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Abstract

We present trace element data for 80 samples from about 50 seamounts in the east equatorial Pacific near the East Pacific
Rise. These data indicate that the heterogeneous mantle source that supplies the seamounts consists of two components: (1)
an extremely depleted component, much more depleted than estimates of the source of depleted MORB; and (2) an enriched
component even more enriched than average OIB. The depleted component shows large variations in Zr /Hf, Nb/Ta,
Rb/Cs, Ce/Pb, and Th/U that are correlated with each other and with La/Sm, indicating that these paired elements do
fractionate from each other in some oceanic basalts. The order of incompatibility of trace elements we find differs slightly
from that found elsewhere. For example, for seamounts, we find that D, = D1, < D1, = Dy,. In comparison with Th and U,
the enriched component shows anomalous enrichments of Ta and Nb. Since such fractionations are characteristic of
subduction zones, we suggest that the most likely ultimate source of the enriched component is recycled ocean crust.

Keywords: seamounts; East Pacific Rise; basalts; trace elements, mantle source heterogeneity; oceanic crust recycling

1. Introduction

Isotopic and trace element studies of oceanic
basalts provide fundamental constraints for models
of earth’s differentiation and convection processes
(e.g. [1-7]). It is generally thought that mid-ocean
ridge basalts (MORB) are derived from a mantle
source that was depleted early in earth history to
produce the continental crust. Hofmann and col-
leagues [3,8] argue that this early differentiation
event resulted in a relatively homogeneous mantle,
from which the depleted source for MORB and the

* Corresponding author. Tel.: +61 7 3365 2372. Fax: +61 7
3365 1277. E-mail: niu@earthsciences.uqg.edu.au

more enriched source of Ocean Island Basalt (OIB)
were then produced over a long period, principally
by the subduction of oceanic crust [9].

Data from oceanic basalts have led to the identifi-
cation of several distinct mantle reservoirs and com-
ponents [1], whose origin and significance is actively
debated [5,10,11]. In addition to lavas from mid-oc-
ean ridges and large hotspot volcanoes, samples from
small seamounts near the East Pacific Rise have
previously provided useful windows to the subo-
ceanic mantle (e.g. [12-14]). These studies, and
others, have shown that near-axis seamounts are
geochemically more diverse than basats erupted at
the axis. Despite the greater diversity of seamount
lavas, reflecting heterogeneity of the mantle source,
the mean composition of seamount lavas is very
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similar to axial MORB, after considering the fact
that seamount lavas are generaly more primitive,
with higher abundances of MgO [15].

In this paper, we present new trace element data
for about 50 near-ridge seamounts near the East
Pacific Rise between 5° and 15°N. The samples are a
subset of those previously studied [15]. Our results
confirm that seamount lavas in this part of the
Pacific are extremely heterogeneous but can be read-
ily explained by melting of a mantle source consist-

Table 1
Blank levels and USGS reference standards BIR-1 and AGV-1
analyzed by ICP-MS at The University of Queensland

AGV-1 RSD BIR-1 RSD Blank 1o
(ppm) %) (ppm) (%)  (ppb)

Li 12.1 54 311 2.7 0.056  0.040
Be 220 47 0.091 88 0.019 0.028
Sc 124 34 435 16 2071 2547
\% 111 18 283 35 0.088  0.087
Cr 8.7 55 373 31 0.755  0.786
Co 16.0 2.7 55 7.1 0239 0.193
Ni 16.6 4.6 170 21 2156 1175
Cu 62.5 20 121 22 0.229  0.100
Zn 81.9 3.0 66 3.9 2058 0.855
Ga 20.3 24 154 23 0.074  0.094
Rb 66.6 18 0.20 4.4 0.044 0.031
Sr 646 18 109 13 1240 2187
Y 17.4 21 135 24 0.003  0.001
Zr 211 17 131 2.0 0.007  0.003
Nb 14.2 16 0.54 12 0.008  0.005
Cs 126 24 0.005 9.9 0.005  0.003
Ba 1162 2.8 6.44 21 0.035 0.016
La 37.6 22 0.58 34 0.004 0.001
Ce 67.2 23 184 17 0.004 0.002
Pr 871 21 0.38 18 0.003  0.001
Nd 30.2 25 224 17 0.007  0.002
Sm 544 22 1.02 15 0.017  0.009
Eu 154 54 0.49 17 0.003  0.001
Gd 516 41 1.67 32 0.011  0.003
Th 061 3.0 0.32 2.6 0.001  0.000
Dy 337 26 2.38 22 0.006  0.002
Ho 064 24 0.52 24 0.002 0.001
Er 179 23 154 25 0.004 0.001
Tm 023 22 0.22 21 0.001  0.000
Yb 154 18 1.49 28 0.004 0.001
Lu 023 26 0.22 21 0.001  0.000
Hf 491 20 0.53 1.8 0.005  0.001
Ta 084 24 0049 11 0.003  0.001
Pb 325 0.8 281 31 0.015  0.005
Th 59 21 0.030 6.6 0.002  0.000
] 188 19 0011 44 0.005 0.011

ing of two components, one enriched in incompatible
elements and the other depleted in incompatible ele-
ments. The geochemical consequence of melting such
a source is to produce the apparent mixing relation-
ships in the melts between the two components

Notes to Table 1:

We analyzed fresh, hand picked glasses lightly leached in 10%
H,0,-5% HCI (1:1 by volume), for 10 min to remove any Mn
oxides in cracks and other potential labile contaminants, repeat-
edly washed ultrasonically in mili-Q water, dried, weighed, dis-
solved. The analyses were done using a Fisons (VG) PQ2 ICP-MS
at The University of Queensand. The values for both BIR-1 and
AGV-1 are averages of 18 repeated analyses of 12 digestions. The
RSD is the relative standard deviation in percent. The blank
values are the average of 10 repeated analyses of 6 individual
procedura blanks. Note the high ‘blank’ value (also large o) for
Sr, which is affected by Kr contamination in argon. Sample
digestion: (1) 50 mg of cleaned material was digested in a 22 ml
Screw-top Savillex® Teflon® beaker using 3 ml HF and 3 ml
Aquaregia [3 HCI:1 HNO;] sealed on a hotplate at ~ 175°C over
night; (2) 2 ml H,O with 1 ml HNO; was added to samples and
then the sample was evaporated to incipient dryness; (3) 1 ml
HNO, was added and again evaporated to incipient dryness (often
repeated 2—3 times); (4) after cooling, 1 ml 14 N HNO; with 5 ml
H,0 was added, with atight lid was place on it and it was kept on
a hotplate at ~ 110°C over night; and (6) the sample was diluted
to a total dissolved solid of ~ 0.1% with 10 ppb internal stan-
dards of ™®In, ®®Re and ®°Tl in a matrix of 2% HNO;.
Calibration was done against multi-element standard solutions
made from high purity metals or oxides from Aldrich. Instrumen-
tal sensitivity was maintained in the range 20—35 million counts
per second for 1 ppm 5 solution (often tuned to higher
sengitivity for heavy masses for geochemical purposes). Oxide
production was minimized by using a low Ar auxiliary flow rate
(~0.51/min) and low sampleintroduction rate (0.5-0.7 ml /min).
Molecular (oxides/hydroxides) interferences for REEs are cor-
rected. Drift was minimized by flushing through a rock solution
for ~30 min before tuning the instrument for a run. Drift
corrections are done, in addition to using the internal standards, by
repeatedly analyzing a sample as a drift monitor over the duration
of arun. The memory effect was avoided by manual analysis and
observing 181Ta count levels between samples in a wash solution
of 1% Triton X-100 alternated with 296 HNO;. All H,0 used was
double-distilled mili-Q water, and al acids used were double-dis-
tilled, concentrated acids. Solution stability was checked by ana-
lyzing diluted samples immediately after dissolution and then
again after 10 months. For most elements in most samples, the
results are indistinguishable and there are no systematic effects for
any elements. All samples were maintained under clean room
conditions during the entire procedure. Most samples in Table 2
were analyzed at least three times. A detailed procedure for
sample preparation and analysis can be obtained electronically
from the authors.
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Table 2
Major and trace element analyses of glass samples from near-Ridge seamounts, 5°N-15°N EPR
Sample RI-14 RI-17 R3-1 R3-3 R3-4 R47 R7-13 R88 RI0-3 RI3-1 RI3-2 RI51 RI6-1 RI62 RI7-1 RI8-3 RI9-4 R20-2 R20-3 R2I-6
Lat. 577 577 578 578 578 560 814 834 835 840 840 876 884 884 891 893 894 900 900 889
Long. 102.18 102.18 10221 10221 10221 103.02 103.19 10306 104.11 10407 10407 104.54 10457 104.57 104.57 104.46 10441 10437 104.37 104.14
Depth 1834 1834 1773 1773 1773 2263 2020 3180 2741 2140 2140 1682 2985 2985 2715 2720 2267 2837 2837 2657
Electron microprobe analyses (wt. %)
Si0, 9.18  49.87  49.12 5027 5072 50.65 5045 5081 5029 49.78 4840 4897 5039 50.12 5033 4999 4975 5128 5181 50.82
TiO, 101 120 091 135 192 184 105 151 228 249 129 238 158 108 223 176 109 150 201 143
ALO, 1642 1538 1668 1510 1489 1472 1496 1418 1366 1730 17.16 1810 1483 1605 1508 1584 1607 1473 1407 1527
FeOt 843 942 810 938 1035 1044 915 1097 1255 882 869 889 1000 830 1011 920 841 986 1132 9.52
MnO 0.5 020 015 019 020 020 019 023 023 017 018 020 023 019 024 019 019 020 021 0.7
MgO 935 828 970 826 667 670 847 7.3 640 587 917 647 779 863 629 749 864 783 695 831
Ca0 1276 12.69 1274 1246 1125 1129 13.02 1192 1114 920 1181 895 1207 1276 1112 1141 1295 1142 1009 1138
Na,0 229 255 216 252 313 324 224 267 273 401 278 387 254 241 328 307 247 258 279 252
K,0 004 005 003 006 032 030 005 0l 023 136 014 132 014 008 070 050 008 012 017 0.2
P,0, 013 015 012 015 023 022 013 016 025 06l 019 057 020 017 035 020 016 018 025 0.9
Total 9975 9978 9974 9975 99.67 9959 9971 99.68 99.75 99.63 99.80 99.71 9975 9979 9974 99.66 99.81 99.70 99.66 99.72
Mgt 6873 6353 7036 63.56 5606 5597 6470 5628 5024 S687 67.64 5905 60.67 6732 5520 6174 67.03 6L12 5488 6336
ICP-MS analyses (ppm)
Li 435 540 407 467 512 558 446 531 80l 657 447 729 616 466 674 58 490 565 805 508
Be 026 029 016 019 021 074 017 035 069 18 055 198 050 037 124 085 037 041 071 040
Sc 338 429 321 352 389 393 385 387 419 242 313 180 430 364 380 365 376 418 428 370
v 196 238 185 203 225 243 226 241 332 194 18 157 275 216 267 233 212 253 322 239
Cr 326 347 328 377 385 138 346 716 108 118 448 122 303 305 129 249 336 304 141 295
Co 427 529 420 475 474 381 438 431 452 332 569 337 449 397 393 405 437 458 445 397
Ni 876 660 121 135 958 395 614 296 455 776 336 114 932 761 524 713 996 944 506 795
Cu 847 919 777 861 87.1 83 9Ll 659 794 457 798 438 781 744 814 832 83 764 736 69.1
Zn 553 862 488 656 727 758 572 681 112 107 738 918 876 569 100 807 660 794 117 666
Ga 140 156 135 152 159 168 145 156 196 220 153 221 173 144 209 182 157 164 199 151
Rb 0.6 037 008 011 014 420 014 070 192 2670 135 2509 153 086 1407 866 032 LI1 234 087
Sr 832 909 663 695 69.0 156 575 937 125 538 204 513 128 120 311 237 126 119 127 110
Y 200 254 188 196 220 306 215 256 420 273 219 268 308 229 324 271 223 272 416 261
Zr 447 644 345 362 405 126 378 668 133 256 915 254 101  69.1 177 129 658 880 136 774
Nb 0525 0989 0386 0394 0444 7292 0581 1966 4475 46001 3.177 43380 3298 1870 23307 14002 1376 2733 5019 2.501
Cs 0019 0022 0003 0003 0004 0076 0003 0010 0035 0319 0017 0283 0023 0021 0.168 0.112 0006 0017 0033 0019
Ba 181 222 127 241 184 3832 185 931 1891 38426 1534 32552 1592 9.52 185.19 10493 421 1159 2428 998
La 130 173 092 105 109 677 092 249 541 3064 416 3004 417 276 1673 1072 237 329 586 3.10
Ce 464 637 338 369 41l 1822 355 793 1631 6515 1227 6506 1269 850 3838 2521 759 1026 1726  9.56
Pr 089 117 067 074 08 271 073 137 289 811 189 864 208 143 542 366 139 171 299 160
Nd 502 658 404 447 497 1287 446 729 1384 3220 930 3219 1066 7.39 2193 1569 701 906 1425 821
Sm 190 252 168 183 208 381 18 252 457 669 275 666 346 244 539 399 239 294 459 275
Eu 078 099 073 077 08 141 078 100 162 221 110 217 129 097 183 14l 093 LIS 159 105
Gd 273 342 249 263 298 476 282 354 611 631 354 639 450 327 603 467 319 397 592 370
Tb 049 063 045 049 056 080 052 063 107 091 058 089 079 058 093 074 056 070 103 065
Dy 335 418 311 331 373 518 353 421 698 527 372 495 527 384 560 460 370 458 667 438
Ho 073 091 068 072 08 110 079 094 155 100 079 099 LI3 084 LI17 099 081 097 148 095
Er 215 257 201 205 230 315 232 271 455 265 222 274 317 243 330 284 241 269 431 279
Tm 033 039 030 031 035 047 035 041 062 037 033 035 048 037 044 038 032 04l 059 042
Yb 206 254 196 205 232 301 225 261 418 243 215 226 316 237 291 250 218 269 394 273
Lu 029 037 028 030 034 044 033 038 064 035 032 034 045 034 044 038 033 039 060 039
Hf 1287 1814 1121 1198 1353 3014 1246 1829 3451 5779 2037 5255 2545 1792 3907 2931 1694 2285 3314 2052
Ta 0049 0.101 0029 0038 0041 0437 0046 0.26 0391 2599 0208 2356 0214 0131 1263 0764 0100 0.179 0303 0.168
Pb 0453 0457 0157 0.072 0222 0651 0.168 0347 0.584 2061 0502 2013 0454 0390 1256 0.861 0360 0409 0594 0.502
Th 0046 0064 0032 0027 0030 0537 0046 0132 0301 2938 0.192 2795 0214 0.144 1492 0953 0078 0.166 0319 0.169
U 0024 0034 0012 0015 0020 0.174 0016 0049 0.116 1023 0082 0927 0084 0050 0486 0305 0.034 0064 0.114 0.067
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Sample R22-1 R23-2 R24-1 R24-5 R25-1 R28-3 R28-7 R29-6 R30-30 R31-1 R32-1 R60-1 R61-2 R62-5 R62-7 R63-1 R65-1  R66-1 "R68-5,9"R69-1
Lat. 890 903 897 897 88 88l 8.81 870 9.18 909 9.09 1000 1001 1003 1003 10.10 10.13 10.14 1020 10.33
Long. 104.10 104.05 103.87 103.87 103.79 103.90 103.90 104.08 105.60 105.02 104.92 104.91 104.79 104.19 104.19 103.46 103.41 103.34 103.42 103.64
Depth 2749 3025 3054 3054 1980 1984 1984 2726 1863 2366 3025 2640 2364 2320 2320 2410 2074 2600 3177 2985
Electron microprobe analyses (wt. %)

SiO, 5192 49.18 5108 S51.68 5021 5097 49.85 49.73 4894 4999 4980 47.76 4848 49.15 4931 5022 4942 4952 5194 5132
TiO 133 0.98 1.40 2.07 1.26 2.16 1.15 1.44 1.08 1.18 147 1.24 121 1.17 1.25 1.28 0.99 1.03 3.68 2.94
ALO, 1467 1738 1475 1397 1554 1395 1594 1635 1691 1574 1659 17.63 17.55 1656 1634 1522 1696 1633 1170 12.74
FeOt 969 853 1007 1144 886 1155 88 860 835 892 805 834 817 856 863 9.09 830 857 1645 14.16
MnO 019 015 0.21 021 017 022 019 0J7 017 016 016 016 017 016 016 018 013 017 03l 026
MgO 795 977 768 680 837 678 872 888 929 852 863 962 917 898 88 852 882 918 394 527
CaO 1122 1106 11.52 1023 1248 10.83 1241 11.67 12.03 1247 11.64 1187 1170 1211 1208 1224 1248 1227 7.88 9.49
Na,0 245 247 273 281 261 284 241 255 273 242 274 28 309 275 278 274 241 246 307 315
K,0 008 006 007 016 009 016 006 015 004 012 034 009 005 010 011 007 007 007 035 025
P,05 018 0.5 016 024 011 024 016 019 015 016 024 013 015 015 015 015 012 014 037 020
Total 99.69 99.72 99.67 99.61 99.68 99.71 99.76 9973 99.69 99.68 99.68 99.73 9974 9970 99.71 99.71 99.69 99.73 99.68 99.77
Mg* 6192 6942 60.18 5407 6517 5376 66.04 67.17 68.79 6542 6797 69.54 6896 6752 67.11 6500 67.80 67.95 32.15 4246
ICP-MS analyses (ppm)

Li 608 470 647 694 452 684 550 469 547 425 496 361 466 462 436 550 404 443 13838 1007
Be 041 029 042 060 036 059 033 046 026 031 082 039 036 039 038 034 028 025 128 096
Sc 437 338 450 395 378 393 397 323 348 347 344 268 325 374 335 428 324 334 440 441
v 271 174 272 302 213 301 234 218 199 206 225 148 184 205 191 233 180 191 470 431

Cr 226 444 217 124 317 130 341 286 320 316 312 380 373 303 279 359 383 309 - 40

Co 453 548 472 386 396 383 477 397 483 409 431 390 490 460 406 455 453 425 510 497
Ni 537 334 572 481 678 488  99.6 146 119 973 156 222 200 112 930 802 145 939 136 299
Cu 856 107 874 628 790 615 939 636 910 795 653 620 839 872 771 89.1 934 833 791 709
Zn 833 804 86.1 8.9 595 86 738 621 793 548 798 435 710 682 535 84l 505 512 189 151

Ga 174 155 179 167 143 164 165 152 162 141 174 121 159 160 144 159 137 138 266 235
Rb 054 033 026 1.56 028 159 020 139 042 101 717 046 023 110 081 0. 026 0.2 4. 2.50
Sr 987 103 109 111 116 111 104 120 100 110 219 152 152 149 133 118 101 929 128 126

Y 299 208 305 395 226 390 246 253 218 208 242 179 208 225 216 252 182 200 742 583
Zr 797 494 819 127 67.1 125 628 847 523 580 113 665 696 762 673 742 481 475 260 194

Nb 1.887 1.069 1287 3.635 1212 3537 0969 3580 0.573 1.869 8879 1.545 0809 2.683 2320 1384 1012 0954 8761 5869
Cs 0.008 0.006 0.005 0.033 0006 0033 0.004 0021 0025 0015 0.122 0.005 0.004 0.020 0012 0.006 0.005 0.005 0056 0.037
Ba 6.16 3.12 287 1536 3.62 1520 203 1483 352 1024 7618 604 299 1069 1073 288 3.05 3.01 3439 27.12
La 277 163 254 490 229 482 198 386 138 243 849 236 204 309 276 236 173 1.51 1006 747
Ce 901 542 875 1521 7.63 1491 677 1128 545 736 21.09 775 765 939 849 807 557 511 3094 2332
Pr 1.68 105 169 252 133 249 1.31 1.78  1.10 121 293 132 144 157 142 144 095 093 518 391
Nd 935 594 876 1284 7.02 1274 688 888 628 626 1302 677 770 816 738 776 501 520 2633 19.88
Sm 298 203 310 430 241 421 250 285 234 210 349 219 253 270 243 270 178 192 843 645
Eu L12 082 119 149 096 147 098 107 094 087 126 0.89 1.00 109 098 1.09 074 080 267 216
Gd 411 288 425 562 322 552 348 369 312 296 407 275 313 351 318 372 250 277 1045 820
Tb 074 051 076 1.00 057 097 062 063 057 051 067 047 056 060 055 065 045 049 186 146
Dy 481 344 496 660 381 645 409 422 372 346 427 306 362 396 366 428 303 333 1227 9.56
Ho 1.08 077 110 144 083 141 091 091 080 076 089 065 077 084 079 091 067 074 263 208
Er 317 228 323 419 241 411 266 262 226 219 250 1.8 214 231 226 256 197 213 755 592
Tm 044 031 044 064 036 063 037 039 034 033 037 027 033 034 033 038 029 032 115 091
Yb 289 208 29 408 232 404 246 259 224 214 243 181 212 225 216 251 194 207 764 597
Lu 045 032 045 059 033 059 038 037 033 031 035 026 031 033 032 037 028 030 111 087
Hf 2,104 1396 2160 3366 1770 3307 1749 2162 1605 1.563 2.647 1.622 1851 1933 1774 1968 1312 1399 6801 5.059
Ta 0.130 0.081 0.097 0.244 0.089 0242 0.080 0226 0051 0.119 0539 0102 0071 0171 0.148 0.098 0.069 0.068 0564 0391
Pb 0376 0247 0363 0567 0377 0552 0304 0503 0277 0309 0781 0377 0328 0347 0347 0347 0284 0240 0965 0.777
Th 0.108 0.060 0.070 0277 0.089 0270 0.056 0240 0042 0.139 0763 0.102 0055 0.141 0.152 0068 0072 0071 0488 0352
U 0.048 0.027 0.038 0.097 0.037 0.094 0.028 0.081 0.021 0045 0245 0.037 0.025 0063 0056 0.033 0028 0.027 0209 0.146
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Table 2 (continued)
Sample R70-1 R71-21 R72-2 R73-1 R74-6 R75-2 R76-1 R78-6 R79-2 R80-1 R8I-1 R82-1 R83-3 R84-3 R86-2 R8Y9SG RI-1 RYI-4 R92-6 R93-7
Lat. 1029 1026 1038 1038 10.62 1069 1065 1122 1179 1180 11.53 11.51 1124 1148 11.51 11.52 839 1180 1194 1229
Long. 103.63 103.74 103.93 103.92 103.84 103.87 103.24 103.58 103.25 10325 103.56 103.61 103.59 103.87 103.99 103.88 103.52 103.85 103.89 103.64
Depth 2964 3380 2748 2547 2320 3115 2344 2450 1620 1619 2174 2660 2900 2244 2509 2455 3130 2630 2844 2721
Electron microprobe analyses (wt. %)
Si0, 5094 5009 49.14 4889 5032 54.89 4870 5025 49.60 4853 5005 4930 49.62 49.68 49.62 49.84 5001 5001 5117 4948
TiO, 244 370 136 147 094 262 092 152 129 168 114 106 19 163 170 184 148 168 367 136
Al O, 13.14 1266 16.84 1694 1514 1281 1705 17.17 1724 1803 1531 1607 16.10 1595 1603 1538 1522 1524 1177 16.84
FeOt 1281 1537 887 899 881 1334 836 799 810 796 902 867 919 875 896 965 960 937 1644 829
MnO 026 025 018 018 019 026 017 016 017 013 019 016 018 018 017 019 019 018 031 017
MgO 621 505 88 850 931 329 963 766 761 825 870 917 808 814 790 747 811 791 414 863
CaO 10.31 8.67 11.18 1133 1283 750 1239 1048 1136 1103 1278 1277 1024 12.02 1173 1174 1241 1215 825 11.77
Na,0 320 346 292 298 203 397 234 333 320 326 228 232 329 302 313 320 239 28 331 277
K,O 018 024 023 026 003 048 006 080 081 049 006 006 071 018 024 020 0.11 015 031 021
P,0; 022 027 017 017 013 055 013 030 028 026 013 013 030 017 019 018 017 018 032 019
Total 99.70  99.77 99.73 9971 9973 9971 9975 99.67 99.66 99.63 99.67 99.72 99.67 99.71 99.67 99.69 99.69 99.73 99.70 99.70
mg* 4900 3942 6639 6518 67.67 32.83 69.51 6550 6505 6725 6565 6770 6354 6482 63.59 60.54 6259 6258 3327 6733
ICP-MS analyses (ppm)
Li 1120 1299 439 441 446 1466 423 466 48 474 508 446 643 530 540 532 579 548 1348 481
Be 075 128 053 056 013 201 033 08 09 098 030 025 100 063 075 062 043 049 134 075
Sc 428 457 322 319 415 322 355 276 273 276 410 361 315 400 390 371 397 413 423 336
v 338 456 194 195 225 154 192 168 179 171 239 217 229 229 231 228 253 247 463 207
Cr 94 97 252 262 401 44 344 187 238 178 367 394 326 363 311 211 332 307 46 298
Co 476 453 415 423 487 299 498 337 387 358 490 495 468 464 442 375 474 443 469 449
Ni 676 713 133 149 99.1 124 168 949 968 120 825 123 221 150 114 69.2  99.1 934 159 122
Cu 682 521  69.1 689 947 365 896 680 793 608 900 958 639 808 815 639 86 869 622 803
Zn 122 169 60.5 605 699 155 679 499 685 522 812 731 831 786 945 737 808 827 185 74.0
Ga 204 241 153 154 149 267 155 144 162 150 162 154 171 175 178 160 169 172 255 166
Rb 1.94 178 28 333 009 589 080 1775 17.14 534 067 050 1505 161 218 169 067 132 372 201
Sr 122 111 179 187 56.1 126 110 262 264 248 933 886 278 184 210 167 115 150 128 177
Y 443 800 219 217 194 1095 199 202 212 241 237 203 303 257 272 287 291 277 718 247
Zr 142 285 830 841 300 423 S1.1 111 110 143 56.1  46.1 156 99.1 116 114 919 951 279 106
Nb 4312 5811 5173 5960 0252 14527 1.870 29.519 28.126 13.540 1450 1.161 28.775 3.693 4928 3915 2514 3420 9342 5929
Cs 0.028 0.026 0.040 0.049 0.003 0.082 0010 0241 0215 0.070 0010 0.007 0.188 0.026 0034 0030 0.007 0016 0.054 0.026
Ba 1996 1608 40.74 4857 111 5836 995 21687 216.17 6831 9.07 7.18 18628 20.55 27.63 1947 599 1524 4047 25.12
La 928 1022 459 501 077 1891 203 1819 1819 1019 202 164 1716 468 586 48 329 402 1165 6.16
Ce 17.32 3325 1229 13.17 291 5688 624 3493 3546 2500 6.61 535 3631 1381 1693 1478 10.66 1239 3525 16.15
Pr 292 564 18 196 059 925 107 392 398 336 118 095 451 221 265 239 181 205 580 232
Nd 1490 2891 892 925 357 4592 560 1460 1491 1435 645 515 1842 1074 1254 12.04 953 1058 2931 10.74
Sm 495 939 265 265 159 1405 203 314 331 356 239 19 443 332 369 366 315 339 938 314
Eu 170 280 104 104 067 382 081 L1l 117 129 093 077 153 125 136 137 119 131 290 LIS
Gd 627 1190 326 333 239 1743 266 347 367 398 322 262 515 396 433 449 430 439 1175 373
Tb .12 210 056 056 046 298 049 055 058 066 059 049 083 069 074 077 075 075 206 0.65
Dy 736 1368 370 3.66 325 19.14 332 347 370 415 403 334 528 444 468 491 489 488 1330 421
Ho 158 297 080 079 071 411 072 074 076 088 08 072 110 093 099 106 104 1.04 288 090
Er 450 844 231 228 204 1174 204 214 215 253 245 205 307 259 276 300 296 289 828 253
Tm 068 129 035 034 031 176 031 032 031 038 037 032 046 039 041 045 045 043 126 038
Yb 454 841 222 220 209 1144 208 203 209 239 245 211 300 255 267 28 292 276 814 250
Lu 066 123 033 032 03l 167 030 030 031 035 035 030 044 037 039 041 042 041 120 036
Hf 3718 7753 1969 1989 1.074 11.607 1434 2448 2550 2903 1.661 1379 3466 2463 2803 2739 2349 2411 7443 2404
Ta 0290 0418 0.298 0341 0.026 0917 0.123 1569 1.600 0.742 0.100 0.080 1.593 0246 0323 0239 0.171 0226 0.617 0385
Pb 0616 1.063 0.540 0.563 0.155 1306 0262 1.131 1114 0853 0303 0264 1077 0520 0653 0580 0371 0433 1084 0.566
Th 0266 0408 0339 0389 0020 1040 0.105 2368 2241 0799 0097 0077 1.897 0222 0294 0238 0.135 0.189 0586 0.356
U 0.109 0.174 0.119 0.134 0.012 0408 0.042 0.621 0.656 0256 0.042 0.029 0.587 0.093 0.133 0.091 0.061 0.082 0231 0.141
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Table 2 (continued)

Sample R94-2 R96-24R100-1 R102-1 R103-3 R104-1 R105-5 R106-1 R107-8 R109-5 R110-4 R110-5 R111-3 R111-4 R112-2 R116-1 R118-2 RI12-1 R121-3 R123-4
Lat. 1233 1307 10.14 1322 1384 1390 1413 1412 1416 1415 1414 1414 1416 1416 1415 1446 14.68 837 1457 14.80
Long. 103.72 103.45 102.77 102.68 103.80 103.75 103.82 103.85 104.45 104.30 104.36 104.36 104.35 104.35 104.36 104.03 103.80 104.65 104.52 104.51
Depth 2694 2577 1816 2350 2870 1851 2679 2746 2169 2610 2760 2760 2640 2640 2762 2876 2594 2865 2879 2580

Electron microprobe analyses (wt. %)

Sio, 1.00 5038 50.52 50.52 51.14 5096 5052 5027 50.68 50.56 5191 4880 4998 5151 5179 4856 5093 4834 5084 51.09
TiO, 133 138 137 134 141 162 140 18 096 143 232 187 212 226 233 139 177 127 162 157
AL O, 1452 1531 1552 1577 1513 1553 1523 1475 1546 1590 14.69 1661 1607 1474 1485 17.11 1493 17.18 1446 1489
Febu 1020 894 891 895 902 905 900 1085 803 834 1036 933 930 1016 1048 895 955 874 1022 9.60
MnO 019 016 014 017 018 018 017 021 015 017 020 017 0I8 020 020 017 019 018 021 0.17
MgO 759 810 798 804 774 727 834 748 B899 779 575 815 737 606 554 902 7.8 916 749 743
Ca0 1205 1236 1212 1197 11.83 1147 1200 1138 1275 1210 993 11.16 1070 1042 1001 1109 1148 11.85 12.09 11.68
Na,0 255 275 287 271 303 334 277 265 250 266 364 304 324 354 364 325 334 277 256 295
K,0 0.10 012 0.12 0.11 0.07 0.11 0.08 0.11 0.05 048 052 0.34 046 050 053 0.05  0.17 0.13 009 0.16
P,0, 014 017 015 0.14 015 018 016 017 014 023 033 023 028 030 030 013 020 019 015 017
Total 99.68  99.67 9972 9972 99.71 99.69 99.68 99.73 99.70 99.64 99.65 99.69 99.69 99.68 99.67 99.72 99.72 99.81 99.72 99.72

Mg 59.60 6421 6393 6402 6296 6140 6474 5772 6893 6492 5235 6337 6107 5415 51.17 6661 5982 67.50 59.20 60.51
ICP-MS analyses (ppm)
i 6.15 4.

Li 56 517 436 600 607 645 741 514 540 595 656 666 661 652 508 681 445 669 642
Be 035 043 050 043 047 075 052 053 025 075 119 0.87 118 125 130 058 094 062 043 043
Sc 437 370 427 337 419 419 394 415 369 342 364 344 337 376 380 339 396 331 434 417
v 273 212 232 207 239 230 252 300 209 226 289 243 269 282 303 182 261 187 278 263

Cr 84 267 285 665 227 240 342 254 364 263 38 243 203 229 63 314 131 314 215 225

Co 509 377 436 527 434 400 456 455 438 412 326 443 379 394 362 497 404 489 445 436
Ni 504 739 848 632 789 572 113 917 107 118 217 146 101 101 306 224 49.1 218 576 727
Cu 816 680 818 812 781 88 8.0 702 80 717 481 652 587 577 620 834 782 764 745 819
Zn 8.1 596 710 684 755 82 852 1025 660 753 887 89.0 909 964 103 706 8.5 679 880 896
Ga 170 144 162 150 165 164 174 183 152 170 184 182 201 202 207 165 185 163 172 171
Rb 164 124 136 098 047 124 061 122 029 862 909 758 694 687 906 038 171 134 075 0.62
Sr 104 125 158 126 132 184 111 96.0  86.1 230 176 225 229 232 187 183 174 206 979 103

Y 273 238 258 223 295 306 310 379 224 233 407 324 364 366 418 268 349 234 332 308
Zr 748 784 942 714 938 136 955 118 508 100 194 150 176 176 201 100 151 939 957 847
Nb 3579 3085 3345 2475 1.543 2725 2002 3233 0816 14.878 16.181 13.728 14.138 13.595 17.274 1.377 4991 3344 2198 1.724
Cs 0.024 0017 0.029 0011 0.018 0.078 0.013 0.022 0.008 009 0.127 0.083 0.082 0.082 0.107 0.006 0.023 0.018 0010 0.011
Ba 2049 1648 1646 1185 503 762 615 1136 334 108.60 100.47 104.17 8748 89.94 10036 4.54 1878 1642 683 622
La 316 344 374 275 296 501 319 423 147 1004 1309 1056 1191 1204 1340 333 671 427 331 280
Ce 9.03 1024 1157 846 1022 1594 10.61 1343 537 2229 3211 2601 2979 30.50 3305 1148 1970 1235 1072 928
Pr 145 1.66 191 140 1.89 259 192 227 110 313 447 3.6l 446 426 494 213 323 207 186 177
Nd 767 844 968 724 989 1260 990 1198 588 1257 19.83 1622 1871 19.02 2091 1047 1560 942 1004 930
Sm 273 271 310 245 334 374 339 409 220 319 533 439 501 514 565 325 427 286 352 318
Eu .10 105 120 096 128 140 124 146 089 L6 179 154 1.71 1.74 188 124 151 L11 128  1.17
Gd 383 353 386 322 436 466 439 538 3.1 381 628 525 592 596 673 405 531 3.61 464 431
Tb 068 061 069 058 077 08 079 09 056 062 105 08 097 098 111 069 09 06l 08 076
Dy 455 403 441 379 504 522 514 646 368 390 684 555 606 625 695 448 573 395 566 499
Ho 101 088 093 083 109 11l 113 140 083 084 148 118 131 133 150 098 126 088 123 LI0
Er 284 255 259 241 308 309 324 394 242 244 426 332 379 377 438 28 370 251 343 325
Tm 043 038 039 035 044 047 047 059 034 033 065 050 052 056 060 039 051 035 051 045
Yb 278 244 253 229 292 303 310 389 223 223 409 319 346 372 400 262 334 230 338 298
Lu 041 036 037 033 044 044 046 057 034 034 059 046 052 053 06l 040 051 035 050 045
Hf 1973 2014 2315 1756 2432 3078 2457 3062 1475 2281 4496 3379 3.827 3998 4468 2324 3209 2109 2539 2213
Ta 0212 0.18 0223 0.150 0.120 0208 0.157 0216 0065 0814 0974 0759 0.807 0.823 0982 0.107 0316 0218 0.147 0.125
Pb 0732 0480 0462 0469 0445 0835 0508 0492 0295 0798 1341 0895 1.146 1.077 1270 0.605 0.813 0488 0415 0407
Th 0256 0.207 0200 0.136 0.100 0.169 0.127 0208 0055 1.044 1299 0952 0939 0979 1227 0.092 0308 0207 0.129 0.108
U 0.076 0.072  0.087 0.052 0.046 0.099 0.056 0.087 0.021 0318 0436 0298 0315 0.339 0441 0.034 0.117 0.080 0.057 0.047

Sample locations are Lat. (latitude) in degrees north; long. (longitude) in degrees west; and depth in meters below sea level. Major element

analyses were done using the electron microprobe at the University of Hawaii (analyst: Y. Niu); al these data were normalized to a

Smithsonian MORB glass reference standard VG-2, whose working values (SiO,, 50.57 wt%; TiO,, 1.85%; Al ,O5, 14.06%; FeOt, 11.59%;
MnO, 0.22%; Ca0, 11.12%; Na,O, 2.63%; K ,0, 0.19%; and P,Os, 0.20%) were agreed upon by Jill Karsten, Emily Klein, and Yaoling
Niu in 1993. FeOt is total Fe expressed as Fe?*. Mg* = Mg/[Mg + Fe?* ] x 100 with 10% total Fe as Fe3". Trace element analyses were
done using a PQ2 Inductively-coupled Mass Spectrometer at The University of Queensland (analyst: Y. Niu). The samples are fresh glass
chips of 0.5-1.0 mm size hand picked under a binocular microscope. See the notes to Table 1 for sample preparation procedures and run
conditions.
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[12,16-18], which may be termed melting-induced
mixing [18]. We place constraints on the nature of
the two components: (1) an extremely depleted com-
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ponent, exhibiting highly variable but correlated dif-
ferencesin Zr /Hf, Nb/Ta, Th/U, Rb/Cs and other
ratios that generally show little variation between
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Fig. 1. Location maps for the seamount samples analyzed in this study.
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MORB and OIB; and (2) an enriched component
with relative enrichments of high-field strength ele-
ments (HFSE), such as Nb, Ta, Zr, and Ti. We argue
that the enriched component is derived from sub-
ducted and recycled oceanic crust [6]. Cousens [19]
has recently made a similar proposal to explain the
enriched component present in the mantle below the
northeast Pacific. Our data show that, at least in this
part of the Pacific mantle, even the most depleted
seamount and EPR MORB samples are affected by
this enrichment process because the depleted end-
member is much more depleted than any available
lava samples.

2. Data and methods
We analyzed 80 seamount basalt glasses, rock

standards, and blanks for trace elements by ICP-MS.
Table 1 gives data for the standards and blanks and

100
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describes our sample preparation and analytical pro-
cedures. Table 2 gives maor and trace element
analyses of our samples. Mgjor elements were deter-
mined on fresh glasses by electron microprobe [15]
and trace elements were determined by ICP-MS at
the University of Queensland.

3. Results

Fig. 1 shows sample locations and Fig. 2 shows a
plot of the trace element data normalized to primitive
mantle [3,5]. Also shown are estimates of average
continental crust [20], OIB, and both normal (N-type)
and enriched (E-type) MORB [5]. The samples ex-
hibit a huge range of variation, from OIB-like lavas
to extremely depleted samples. The depleted samples
are similar to the most depleted MORB recovered
from the EPR (e.g. [21]) and are more depleted than
samples from the Lamont Seamounts near 10°N [14].
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L N B B N ]
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Primitive Mantle Normalized
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1E
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Fig. 2. Primitive mantle-normalized trace element abundances of seamount samples. Also shown are Ocean Island Basat (OIB), E-MORB
and N-MORB [5] and average continental crust [20]. Note that the Nb and Ta depletion of continental crust is matched by enrichments of
oceanic basalts. For the seamount samples, enrichments of Nb and Ta increase with increasing overall enrichment.
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Fig. 3. Plots of Zr /Hf vs. Zr and Nb/Tavs. Nb for the seamount
data. Note that these data indicate that D, < Dyy; and Dy, < D+,
Similar plots were used to determine the order of incompatibility
shown in Fig. 2. Note the wide variation of element ratios, these
generally show very limited variation (shaded band) in oceanic
basalts.

As found previously, both enriched and depleted
samples may occur on the same seamount and we
find no systematics to the geographic distribution of
enriched and depleted samples. Enriched samples
occur on seamounts as close as 4 km from the axis
of the EPR.

Fig. 4. Plots of various highly and moderately incompatible
element pairs (Ta/Ho vs. Li/U; Ta/Hf vs. Ho/Th; Nb/Hf vs.
P/Pr; Nb/Sm vs. Zr /Rb) to show that the seamount lavas can be
explained by melting-induced two-component mixing; that is, the
consequence of melting a two-component mantle source
[12,13,16-18]. Note that the hyperbolae are not synonymous with
binary mixing of two singular melts [23,24], since the seamounts
are geographically dispersed. These hyperbolic plots constrain the
nature of the mixing end-members. The depleted end-member is
more depleted than previously proposed compositions of depleted
MORB mantle. The enriched end-member cannot be average
continental crust. We suggest that it is recycled ocean crust with a
prior history of subduction-related melting [6].

The order of incompatibility shown in Fig. 2
differs dightly from the order conventionally used
by others [3,5]. To determine the order, we used
ratio-element plots of the type shown in Fig. 3. Plots
such as these can confidently be used to infer which
element of the plotted pair is more incompatible
[8,22]. The fact that we find a dightly different order
of incompatibility is perhaps not surprising, because
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this order is expected to vary with tectonic setting,
differences in mantle sources and differences in the
melting process [5]. The most significant differences
we find in the order of incompatibility are in the
relative incompatibility of Nb, Th, Ta, and U. We
find that, in this part of the Pecific mantle, Dy, =
Dy, <Dy, = Dy. Note that the patternsin Fig. 2 are
quite smooth, showing that the order of incompatibil-
ity that we use is indeed appropriate for this sample
Set.

As shown in Fig. 4, the trace element variations
are apparently the result of melting-induced two-
component mixing. We have made plots using dozens
of different ratios and all are consistent with such
two-component mixing. The mixing curves can be
linear or hyperbolic [23,24] on ratio—ratio diagrams,
depending on the differences in relative incompati-
bility between the two elements in the numerator and
in the denominator. The hyperbolic plots, however,
constrain the nature of the mixing end-members. The
depleted component is extremely depleted. A conser-
vative estimate gives: Zr/Hf <25, Nb/Tax 10,
Th/U <15, Nb/U <20, Rb/Cs < 20 and Ce/Pb
< 15. On the other hand, the enriched end-member
is more enriched that average OIB and resembles
average continental crust (CC) in many ways. How-
ever, it is clear from Fig. 4 and other plots involving
Ta and Nb, that CC can not be the enriched end-
member, being far too depleted in these elements.

Fig. 2 shows that the negative anomalies of Ta,
Nb, Zr and other HFSE seen in CC are matched by
positive anomalies in our samples. This is especialy
clear for Ta and Nb. Further, the positive anomalies
grow larger with progressive enrichment. Thisis also
shown in Fig. 5, indicating qualitatively that the Ta
and Nb missing from continental crust may reside in
the mantle source of oceanic basalts [4—6], particu-
larly in an enriched component.

As shown in Fig. 3, our samples show relatively
large variations in Zr /Hf (28-49). This is also true
for Nb/Ta(10-18), Rb/Cs(8-98), Ce/Pb (10-44),
Th/U (1.4-3.8) and other element ratios (Fig. 6)
that are generally constant for oceanic basats
[8,22,25-28]. Variations of this type were found
previously in intraplate basaltic rocks [29]. Further,
variations in these ratios show good correlations with
eaxch other (R=0.7-0.8) and with La/Sm. This
finding indicates that these element pairs have frac-
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Fig. 5. Excess Ta(Ta" =[Ta/U] normalized to primitive mantle)
plotted against excess Nb for our samples. Note that all our
samples, as well as average oceanic basalts, have excesses of both
Ta and Nb relative to primitive mantle, while continental crust
shows a depletion. We propose that the excess Nb and Ta results
from the incorporation of low degree melts into the highly de-
pleted source of N-MORB. Further, we suggest that the ultimate
source of these melts is recycled ocean crust [6,9] with a previous
history of melting in subduction zones.

tionated from each other, either during formation or
modification of the depleted mantle source, or during
melting to produce seamount magmeas.

To gain insight into the nature of this process, we
plot the variability of each element for seamount and
EPR axis basdts. Fig. 7 shows that the relative
variability of the elements varies rather smoothly
with their order of incompatibility, as previously
found for other suites [8,30]. Furthermore, the pat-
terns are the same for seamount and axial lavas. This
observation provides strong evidence that the process
leading to the observed correlated fractionations in
Zr /Hf, Nb/Ta, Rb/Cs, Ce/Pb, Th/U, La/Sm and
other ratios is a melting process [30]. Additional
evidence for this comes from a plot of our data
similar to Fig. 2, but with the data normalized to the
most depleted seamount sample. This plot (not
shown) indicates very smooth and regular increases
in incompatible element abundances in progressively
enriched samples.

4. Discussion and conclusions

The data presented above shows that the mantle
sampled by near-EPR seamounts in the east Equato-
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Fig. 6. Trace element ratio—ratio plots of seamount data to show correlations. Note that the plots involving La/Sm (bottom set of panels)
show curved data arrays. Also shown (square) is the mean of axial EPR data from 5° to 15°N, with 40 bars. R75, labeled on plots involving

Ce/Pb, is a basaltic andesite with 54 wt% SiO,.

rial Pacific consists of two end-members: an ex-
tremely depleted one, much more depleted than esti-
mates of the depleted MORB mantle [1,2,5,7], and a
highly enriched component derived from a source
with anomal ous enrichments of Nb and Tarelative to
Th and U. These end-members are mixed in various
proportions prior to or during melting to produce
seamount magmas. Physically, these heterogeneous
mantle domains must be rather small, perhaps on the
order of several hundred meters, in order to explain
the great diversity seen in the lavas of single
seamounts. It seems reasonable that the enriched

component represents highly localized dikes or veins,
as previously proposed (e.g. [11,13,16,31]).
Important clues about the origin of the enriched
component are its enriched nature and its enrich-
ments of Nb and Tarelativeto Th and U. It iswidely
believed that fractionation of Nb and Tafrom Th and
U occurs only in subduction zones, athough the
mechanism is controversial [6,32—34]. There appears
to be wide agreement that, whatever the reason for
the relative HFSE-depletion of arc magmas, it is
likely that there is a complementary enrichment in
other reservoirs, such as subducted hydrous ocean
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Fig. 7. Relative variability of trace element abundances in seamount samples (this study) and nearby axial samples from the East Pacific
Rise (Niu and Batiza, unpubl. data for EPR samples from 9-10°N, 11°20'N, and 13—-14°N) plotted against their order of incompatibility, as
in [8,30] (Fig. 2). Relative variability is essentially a measure of the mixing contribution from the enriched and depleted end-members. Note
the smooth variation for seamount samples and the similar trend shown by the axia samples. We interpret this smooth variation as
indicating that element fractionations such as those seen in Fig. 5 are the result of a magmatic (melting) process.

crust [6] and perhaps the mantle portion of the dlab,
or else the mantle wedge [33]. We propose that the
overall enrichment of the enriched seamount compo-
nent, as well as its relative enrichment of Nb and Ta,
point to subducted oceanic crust as a likely candidate
for this component.

If so, then one possibility is that this enriched
material has simply been mixed into the upper man-
tle below the east Equatorial Pacific by convective
processes (e.g. [35]). Once mixed with depleted man-
tle, upwelling could cause small amounts of melting
and these melts could be dispersed as highly mobile,
metasomatic fluids (e.g. [18]), possibly in the low-
velocity asthenosphere [36]. We favor this scenario
because recent mantle convection models favor only
episodic mixing between the upper and lower mantle
(e.g. [37]) and because the apparent absence of other
enriched components in the east Equatorial Pacific
does not suggest a well-stirred, multi-component
blend [7]. In addition, the small size scale of the
heterogeneities and the absence of larger-scale geo-
graphic gradients in trace element abundances in the
area both suggest wide, but ‘ spotty’ dispersal, consis
tent with a metasomatic or low-degree melt origin.

In conclusion, the new trace element data we
present provide strong evidence for the involvement
of recycled ocean crust in the east Equatoria Pecific

mantle source of seamount lavas. These data also
provide additional evidence [6] that the missing Nb
and Ta in continental crust reside in the mantle
source of oceanic basalts.
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