumed to be in
chondritic proportions in the Silicate Earth. Nb and
Taare identical in charge and nearly identical in size
and hence show strongly coherent geochemical be-
havior. For these reasons, fractionation of Nb and Ta
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from REE has provided crucial constraints on
crust—mantle differentiation and crustal growth pro-
cesses (Hofmann et al., 1986; Rudnick, 1995).
Although the continental crust comprises only a
small fraction of the mass of the earth, a significant
portion of the Earth’s incompatible trace elements
resides in the continents. Therefore, defining the
crust’s composition is crucial for understanding mass
balance of these elements in the Earth. Specifically,
it is well established that the continental crust is
depleted in Nb and Ta relative to other highly in-
compatible elements such as La. Likewise, average
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MORB is depleted in Nb and Ta relative to La and
one can therefore assume that the Depleted Mantle
(i.e., MORB source) shows a similar depletion, given
that Nb and Ta are more incompatible than La
during MORB genesis (Hofmann, 1988; Sun and
McDonough, 1989). The superchondritic La/Nb val-
ues for the continental crust (1.3—-2.2, Rudnick and
Fountain, 1995; and references therein) and for aver-
age MORB (1.1-1.3, Hofmann, 1988; Sun and Mc-
Donough, 1989) demonstrate that these are not com-
plementary silicate reservoirs (Sun and McDonough,
1989; McDonough, 1991). Although the continental
lithospheric mantle has subchondritic La/Nb, its low
La and Nb concentrations imply that the continental
lithospheric mantle is not an important Nb-bearing
reservoir within the Earth (McDonough, 1991). Thus,
other Nb- and Ta-rich reservoirs are needed to bal-
ance the Silicate Earth.

It is also debated whether Nb and Ta are fraction-
ated from each other during crust—mantle differentia
tion. The primitive mantle has a chondritic Nb/Ta
ratio of 17.4 + 0.5, and the Depleted Mantle a sub-
chondritic ratio of 15.5+ 1 (Jochum et al., 1997).
The crustal Nb/Ta values of about 11-12 (Taylor
and McLennan, 1985; Rudnick and Fountain, 1995)
are less well established due to the lack of high-qual-
ity data for Nb and Ta on representative crustal
samples.

Finally, determining the concentrations of high-
field strength elements (HFSE) in the continental
crust can be important for establishing the style of
crustal growth. The depletion of Nb relative to light
REE, as seen in the crugt, is indicative of crustal
growth at convergent margins rather than intraplate
settings, but determining the proportions of these two
end members is critically dependent on defining the
La/Nb ratio of the crust.

Because Nb, Ta and REE are concentrated in the
upper continental crust (UCC) relative to the lower
crust, determining its composition is critical for un-
derstanding the bulk crust composition. Fortunately,
the upper crust is accessible to large-scale sampling
through the processes of sedimentation. Previous
studies have demonstrated that the average composi-
tion of UCC can be obtained for elements that are
insoluble in water from aeolian deposits as well as
from fine-grained clastic sediments (Nance and Tay-
lor, 1976; Taylor et al., 1983; Gallet et al., 1998).

2. Samples of the upper continental crust

To address the question of Nb and Ta abundances
in the continental crust we have undertaken precise
trace element measurements on a fundamental suite
of representative samples that were previoudy ana-
lyzed by Taylor and colleagues to estimate the REE
content of the UCC. The suite consists of 11 loess
samples from Banks Peninsula, New Zealand, Kansas
and lowa, USA, and Kaiserstuhl, Germany (Taylor
et a., 1983) and 22 shales (post-Archean average
Austrdian shale (PAAS), Nance and Taylor, 1976;
McLennan, 1989).

Because loess is an aeolian deposit, derived from
glacia outwash and from desert environments (e.g.,
Smalley and Vita-Finzi, 1968; Flint, 1971), weather-
ing has a relatively small effect on its chemistry.
However, major element systematics imply that loess
deposits have experienced at least one cycle of
aquatic sedimentary differentiation processes (Gallet
et al., 1998). The very nature of the aeolian transport
mechanism also ensures that a geographically
widespread area will be sampled.

In contrast, shales are formed by more complex
processes compared with the simple abrasion process
experienced during glacial erosion, and they gener-
aly show higher degrees of weathering than loess.
However, elements with low solubility in natural
waters (e.g., Nb, Ta and REE) are considered immo-
bile. Consequently, it is likely that these elements are
transferred nearly quantitatively from the site of
weathering into clastic sediments. Although REE
patterns in loess and shales are paralel to upper
crustal patterns, they overestimate the absolute abun-
dances by about 20% due to the presence of sedi-
ments with much lower REE concentrations, such as
sandstones, carbonates, and evaporites (Taylor and
McLennan, 1985).

3. Analytical methods

Nb, Ta, REE, and other trace elements were
determined by inductively coupled plasma-mass
spectrometry (ICP-MS). The principa difficulties of
measuring HFSE in dissolved rocks are incomplete
acid digestion, solution instability, and memory ef-
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fects. These obstacles can cause poor precision (e.g.,
Jenner et al.,, 1990; Xie et al., 1994) and lower
concentrations compared with other techniques that
do not require sample dissolution, such as spark
source mass spectrometry (SSMS), X-ray fluores-
cence (XRF), and INAA (e.g., Hall and Plant, 1992;
Totland et a., 1992). The procedure described below
was developed to overcome these analytical prob-
lems.

Samples were dissolved in a mixture of ultrapure,
concentrated HF-HNO, and then spiked with a mixed
multi-element /enriched isotope internal standard so-
lution prior to analysis, following the technique of
Eggins et a. (1997). Complete dissolution of the
samples was ensured by the use of conventiona
oven bombs. The HFSE, especially Ta, have a strong
tendency for precipitation or adsorption on container
walls. Therefore, analyte stability was enhanced by
addition of dilute HF to the solutions (see discussion

in Munker, 1998). Dilution of the samples in 2%
HNO; and 0.1% HF gave satisfactory results for
HFSE in the reference materials AGV-1 and GSP-1
(Table 1). The latter standard was chosen to demon-
strate the efficiency of bomb dissolutions. Our Zr
vaue is high compared to that in Govindaraju (1994)
(628 vs. 530 ppm), but overlaps the rather large
range of Zr concentrations determined by Owen and
Faure (1974) by isotope dilution. This range, coupled
with visible particles in our USGS powder aliquots
(split 27, position 20), suggests sample heterogeneity
with respect to zircons. Note that the Nb and Ta
abundances are the same as reported by Govindaraju
(1994).

Anayses were performed on a Fisons (VG Ele-
mental) PQ Il + in pulse counting mode (three
points per peak). Dwell time and quadrupole settling
time were set to 10 ms and 5 ms, respectively.
Sensitivity of the instrument was on average ~ 50

Table 1
Blank levels and USGS reference standards AGV-1 and GSP-1 analyzed by ICP-MS
AGV-1reference  AGV-1ppm, RSD,% GSP-lreference GSP-1ppm, RSD,% Blank ppb, detection
value n=11 value n=11 n=38 limits, ppb 3o

Ga 212 20.1 6.0 23 224 39 0.017 0.017
Sr 660 666 115 234 194 54 0.240 0.373
Y 195 19.9 86 27 26.8 38 0.005 0.006
Zr 230 241 7.3 595 628 2.8 0.082 0.107
Nb 145 145 45 279 26.8 35 0.005 0.020
Cs 1.25 12 9.8 1.02 10 7.0 0.001 0.002
Ba 1210 1203 9.3 1310 1317 2.8 0.854 5.349
La 39 38.7 136 184 189 2.6 0.006 0.008
Ce 69 68.4 39 399 448 4.6 0.010 0.017
Pr 8 8.27 7.3 52 57.9 34 0.002 0.003
Nd 32 312 71 196 201 33 0.008 0.018
Sm 5.9 5.62 4.8 26.3 26.3 55 0.011 0.009
Eu 155 1.64 4.9 233 231 39 0.001 0.001
Gd 47 4.50 52 121 12.6 47 0.001 0.003
Th 0.7 0.68 75 134 1.46 41 0.000 0.001
Dy 38 3.59 6.0 55 6.59 44 0.001 0.003
Ho 0.7 0.68 38 101 0.98 2.8 0.000 0.001
Er 19 1.92 42 27 257 3.0 0.001 0.002
Yb 175 1.62 37 17 174 34 0.001 0.002
Lu 0.27 0.257 5.6 0.214 0.234 54 0.001 0.001
Hf 517 532 6.3 155 16.3 35 0.003 0.005
Ta 0.90 0.90 32 0.97 0.93 44 0.004 0.007
Th 6.5 6.25 32 106 109 5.6 0.002 0.004
U 1.90 1.92 35 254 251 45 0.001 0.001

The values for both AGV-1 and GSP-1 are averages of 11 repeat analyses of four digestions. The RSD is the relative standard deviation in
percent. The blank values are the average of eight repeated analyses of four different procedural blanks. Recommended values from
Govindaraju (1994) except Zr in GSP-1 (595 + 21 ppm) which is from Owen and Faure (1974).
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Table 2
Trace element concentrations (in ppm) of loess and shales determined by ICP-MS
Banks Peninsula Kansas lowa Kaiserstuhl
BP-1 BP-2 BP-3 BP-4 BP-5 CY-4aA CY-4aB CY-4aC 1 2

Ga 16.6 16.7 17.3 16.7 15.6 11.3 12.0 124 12.3 6.9 6.8
Sr 271 304 300 276 300 170 192 216 139 389 300
Y 29.1 26.5 33.1 26.3 26.3 26.4 32.0 314 29.9 26.5 28.8
Zr 437 410 576 401 425 645 645 664 445 303 293
Nb 11.6 11.2 17.6 11.8 114 14.0 15.7 151 151 10.0 9.5
Cs 44 45 4.0 47 43 25 3.0 2.7 31 2.7 2.6
Ba 564 614 590 583 564 515 664 684 713 210 192
La 34.4 33.7 41.1 34.3 35.8 33.6 39.1 43.1 32.7 26.0 25.9
Ce 68.5 75.2 75.0 72.0 74.2 70.7 75.1 82.6 65.5 53.1 52.4
Pr 8.78 8.48 10.2 8.37 8.60 8.69 9.23 105 7.84 5.00 6.44
Nd 325 30.8 37.8 30.2 31.0 315 335 37.1 29.1 24.0 23.8
Sm 6.58 5.98 7.46 5.78 5.89 5.94 6.05 6.66 5.43 4.96 5.00
Eu 1.45 141 171 1.36 131 1.19 1.16 131 1.23 0.86 0.91
Gd 6.12 5.64 6.57 554 5.55 5.39 5.46 5.52 4.95 4.40 476
Tbh 0.847 0.787 0.982 0.769 0.760 0.760 0.770 0.857 0.769 0.685 0.733
Dy 4,70 4.28 5.39 4.29 424 437 450 4.90 4.67 3.86 4,35
Ho 0.98 0.88 1.09 0.86 0.85 0.87 0.93 1.02 0.98 0.80 0.89
Er 2.82 247 3.04 247 247 2.66 2.87 3.04 2.93 2.26 2.59
Yb 2.83 242 2.82 241 242 2.80 2.98 3.15 3.07 212 251
Lu 0.452 0.376 0.442 0.380 0.380 0.453 0.485 0.509 0.480 0.334 0.373
Hf 10.6 9.9 13.7 9.8 10.2 15.6 15.0 16.8 10.9 7.07 7.15
Ta 0.95 1.05 173 0.95 0.90 112 0.98 1.00 1.02 0.76 0.75
Th 11.0 13.0 11.0 11.8 12.2 114 11.8 132 10.8 7.95 8.45
U 2.75 3.03 311 2.74 2.82 291 3.13 3.12 2.85 2.59 2.93
La/Nb 3.0 30 23 29 3.2 24 25 29 22 2.6 2.7
Nb/Ta 12.2 10.7 10.2 129 12.6 125 16.1 151 14.8 131 12.7

Mt. Isa Group Shale State Circle Shale

MI 1 MI 2 Ml 4 MI 5 SC1 SC2 SC3 SC4 SC5 SC7 SC8
Ga 16.6 8.2 16.0 184 211 20.5 194 22.0 21.6 20.7 20.7
Sr 10.6 41.8 52.8 36.4 16.4 12.9 181 14.4 16.2 20.7 25.1
Y 8.82 204 20.8 18.8 22.8 31.9 254 24.3 20.3 27.9 22.1
Zr 93.6 91.2 129 198 144 146 161 146 133 133 137
Nb 101 6.89 12.0 14.2 144 14.8 143 145 14.6 14.0 141
Cs 46 3.6 7.9 136 7.8 9.4 6.6 8.4 9.6 9.1 7.8
Ba 274 25 276 240 369 258 293 495 408 349 332
La 20.3 38.6 334 33.2 28.1 41.1 29.7 435 24.5 44.2 328
Ce 34.0 77.1 71.3 78.6 62.8 84.2 63.4 89.8 63.5 88.7 75.5
Pr 461 8.44 7.67 7.72 7.29 10.0 7.08 10.2 6.70 10.3 8.41
Nd 16.2 29.8 26.4 275 30.0 36.2 27.9 37.2 24.5 37.0 32.2
Sm 2.85 5.25 4.89 4.89 6.07 7.30 5.61 7.67 4.84 4.97 6.59
Eu 0.51 0.76 0.82 0.87 131 1.45 112 1.48 0.92 0.90 1.07
Gd 2.32 4.40 4.20 4.13 5.93 754 5.95 5.95 431 4.27 5.19
Tbh 0.32 0.60 0.63 0.61 0.75 0.99 0.79 1.00 0.65 0.64 0.81
Dy 181 3.25 3.55 3.50 4.48 5.42 432 5.35 3.74 3.68 471
Ho 0.37 0.69 0.73 0.72 0.93 1.12 0.95 1.05 0.76 0.77 0.98
Er 113 2.08 2.10 211 2.68 2.96 257 2.84 213 2.16 2.63
Yb 1.07 2.15 1.98 1.97 2.37 255 2.27 251 2.08 2.03 2.70
Lu 0.168 0.352 0.291 0.307 0.379 0.465 0.373 0.444 0.302 0.305 0.417
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Mt. Isa Group Shale State Circle Shale
MI 1 Ml 2 Ml 4 M1 5 SC1 SC2 SC3 SC4 SC5 SC7 SC8

Hf 2.85 264 3.60 5.47 4.09 443 4.90 421 4,01 3.90 4.09
Ta 0.78 0.61 0.99 119 143 142 1.39 141 122 111 1.19
Th 571 9.66 13.1 11.0 10.6 9.03 9.50 16.7 12.2 10.3 9.54
U 2.03 255 9.03 2.90 241 219 224 2.50 2.56 2.46 261
La/Nb 2.0 56 2.8 23 19 28 21 3.0 17 32 23
Nb/Ta 12.7 111 12.2 116 10.1 104 10.7 10.2 116 125 11.8

Perth Basin Shale Canning Basin Shale Amadeus Basin Shale

PW-4 PW-5 PW-7 PL-1 PL-6 AOB6 AO7 AO8 AO9 AO 10 AO 12
Ga 28.4 27.1 229 222 19.7 19.2 19.7 175 19.3 21.3 239
Sr 96.0 86.4 63.4 439 2184 60.1 74.6 66.7 37.6 64.7 60.8
Y 320 325 226 271 33.7 231 230 22.7 154 222 304
Zr 245 179 235 199 221 176 202 207 176 187 163
Nb 26.7 252 225 18.0 16.1 14.3 15.3 14.6 14.9 15.8 155
Cs 82 9.2 38 10.1 9.8 125 133 10.0 111 118 16.2
Ba 626 595 404 580 319 245 245 170 189 274 372
La 55.0 54.1 26.4 416 47.1 273 36.2 35.6 20.5 33.0 46.3
Ce 120 111 67.8 88.6 94.9 63.8 76.3 68.5 384 67.8 84.1
Pr 124 14.0 7.24 10.71 11.13 6.77 8.15 8.14 5.06 5.26 10.3
Nd 438 52.3 26.4 29.9 395 245 28.2 28.7 18.7 20.3 36.5
Sm 8.29 10.3 5.76 6.01 7.37 4.85 515 5.41 3.60 4.19 6.04
Eu 1.59 1.90 1.19 1.01 1.23 0.91 0.94 0.94 0.67 0.81 112
Gd 7.15 831 5.47 4.92 5.95 418 4.38 457 2.99 481 5.46
Th 1.08 1.25 0.913 0.852 0.983 0.694 0.710 0.727 0.513 0.597 0.867
Dy 6.09 7.34 5.43 5.10 5.58 4.10 4.08 4.16 3.04 3.40 511
Ho 1.26 1.44 111 121 1.15 0.846 0.845 0.841 0.626 0.991 1.06
Er 3.65 4.02 322 3.56 3.36 245 252 243 1.88 2.79 3.04
Yb 354 3.66 2.99 3.49 3.19 242 2.50 231 1.87 2.50 3.01
Lu 0.531 0.557 0.443 0.499 0.478 0.366 0.382 0.355 0.287 0.407 0.444
Hf 6.81 5.08 6.95 571 572 4.90 5.55 5.73 4.98 5.46 451
Ta 1.88 1.90 1.69 144 1.37 114 124 1.16 1.22 127 119
Th 20.3 234 125 18.0 215 17.0 16.8 14.3 9.10 15.6 19.0
U 393 324 3.25 298 371 2.62 2.82 2.70 2.05 2.70 222
La/Nb 21 21 12 23 29 1.9 24 24 14 21 3.0
Nb/Ta 134 128 134 125 11.8 123 121 121 121 12.3 12.9

MHz (counts per second per ppm) for *°In. Rinsing
time and sample uptake time were set at 2 min and 5
min, respectively, in order to avoid the considerable
memory effects observed for Ta. Free HF in the
solutions required the use of a corrosion-resistant
nebulizer (V-groove). The concentrations of Nb and
Ta were further verified by standard addition experi-
ments in selected samples. For the analytical setup
described here, blank levels of 0.005 ppb Nb and
0.004 ppb Ta were determined by 8 measurements of
blank solution. Detection limits of 0.020 ppb Nb and

0.007 ppb Ta were calculated at 30 of signal varia
tion of blank solution. At a dilution factor of 1 /2500
for analysis, this results in detection limits of 0.050
ppm Nb and 0.018 ppm Ta for the samples, two
orders of magnitude below the lowest observed
abundances of 6.9 ppm Nb and 0.61 ppm Ta (shale
sample M1 2). Long term externa reproducibility is
+3.5% for Nb and +4.4% for Ta (1) as deter-
mined by 11 measurements of the reference material
GSP-1. Internal (within run) reproducibilities for
these solutions are 2—-3% (10).
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4. Results

Trace element data for the loess and shale sam-
ples are given in Table 2. The loess samples show
remarkably similar trace element patterns between
different regions (Fig. 1) and within a specific region
(Fig. 2, see dso Fig. 3in Taylor et a., 1983). Loess
is highly enriched in large ion lithophile elements
(LILE; eg., Cs, Ba) and light REE relative to primi-
tive mantle, with relatively flat heavy REE profiles
and consistent negative Nb, Ta, and Ti anomalies
relative to REE of similar incompatibilities. The
Kaiserstuhl samples have lower absolute trace ele-
ment abundances (but higher Sr) due to the diluting
effect of their higher carbonate contents. In general,
the trace element patterns resemble estimates of up-
per crusta composition. UCC-normalized trace ele-
ment diagrams are shown in Fig. 2. The Sr depletion

1000 ——T——T——T—T—T—T—TT 7T

seen in these samples is due to its solubility during
continental weathering (e.g., Neshitt et al., 1980),
demonstrating that loess is derived from areas of
moderate weathering (Gallet et al., 1998). Zr and Hf
are enriched relative to upper crustal abundances,
indicating that zircon is concentrated by the loess-
forming process (Taylor et a., 1983). Nb and Ta are
depleted relative to UCC (see below). The shales,
athough more heterogeneous than the loess samples,
have similar trace element patterns to loess and UCC
(Figs. 3 and 4). The shales show stronger Sr deple-
tions, reflecting their higher degree of weathering
compared to loess. Nb and Ta are depleted relative to
UCC in the shales (except in the shales from the
Perth Basin).

Our new trace element data show excellent agree-
ment between ICP-MS and SSMS anayses for La
and reasonable agreement for Nb. The average La

Average Loess

100

TT T

rock / primitive mantle

TTTTT

Banks Peninsula (n=5)
Kansas (n=3)
Iowa (n=1)

Kaiserstuhl (n=2)

1 1 1 1 1 1 1 1 1 1 1 1 Il

1 ] 1 1 1 1 1 1 1 1

CsRbBaTh U NbTaLaCe Pr Sr NdSm Zr Hf Eu Ti GdTbDy Y Ho Er YbLu

Fig. 1. Mantle-normalized diagram for incompatible elements in loess. Shown are the average values of loess samples from Banks
Peninsula, New Zealand, Kansas and lowa, USA, and Kaiserstuhl, Germany. The average values from different regions have very similar
trace element patterns characterized by LILE and LREE enrichment, negative Nb-, Ta-, and Ti-anomalies, Zr and Hf enrichment and flat
HREE. The trace element patterns of the Kaiserstuhl samples are nearly parallel to the other loess samples (except for Baand Sr) but tend to
have dlightly lower abundances. This is best explained by dilution effects of carbonate minerals, which are abundant in these two samples
but absent in the others. Element abundances are normalized to the primitive mantle values of McDonough and Sun (1995).
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Fig. 2. Upper continental crust- normalized diagram for incompatible elements in loess. (A) Banks Peninsula, New Zealand. (B) Kansas,
USA. (C) lowa, USA and Kaiserstuhl, Germany. Element abundances are normalized to the upper crustal values of Taylor and McLennan

(1985), except for Cs value from McDonough et al. (1992).

concentration of loess and PAAS and the average Nb
concentration of PAAS agree between the two tech-
niques to within 10% (Table 3). The average Nb
concentration of loess determined by ICP-MS is
~ 20% lower than the SSMS value (Table 3). For
the individual samples, our La concentrations of the

loess samples and all but one of the values of Taylor
et a. (1983) agree within 10%. The La concentration
of sample CY -4a-B determined by ICP-MSis ~ 25%
higher than the SSMS value (39.1 ppm instead of 31
ppm). For half of the shale samples, our La concen-
trations and the values of Nance and Taylor (1976)
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rock / primitive mantle

Average Shales

Mt. Isa Group (n=4)
State Circle Shale (n=7)
Perth Basin (n=3)
Canning Basin (n=2)

Amadeus Basin (n=6)

1 1 1 1 1 1 1 1 1 1

|
CsRbBaTh U NbTaLaCe Pr g%NdSer HfEu Ti GdTbDy Y Ho Er YbLu

Fig. 3. Post-Archean Australian shales (normalized as in Fig. 1). Shown are the average values of four Middle Proterozoic shales from the
Mt. Isa Group, seven Silurian State Circle shales, three Paleozoic to Mesozoic shales from the Perth Basin, two Paleozoic shales from the
Canning Basin, and six Upper Proterozoic to Cambrian shales from the Amadeus Basin. Note the parallel nature of the patterns and the
decreasing REE abundances with increasing age (see discussion in Nance and Taylor, 1976).

agree within 10%. Four shale samples show up to
~ 30% higher concentrations in comparison with the
SSMS data; seven samples have up to ~ 40% lower
concentrations. For six loess samples and eight shale
samples, our Nb concentrations are up to ~ 35%
lower than the SSMS values, e.g., the Nb concentra-
tion of sample BP-3 determined by ICP-MS is 17.6
ppm instead of 27 ppm determined by SSMS. Only
one sample (shale SC 2) shows a significantly higher
Nb concentration determined by ICP-MS (14.8 ppm
instead of 12 ppm determined by SSMS).

Possible explanations for the discrepancies in La
concentrations may be powder heterogeneity, i.e,
fractionation of accessory REE-rich heavy minerals.
Powder heterogeneity is supported by the observa-
tion that, for some samples, different digestions of
the same sample resulted in different REE and Th
contents, while other trace elements (e.g., Ga, Zr,
Nb) showed the same concentrations. Enrichment or
depletion of REE and Th suggests that small amounts
of allanite or monazite are causing the sample het-

erogeneity (McLennan, 1989, and references therein).
However, we do not consider sample heterogeneity
to be an obstacle to the interpretation of our data
since our average La concentration for PAAS is in
excellent agreement with the average of Nance and
Taylor (1976) (Table 3).

It is unlikely that the lower Nb values determined
by ICP-MS are due to incomplete sample dissolu-
tion. Our own time series experiments have shown
that zircon is more resistant to acid dissolution than
Nb-bearing minerals (e.g., rutile and ilmenite) and
only one sample (shale PL 1) shows lower Zr con-
centrations in comparison with the SSMS data. The
higher SSMS values may be due to molecular inter-
ferences on *Nb (*Si*°0, and*’Al ;**C; Jochum et
al., 1990) caused by the high concentrations of silica,
aluminum, and carbon in the sample-graphite mix-
tures used during SSMS measurements. The sample
preparation for ICP-MS (see above) effectively re-
moves silica from the samples and, thus, greatly
reduces consequent molecular interferences. Further-
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more, the plasma ion source of the ICP-MS, unlike
SSMS, aso eliminates such complex polyatomic
species in this mass region.

Our sediment samples have Nb, Ta, and La con-
centrations similar to other clastic sediments. The
Nb, Ta, and La contents of our loess samples are

nearly indistinguishable from loess from other re-
gions (Pye and Johnson, 1988; Liu et al., 1993,
Gallet et al., 1996, 1998). Oceanic sediments (Fig. 5)
tend to have lower trace element concentrations due
to the dilution of terrigenous material with biogenic,
hydrothermal and hydrogenous components (Plank
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and Langmuir, 1998). The La concentrations of the upper continental crust (TMUC, Table 2). If we

loess and shale samples are about 20% higher than decrease our numbers by 20%, as per Taylor and
the estimate of Taylor and McLennan (1985) for the McLennan's arguments (see above), we find good
Table 3

Trace element concentrations of average loess, shales and the continental crust
Sources: Taylor et a. (1983), N + T = Nance and Taylor (1976) and McLennan (1981), G = Gao et a. (1998), T + M = Taylor and
McLennan (1985), P+ L = Plank and Langmuir (1998), R + F = Rudnick and Fountain (1995).

Loess, this study Loess, Taylor et al. PAAS, this study PAAS N+ T East China, G
Nb (ppm) 130+ 26 16.2+ 5.8 156+ 44 178+54 12
Ta(ppm) 1.02 +0.26 - 1.28 + 0.30 - 0.74
La(ppm) 350+6.1 33.1+49 384+78 382+83 34.8
Nb/Ta 129+18 - 121+11 - 16
La/Nb 27+03 22106 26+08 22+04 29

Upper crugt, this study Upper crust, T+ M Upper crust, P+ L Bulk crust, this study Bulk crust, R+ F

Nb(ppm) 115+ 26 25 13.7+ 0.9 8 12
Ta(ppm) 092 +0.12 2.2 0.96 + 0.12 07 11
La(ppm) 30 30 30 18 18
Nb,/Ta 125+18 11.4 142+18 12-13 11

La/Nb 26+08 12 2.2 2.2 15
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agreement between Taylor and McLennan's upper show apparent negative Nb and Ta anomalies rela-
crust and ours. tive to TMUC (Figs. 2 and 4). It is unlikely that
The loess samples and most of the shales have these anomalies are due to fractionation of heavy

lower Nb concentrations than TMUC (Fig. 5) and minerals (e.g., rutile) during transport of the sedi-
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ments because we would expect Ti to show a similar
depletion. However, the loess samples (except the
Kaiserstuhl samples) and most of the shales have
similar or higher Ti concentrations than TMUC.
These observations suggest that the estimates of Nb
and Tafor the UCC by Taylor and McLennan (1985)
are too high. The estimate of the Nb concentration in
TMUC (25 ppm; Taylor, 1977) is based on compos-
ite samples from the Canadian Shield (Shaw et al.,
1976) (TMUC's Ta content is derived from an as-
sumed Nb/Taratio of 11-12). Shaw et al.’s average
value is not well established; the composite samples
show large regional variation in concentration (4-50
ppm Nb) and several samples were below or very
close to the detection limit of their XRF technique at
that time. Our Nb concentrations are comparable to
those reported for clastic sediments worldwide (e.g.,
Condie, 1993; Gallet et al., 1998) and agree with the
estimate of Plank and Langmuir (1998) of the upper
continental crust (PLUC, Table 3) based on globa
subducting oceanic sediment (GLOSS). The same
trend holds true for Ta (Table 3). Our data support
the revision in upper crust composition suggested by
Plank and Langmuir (1998). Moreover, the estimate
of Gao et al. (1998) of the upper crust in central East
China, based on wide-scale sampling with analysis
of composite samples, has a similarly high La/Nb
(Table 3).

The Nb discrepancies also lead to differences in
La/Nb of the upper crust. Our new data show that
La/Nb increases to 2.7 + 0.3 and 2.6 + 0.8 for the
loess and shale samples, respectively, leading to an
even greater contrast between UCC and primitive
mantle (1.0, McDonough and Sun, 1995). In order to
obtain the upper crustal Nb concentration, we can
either use our La/Nb ratio combined with the La
value of Taylor and McLennan (1985) or decrease
our Nb value by 20%, by anaogy to the crustal La
concentration. In both cases, we get 11.5 + 2.6 ppm
Nb, less than half of the Nb reported in TMUC.

Our average Nb/Ta ratios (12.9 + 1.8 for loess
and 12.1 + 1.1 for shales) agree within uncertainty
with both TMUC (11-12) and GLOSS (14.2 + 1.8).
All of our Nb/Ta values are significantly lower
(10.1-16.1) than the chondritic value (17.4 + 0.5;
Jochum et al., 1997). The crustal Ta concentration of
0.924+ 0.12 ppm is calculated from our average
Nb/Ta= 125 4+ 1.8. Both Nb and Ta are lower than

the estimate of Plank and Langmuir (1998) of the
upper continental crust but they agree within error,
which is remarkable because Plank and Langmuir’'s
and our crustal estimates are derived from different
and independent sample sets. Plank and Langmuir’'s
estimate is based on marine sediments that (1) have a
complex history of weathering, transport, and marine
deposition in comparison with terrigeneous sedi-
ments and (2) do not include samples from the
Atlantic Ocean, i.e., its sample set excludes detrital
material derived from eastern North America and
Europe, where many of the loess samples originate.

5. Discussion

When we apply our Nb and Ta vaues for the
upper crust to the recent estimate of the bulk conti-
nental crust of Rudnick and Fountain (1995), both
Nb and Ta concentrations decrease by ~ 30%, lead-
ing to Nb = 8 ppm (instead of 12) and Ta= 0.7 ppm
(instead of 1.1). La/Nb of the bulk crust increases
from 1.5 to 2.2, only dlightly higher than the esti-
mate of Plank and Langmuir (1998). These revisions
lead to Nb/U = 5.6 (instead of 8.5) and, thus, to an
even greater contrast between the continental crust
and the oceanic mantle (47 + 10; Hofmann et 4.,
1986) for this element ratio.

Both the crustal Nb/Ta ratio and the increased
crustal La/Nb ratio support the observation that the
continental crust and the Depleted Mantle are not
complementary silicate reservoirs with respect to La,
Nb, and Ta (Fig. 6; Sun and McDonough, 1989;
McDonough, 1991). Both the continental crust (Plank
and Langmuir, 1998; this study) and the Depleted
Mantle (Jochum et a., 1997; Niu and Batiza, 1997)
have subchondritic Nb/Ta and superchondritic
La/Nb. These trace element ratios support the sug-
gestion of a Nb- and Tarrich reservoir within the
Earth having high Nb/Taand low La/Nb. There are
several implications of these observations. Firstly,
the Nb /U ratio cannot be used to model crust—man-
tle differentiation with simple two-reservoir models
which assume that the continental crust and the
Depleted Mantle are complementary to one another
(cf. Hofmann et al., 1986; Sylvester et al., 1997).
Secondly, in order to balance the Silicate Earth,
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Fig. 6. Plot of Nb concentration vs. Nb/Ta ratio (upper panel) and La/Nb ratio (lower panel) for the chondritic ratios (gray bars;
McDonough and Sun, 1995; Jochum et al., 1997), primitive mantle (open circle), depleted mantle (solid square; Jochum et al., 1998), and
the upper crustal value of this study (solid star). Also shown is an estimate of a possible Nb-rich reservoir required to balance Nb and Tain
the Silicate Earth (McDonough, 1991; Jochum and Hofmann, 1998; Rudnick et al., 1998). Note the logarithmic scae of the Nb
concentration. Both the depleted mantle and the continental crust have subchondritic Nb/Ta and superchondritic La/Nb, indicating that
depleted mantle and continental crust are not complementary reservoirs with respect to Nb and Ta. Thus, an additional Nb- and Ta-rich
reservoir having superchondritic Nb/Ta is required to balance the Silicate Earth, supporting the suggestion of sequestered eclogite in the

deep earth.

McDonough (1991) proposed a refractory rutile-
bearing eclogite reservoir exists (~ 2% by mass of
the Silicate Earth) that is sequestered deep in the
mantle. Our recent analysis of eclogite xenoliths
supports the contention that refractory rutile-bearing
eclogite, presumably formed through subduction of
mafic oceanic crust, does indeed solvethe Nb—Ta—La
mass balance problem (Rudnick et al., 1998).

It has been proposed that the continental crust’'s
La/Nb can be used to place constraints on the
proportion of crust formed in intraplate vs. conver-
gent margin settings (Rudnick, 1995). This is be-
cause intraplate magmas have La/Nb generdly <
1.0 (Sun and McDonough, 1989) whereas conver-
gent margin magmas typically have high La/Nb
ratios (e.g., McCulloch and Gamble, 1991, and refer-
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ences therein). Mixing between average arc basalts by basalt addition. The higher La/Nb ratio of the
and possible intraplate basalts is illustrated in Fig. 7. crust suggested here and by Plank and Langmuir

This mixing scenario assumes that the crust grows (1998) implies a lower contribution of intraplate
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Fig. 7. Mixing relationships between average arc basalt (McCulloch and Gamble, 1991) and intraplate magmas (Sun and McDonough, 1989;
Nea et al., 1997). The upper panel shows a plot of the La concentration vs. the La/Nb ratio. Diamonds and circles represent 10%
increments. Continental crust bars represent range of ratios from estimates of previous studies (Taylor and McLennan, 1985; Gao et d.,
1992; Rudnick and Fountain, 1995; Wedepohl, 1995) and this study. The lower panel shows a plot of the proportion of the convergent
margin component vs. the La/Nb ratio. Horizontal bar represents an estimated average value for the continental crust. Where it intersects
the mixing lines, the percentage of intraplate component can be read from the x-axis (marked by arrows). Note that the La/Nb ratio of this
study (solid arrows) results in a smaller percentage of intraplate component than previous estimates. Modified from Rudnick (1995).
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magmas to the growth of the continental crust. The
calculation is not very sensitive to the composition
of the convergent margin component: we found our
own average arc basalt taken from our literature
compilation is indistinguishable from that of McCul-
loch and Gamble (1991). However, the proportion of
intraplate component needed to explain the crustal
La/Nb ratio depends strongly on its composition. If
the intraplate component has high trace element con-
centrations (average ocean island basalt, Sun and
McDonough, 1989), less than 5% is sufficient. Alter-
natively, the continental crust could accommodate
about 20% of an intraplate component with low trace
element concentrations, e.g., the Ontong Java Plateau
basalts (Nedl et al., 1997).

While this mixing calculation is able to reproduce
the La/Nb ratio, it fails to account for the evolved
bulk composition of the continents. Three different
processes may explain the intermediate composition
of the continents, as reviewed in Rudnick (1995).
(1) Direct addition of silicic melts of tonalitic—
trondhjemitic—granodioritic (TTG) composition with
subduction of the complementary rutile-bearing mafic
oceanic crust (e.g., Martin, 1986). (2) Intracrustal
differentiation of basaltic crust to form evolved melts
and the subsequent delamination of parts of the
mafic to ultramafic residues (e.g., Arndt and Gold-
stein, 1989; Kay and Kay, 1991). (3) Chemical
weathering of surface rocks drives the crust to more
evolved compositions by preferentia recycling of
Mg to mantle (e.g., Anderson, 1982; Albarede, 1998).

How might these processes affect the La/Nb
ratio of the bulk crust? The first process would
increase La/Nb and be inherently a convergent mar-
gin process. Process 2 could drive the crust to higher
La/Nb if the delaminated residue has subchondritic
La/Nb. La/Nb decreases with depth in the conti-
nental crust, but it never reaches the chondritic value
(Rudnick and Fountain, 1995). So, athough delami-
nation is expected to increase the bulk crust La/Nb,
it is unlikely to have produced the superchondritic
La/Nb in the first place. Finaly, chemica weather-
ing (process 3) does not change La/Nb because both
La and Nb are immobile (see above).

Thus, athough the mixing calculation shown in
Fig. 7 is clearly an oversimplification, the main
conclusion, that the crust is primarily a product of
convergent margin magmatism, is robust.

6. Conclusions

Our new data for the classic loess and shae
(PAAS) samples of Taylor and McLennan lead to
the following conclusions.

The upper continental crust has average Nb = 11.5
ppm and Ta= 0.92 ppm, which trandlates into a bulk
crust Nb = 8 ppm, Ta= 0.7 ppm, La/Nb = 2.2, and
Nb/Ta= 12-13.

The subchondritic Nb/Ta and Nb/La in both
continental crust and Depleted Mantle demonstrate
that these reservoirs are not strictly complementary
with respect to La, Nb, and Ta and supports the
suggestion of a Nb-rich eclogitic reservoir se-
questered in the deep earth (McDonough, 1991).

The higher La/Nb suggests an even lower plume
contribution to the continents — 5-20% — than
estimated by Rudnick (1995).
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