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New geochemical and isotopic data are presented for volumetrically
munor, depleted low-Ti basalts that occur in the Plateau Basalt suc-
cesston of central East Greenland (CEG ), formed during the initial
stages of opening of the North Atlantic at 55 Ma. The basalts have
mid-ocean ridge basalt ( MORB) -like geochemistry (e.g. depleted
light rare earth elements) and are distinct from the high-Ti lavas
that dominate the sequence. Rare earth element geochemustry implies
dertvation from a source more depleted than the typical MORB
source, and suggests polybaric melting and contributions from both
spinel- and garnet=facies mantle. The low-Ti basalts have Sr—Nd—
Pb—Hf isotopic characteristics that are similar to those of depleted
magmas from Iceland (e.g. Theistareykir) and adjacent ridges
( Kolbeinsey and Reykjanes) and distincet from global MORB (e.g.
negative A*’Pb, and Hf and Nd isotope compositions that plot
above the mantle reference line ). Isotope and trace element data indi-
cate the involvement of two depleted source components. One compo-
nent has isotopic compositions sumilar to other depleted components
dentified in the North Atlantic and has high Rb/Sr and Ba/Nb.
The second is isotopically less depleted with lower Rb/Zr and Ba/
Nb. Small degrees of crustal contamination (<I1% ) by both amphi-
bolitic and granulitic crust result in relatively large changes in
isotopic composition (c. 1% lower for *"°Pb/*Pb and 0-1%
higher for “S1/*°Sr depending on the contaminant ). Negative ANb
suggests a MORB affinity for the low-Ti magmas; however, they
are distinguished from global normal (N)-MORB on the basis of
vertical deviations from the Northern Hemisphere Reference Line
(negative A*’Pb and positive A**°Pb ), and relative enrichments
in Ba, Sr and Pb. The isotopic compositions of the low-Ti CEG
basalts suggest correlation with modern depleted components beneath
Iceland and adjacent ridges, considered to be derived from upper
mantle sources polluted by the Iceland plume. However, small posi-
twe Pb peaks when normalized to MORB, and lower Nb
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distinguish the CEG low-Tt basalts from depleted Icelandic compos-
itions. The lower ANb (< 0) and 8757/%87, and suggestion of
higher “"°Pb/"*Pb in crustally uncontaminated parental melts
imply a closer affinity to compositions from the oceanic ridges sur-
rounding Iceland (especially the Reykjanes Ridge), yet they are
subtly distinct on the basis of available trace element data. We sug-
gest that this depleted component was an integral part of the plume
that melted primarily during the rapid lithospheric uplift and exten-
sion assoctated with continental break-up.

KEY WORDS: geochemistry; Greenland; Iceland plume; North Atlantic;
radiogenic isotopes

INTRODUCTION

The origin of depleted magmas at hotspots is controversial.
One school of thought argues that they are derived from
an integral part of the mantle plume and potentially
related to a recycled oceanic crust component (e.g.
Chauvel & Hémond, 2000; Hoernle ez al., 2000; Kempton
et al., 2000; Skovgaard et al., 2001; Thirlwall et al., 2004;
Trey et al., 2005; Kokfelt et al., 2006). Other workers have
argued that the depleted component represents incorpor-
ation of the surrounding upper mantle into the plume
(e.g. Hanan & Schilling, 1997, Hanan et al., 2000,
Blichert-Toft & White, 2001; Stracke et al., 2003). The lon-
gevity (~60 Myr) and variability of magmatism associated
with the Iceland plume offers an unparalleled opportunity
to investigate compositional variations in a mantle plume
system over time. The origin of both depleted and enriched
components in modern Icelandic volcanism has been
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extensively studied and discussed (e.g. Chauvel &
Hémond, 2000; Hanan et al., 2000; Fitton et al., 2003;
Stracke et al., 2003; Thirlwall et al., 2004; Kokfelt et al.,
2006; Peate et al., 2010). We focus here on magmatism gen-
erated in central East Greenland (CEG) during the early
activity of the Iceland plume associated with the initial
opening of the North Atlantic Ocean at ~55 Ma.

A well-exposed sequence of flood basalts in the
Blosseville Coast region has been thoroughly characterized
(e.g. Larsen et al., 1989) and correlated with contemporan-
eous magmatism on the Faroe Islands (e.g. Larsen et al.,
1999). This CEG flood basalt sequence is dominated by a
suite of magmas derived from relatively enriched mantle
sources; these have been the subject of a number of detailed
studies investigating their petrogenesis and making com-
parisons with modern Icelandic basalt compositions (e.g.
Tegner et al., 1998a; Barker et al., 2006). In this contribution,
we focus on a suite of the less studied, volumetrically
minor, depleted lavas within the succession that suggest
the presence of distinct mantle source components during
magmatism. We use detailed, high-quality radiogenic iso-
tope and trace element data to assess their origin and rela-
tionship to both the more enriched compositions in the
plateau basalts of CEG and the modern depleted mantle
components sampled beneath Iceland and adjacent ocea-
nic ridges. Our main conclusion is that these depleted
lavas were derived by melting of depleted components
that were integral parts of the proto-Iceland plume and
that they are similar to, but subtly distinct from, the
depleted components currently tapped during magmatism
under Iceland and adjacent oceanic ridges.

GEOLOGICAL BACKGROUND

Magmatism in the North Atlantic Igneous Province
(NAIP) was initiated over a relatively large area following
initial impact of the Iceland plume on the base of the litho-
sphere at ~60 Ma (e.g. Saunders et al., 1997). Volcanism in
CEG has recently been reviewed by Brooks (2012) and
commenced with the volumetrically minor Lower Basalts
(~61-57 Ma, Hansen & Nielsen, 1999), which were fol-
lowed by rapid eruption of >6 km of predominantly tholei-
itic flood basalts (the Plateau Basalts) over a short period
(55 £0.5Ma) (Pedersen et al., 1997; Larsen & Saunders,
1998; Storey et al., 2007). This dramatic increase in magma
productivity is probably associated with rapid decom-
pression melting during the initial stages of continental
break-up (Tegner et al., 1998a; Storey et al., 2007). The
Plateau Basalt succession has been sampled extensively on
a flow-by-flow basis (e.g. Larsen et al., 1989) and therefore
provides an excellent opportunity to investigate spatial,
temporal and compositional variations during the gener-
ation of a flood basalt province associated with continental
break-up.

The samples studied here are from the well-
characterized Sortebrae profile in the Blosseville Coast
region. The Plateau Basalt sequence here has been subdi-
vided into four stratigraphic formations (from oldest to
youngest, the Milne Land, Geikie Plateau, Romer Fjord
and Skrenterne Formations) on the basis of lithology,
petrography, composition and photogrammetry (Larsen
& Watt, 1985; Larsen et al., 1989; Pedersen et al., 1997)
(Fig. 1). Two chemically distinct basalt suites have been
identified and defined by legner et al. (1998a). The volumet-
rically dominant high-Ti suite with TiOy=16-6-2wt %
and characteristically light rare earth element (LREE)-
enriched compositions (La/Smyx=12-2-1) has been the
focus of several detailed studies (Tegner et al, 1998q;
Andreasen et al., 2004; Barker et al., 2006; Peate el al.,
2008). The subordinate low-Ti suite (48 out of 391 flows,
predominantly from the upper portion of the Milne Land
Formation) with TiOy=0-8-2-0wt % and characteristic
LREE-depleted compositions (La/Smy=04-0-9) is the
focus of this investigation. LREE-depleted and -enriched
groupings are also recognized in the contemporaneous
and conjugate Faroe Island (FI) lavas (Larsen et al., 1999;
Holm et al., 2001; Seager & Holm, 2009, 2011).

Increasing La/Sm and decreasing Dy/Yb with strati-
graphic height in the high-Ti lavas of the Milne Land and
Geikie Plateau Tormations were attributed to cooling of
the plume source with decreasing depth of melting
(Tegner et al., 1998a). However, more recent studies have
shown that these variations are also associated with
changes in isotopic composition, indicating that mantle
source variability also controlled the geochemical vari-
ations (Barker et al., 2006). Source variations in the
high-Ti CEG lavas have also been correlated with similar
variations observed on modern Iceland and stratigraphic
variations ascribed to the passage of a zoned plume (e.g.
Tegner et al. 1998b; Barker et al., 2006). The contemporan-
eous low-Ti CEG lavas received less attention in these pre-
vious studies. Distinct contrasts in isotopic composition
were noted between the high- and low-Ti lavas, however,
and were used to indicate the presence of a contemporan-
cous depleted mantle source during rift-related magma-
tism (Tegner et al., 1998a), bearing some resemblance to
that observed in the Northeastern Rift Zone on Iceland
today (Barker et al., 2006). More recently, the data pre-
sented here were used by Seager & Holm (2011) to com-
pare low-Ti basaltic magmas on the Faroe Islands with
those in CEG. Those workers suggested that the depleted
magmas were derived from a regional depleted component
termed the NAEM (the North Atlantic End-Member of
Ellam & Stuart, 2000).

ANALYTICAL METHODS

The samples investigated here are mostly from the tran-
sition between the Milne Land and Geikie Plateau
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Fig. 1. Location map of the Central East Greenland (CEG) volcanism, showing the location of the Sorterbrae profile, and stratigraphic details
[modified from Andreasen et al. (2004) and Peate et al. (2008)]. Also shown are the locations of potential correlatives to the CEG low-Ti
magmas on Iceland and adjacent ridges and the Faroe Islands. The location of the Faroe Islands before continental break-up is indicated on

the main map.

Formations, with additional low-Ti samples from the
Romer Fjord and Skranterne Formations (see Fig. 1). The
low-T1i basalts range from aphyric to sparsely porphyritic
with plagioclase and olivine phenocrysts and minor clino-
pyroxene (Momme et al., 2002; Andreasen et al., 2004). A
subset of high-Ti lavas was also analyzed to complement
the isotopic datasets of Peate & Stecher (2003), Andreasen
et al. (2004) and Barker et al. (2006). Weathered or altered
surfaces and zeolite-filled vesicles were removed from
samples before jaw-crushing and final powdering in a tung-
sten carbide ball mill. Major and trace eclement data
for 15 low-Ti and five high-Ti samples are presented in

Tables 1-3; major and trace element data for some of
these and other Sortebrae profile samples have been dis-
cussed and/or presented previously by Tegner et al. (1998a),
Momme et al. (2002, 2006) and Andreasen et al. (2004).
Major elements (Table 1) were determined at the
Geological Survey of Denmark and Greenland by X-ray
fluorescence (XRF) using methods described by Kystol &
Larsen (1999), who provided details on precision and
reproducibility; major element data are typically precise
to £0-1wt % (1 SD) or better. Loss on ignition (LOI) is
relatively high in some samples; however, no correlations
were observed between LOI and elemental concentrations,
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Table I:  XRF major and trace element data

Low-Ti High-Ti

Sample: 404230 83820 404232 404241 83834 83835 404266 404263 404262 404256 404250 404290 435634 83893 412493 83831 83857 83837 83838 83885
Flow no.: 63 64 65 72 77 78 79 81 82 88 94 142 180 194 253 70 76 80 80 182
Unit: MLF  MLF MLF MLF MLF MLF MLF MLF MLF MLF MLF GPF GPF RFF SKF MLF MLF MLF MLF GPF
Si0, 44-88 4530 47-86 4571 4560 4853 4816 4831 4631 4724 4832 4897 4870 4836 4840 47-81 4566 4526 4798 48-29
TiO, 086 068 113 087 087 121 123 099 08 113 168 137 113 140 124 235 402 404 301 285
Al,O3 11-87 1230 1488 1346 1364 1440 1406 1475 1286 1473 1361 1378 1438 1350 14156 13:36 12:67 12:42 13-36 13:61
Fe,03 317 481 284 333 407 58 333 391 246 427 618 407 457 363 562 613 811 702 572 489
FeO 789 529 819 754 668 624 830 621 779 7056 824 871 75655 880 667 746 773 884 868 861
MnO 018 017 018 018 017 020 020 018 018 018 025 022 021 023 020 021 024 026 022 023
MgO 1529 1660 842 1356 1280 748 826 917 1426 743 68 717 79 744 750 662 591 559 598 603
CaO 10-02 1021 12777 1080 10-83 1168 12:30 12:84 1092 1291 1149 1230 1233 1141 1198 1147 880 1037 10-37 11-09
Na,O 106 112 18 132 127 28 191 178 133 181 221 209 194 240 219 215 286 246 256 214
K>0 004 004 009 003 0-01 011 007 005 004 005 011 009 006 016 009 014 071 016 012 012
P,0s5 007 007 010 007 007 012 011 009 007 010 016 012 010 012 011 024 043 044 032 031
LOI 439 448 154 290 409 199 171 139 279 28 165 08 13 194 181 216 325 328 237 222
Total 99:72 101-07 99-89 9976  99-90 100-50 99-64 9967 99-80 9972 100566 99-71 100-27 99-37 99-95 100-10 100-39 100-14 100-69 100-39
Nb 11 09 0-8 18 07 18 12 09 07 12 16 16 2:4 26 38 158 165 264 260 125
Zr 441 435 435 566 345 686 542 403 467 589 697 546 738 883 677 1932 2044 2840 2799 1491
Y 187 208 2111 264 186 322 264 210 268 305 337 294 341 393 283 365 390 479 474 333
Sr 92:8 795 803 1026 51-8 994 2193 798 766 833 1033 736 872 958 1238 2436 2521 2356 230-8 2122
Rb 10 13 0-3 10 13 15 07 06 09 0-9 34 07 10 13 06 09 14 15 169 07
La 23 2:4 14 22 2:8 39 18 21 11 12 11 27 25 41 34 126 117 183 184 106
Ce 63 64 51 47 25 96 47 33 42 31 3-6 37 84 97 97 368 366 539 541 296
Nd 52 52 4-9 51 38 71 58 56 47 56 42 54 71 84 69 260 277 367 370 218
Zn 795 706 657 741 709 916 755 7000 755 822 924 883 961 968 789 1062 1094 1390 1443 939
Cu 866 1149 867 1249 868 15631 1145 1134 962 1328 1522 1300 1594 2260 1241 1825 1428 2085 978 1927
Ni 5480 3985 4464 1244 7346 1163 1245 5384 1632 13561 941 1164 798 667 961 746 774 804 762 795
Cr 9138 7386 9292 352:0 11110 2642 3399 8640 3687 2974 2329 2951 1032 750 1643 662 1037 523 476 1266
\ 2038 2335 2349 3160 2058 3438 2907 2456 3041 3439 3789 3297 3667 3674 3116 3984 3973 5210 5043 3323
Ba 138 145 217 201 123 319 256 192 130 237 6003 238 257 297 390 766 807 1292 1434 719
Sc 2944 342 341 439 306 476 406 370 458 430 490 431 461 511 433 3B9 396 383 418 367

Major elements determined at the Geological Survey of Denmark and Greenland using methods described by Kystol &
Larsen (1999). Trace elements determined at the University of Edinburgh using methods described by Fitton et a/. (1998).
MLF, Milne Land Formation; GPF, Geikie Plateau Formation; RFF, Rgmer Fjord Formation; SKF, Skraenterne Formation.

ratios or isotopic compositions, which might indicate that
alteration has influenced the dataset. Some trace elements
were determined on pressed powder pellets by XRF at the
University of Edinburgh (Table 1) using methods and
reproducibilities described by Fitton et al. (1998).

Original inductively coupled plasma mass spectrometry
(ICP-MS) trace element data for Th, U and Pb in the
Sortebra profile (as discussed by Tegner et al., 19984
Momme et al., 2002, 2006; Barker, 2006; Barker ¢t al., 2006;
Peate et al., 2008) were found to be inaccurate on the
basis of large degrees of scatter on mantle-normalized

multi-element diagrams. The samples were therefore rea-
nalysed by ICP-MS at the Victoria University of
Wellington using methods described by McCoy-West et al.
(2010) (Table 2) and the new data produce much smoother
and more realistic variations. Details of the reproducibility
and accuracy of the method, based on duplicate analyses
of standards,
Appendix A (available for downloading at http://www
.petrology.oxfordjournals.org). In brief,
elements of relevance to this study show good agreement
with reference values and reproducibilities better than

are presented in Supplementary Data

most trace
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Table 2: ICP-MS trace element data

Low-Ti High-Ti

Sample: 404230 83820 404232 404241 83834 83835 404266 404263 404262 404256 404250 404290 435634 83893 412493 83831 83857 83837 83838 83885

Flow no.: 63 64 65 72 77 78 79 81 82 88 94 142 180 194 253 70 76 80 80 182
Unit: MLF MLF  MLF MLF MLF MLF  MLF MLF MLF MLF MLF GPF GPF RFF SKF MLF  MLF MLF MLF GPF
Li 7-13 861 697 1025 864 576 503 491 607 620 13-89 9-65 593 692 748 578 636 692 83 418
Sc 3847 42447 4313 50-08 3769 5094 5090 4172 5225 5072 5154 5096 5302 5197 5030 3703 3903 3982 3946 4201
Ti 0-93 089 090 118 0-70 127 114 0-83 103 126 143 117 138 169 130 298 310 430 422 245
\ 255562 270-91 266-81 33482 23261 35592 33459 266-10 330-88 37253 403-86 36177 40170 452-23 35790 41521 433-49 543-26 52479 400-46
Cr 970-17 763-80 945-57 390-37 114865 255-86 377-35 880-34 40092 31628 241-00 32700 11549 81-20 193-38 6155 100-11 4668 4343 13678
Co 77650 6725 7242 5346 7224 5197 5518 6863 5199 5473 5397 5272 5654 5733 5491 5038 5228 5293 5283 5486
Ni 52889 36884 454-92 13574 66353 11224 12925 54291 17708 14814 9987 12102 8342 7060 9830 6968 7497 7624 7100 8304
Cu 111-07 12879 13167 162:03 12002 22312 16811 14728 160:70 177-31 226-10 188:09 183-47 270-48 14893 240-19 231-01 312:69 14653 24579
Zn 7591 6761 7408 80-04 6764 9045 8492 7721 78:04 9118 10077 9826 10193 117:25 93-69 11492 12474 15543 153-17 11112
Ga 1396 1460 1528 1837 12:89 1829 2065 1500 1812 1929 1859 1894 1891 2003 1869 2399 2503 2760 2676 2223
Rb 0-81 111 0-48 101 122 147 054 070 075 1-03 326 0-77 0-87 123 050 0-31 0-98 124 1696 046
Sr 9966 8063 8516 106:95 54-66 102:63 22485 8499 7982 9123 10512 7489 8771 9803 129-03 243563 25175 241-87 23413 211-24
Y 1984 2056 2150 25-84 1820 3175 2600 2106 2550 3027 3294 2891 3252 3729 2764 3394 3723 4677 4677 3164
Zr 4941 4144 4495 5865 3549 6966 5615 4155 49-06 5943 72:02 5321 7539 8836 6932 19563 207-13 287-40 285-85 150-98
Zr 49-27 4152 4506 5823 3503 6961 5630 4178 4852 5960 7156 5360 7370 8678 6928 190-12 20597 291-30 289-21 150-49
Nb 122 0-98 1-09 1-90 0-67 1-88 1-40 0-92 0-95 134 183 0-83 2-46 305 407 1532 1594 2563 2523 858
Cs 0-13 026 006 0-02 015 001 0-04 0-02 0-01 0-02 022 0-01 0-01 0-01 0-00 0-01 0-01 002 006 000
Ba 1343 1037 1721 19:67 913 2711 1852 16:08 966 1494 58752 1973 2019 2483 3268 5446 5859 9327 11485 5411
La 176 1-45 159 2-16 101 2:98 182 116 126 161 214 156 2:83 340 383 1382 1445 2181 2156 10-80
Ce 5-16 445 478 6-34 11:91 831 5-62 375 4-07 527 6-41 492 7-80 941 981 3548 3770 5592 5603 2830
Pr 0-90 0-81 0-86 11 0-59 136 101 0-71 0-80 100 118 0-90 132 164 163 532 563 816 809 417
Nd 523 474 501 6-31 3563 747 582 4-16 492 597 6-89 5-38 7-39 89 801 2526 26:70 3706 3736 1950
Sm 2:02 192 1-99 2562 163 289 240 179 2:09 251 2:93 2:28 2:85 344 279 667 704 961 947 526
Eu 0-80 078 081 101 0-64 112 096 0-74 0-86 101 129 0-92 11 129 1-09 220 234 308 307 181
Gd 276 260 271 365 220 397 341 2:62 3-05 364 423 332 3-90 475 378 698 764 1017 1004 587
Tb 0-50 0-561 0-63 0-65 043 077 065 0-50 0-60 0-71 0-80 0-65 0-77 0-88 068 110 119 153 163 095
Dy 3-49 3568 370 4-54 309 543 453 356 420 504 569 473 5-47 637 473 667 724 902 901 5-89
Ho 0-74 075 080 0-95 0-66 117 098 078 093 1-09 121 1-04 118 137 103 129 1-40 175 174 116
Er 205 212 227 2:70 192 335 280 2:24 272 322 351 308 343 397 294 344 376 464 463 326
Tm 0-29 0-31 0-34 0-39 029 049 04 0-33 0-40 0-47 0-51 0-45 0-561 0568 043 047 051 062 064 044
Yb 1-87 198 213 2:50 183 317 265 212 2656 307 331 3-06 3-32 378 281 290 316 384 390 279
Lu 0-27 030 031 0-37 027 046 039 0-31 0-38 0-46 0-48 0-45 0-49 066 041 040 045 053 055 040
Hf 1-43 121 1-34 1-65 106  2:06 163 124 1-49 171 2:08 152 214 2:37 192 48 528 728 725 377
Ta 0-15 0568 011 0-22 007 019 018 0-45 0-13 0-16 0-33 0-13 0-41 024 037 0-99 107 166 166 051
W 561 1415 491 1640 791 1542 12114 1187 1345 2397 2012 036 2814 2349 7771 1303 1413 790 631 1597
Pb 0-49 043 037 0-44 023 076 040 0-28 0-28 0-33 0-49 0-31 0-47 0568 088 1-44 151 207 213 118
Th 0-23 0-11 0-16 0-17 007 037 022 0-09 0-10 0-13 0-39 0-13 0-26 030 044 108 114 1-80 183 085
U 0-05 003 004 0-05 002 009 004 0-02 0-03 0-03 0-05 0-03 0-07 008 012 032 033 0562 054 026

ICP-MS trace element data determined at Victoria University of Wellington using methods described by McCoy-West
et al. (2010). Details on reproducibility and accuracy based on replicate analyses of standards are given in Supplementary
Data Appendix A.
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Table 3: REE-ID data

Low-Ti

High-Ti

Sample: 404230 83820 404232 404241 83834 83835 404266 404263 404262 404256 404250 404290 435634 83893 412493 83831 83857 83837 83838 83885

Flow no. 63 64 65 72 77 78 79 81 82

94 142 180 194 253 70 76 80 80 182

MLF MLF  GPF GPF RFF  SKF MLF  MLF MLF MLF GPF

Unit MLF  MLF MLF MLF MLF MLF MLF MLF MLF
La 1-60 - 1-48 2:05 097 271 175 105 117
Ce 474 - 4-50 6-07 309 755 631 3-44 3-86
Nd 476 - 4-61 6-13 345 681 552 391 453
Sm 1-84 - 1-84 2:42 146 262 223 1-64 1-95
Eu 0-73 - 0-75 0-98 061 102 090 0-68 0-81
Gd 265 - 277 359 2:34 387 337 2:66 313
Dy 316 - 3-44 4-26 294 494 432 333 401
Er 192 - 2:16 2:62 188 312 270 2:15 260
Yb 17 - 194 2:33 173 28 245 199 24
Lu 0-25 - 0-28 0-34 025 041 036 0-29 0-35

154 217 151 2:81 320 362 13-41 1397 2090 20-33 10-37
5-66 6-29 4-66 7-82 940 924 36-10 36-93 54-32 52:568 26-96
5-66 6-69 5-07 7-35 863 753 24-568 25-80 35-95 35-27 1875
238 277 211 280 325 260 646 680 914 898 506
0-97 110 0-86 1-08 123 102 216 226 293 28 170
402 451 3356 4-60 489 362 721 746 984 941 566
4-83 5-46 4-49 5-43 599 449 669 703 879 889 564
310 3-68 2:99 367 386 284 342 367 451 444 308
2:87 31 2:83 323 359 263 281 303 366 360 262
0-42 0-45 0-42 0-47 063 038 040 043 051 050 037

Rare earth elements determined by isotope dilution MC-ICP-MS using methods described in detail by Baker et a/. (2002);

—, not analysed.

3% (2 SD), with the exception of Th (5%), Nb (6% ) and
Pb (12%). REE concentrations were determined by multi-
collector (MC)-ICP-MS isotope dilution (REE-ID) using
the methods described in detail by Baker ¢t al. (2002)
(Table 3). REE-ID concentrations are considered to be re-
producible to better than 1% and REE ratios to 0:2%
(2 SD). Comparison of the original ICP-MS REE dataset
discussed by Tegner e al. (19984) and both the new isotope
dilution data and ICP-MS data presented here indicates a
tendency to higher middle REE (MREE) in our new data-
set (i.e. higher Dy and thus higher Dy/Yb). All the trace
element diagrams presented below are constructed using
our new ICP-MS and REE-ID data unless stated
otherwise.

All the isotope data presented here are new and were
measured by MC-ICP-MS on an Axiom system at the
Danish Lithosphere Centre, Copenhagen, and are pre-
sented in Table 4. Sr isotopes were determined on ~1g of
whole-rock powder leached in hot 6 N HCI for 3h then
washed several times with MQ water to remove secondary
and/or weathered material, and then dissolved using HF—
HNO3-HCL Sr cuts were then analyzed using methods
described in detail by Waight et al. (2002). Nd isotopes
were determined on unleached aliquots of the same
powder and were dissolved using the same methods. The
samples were passed through conventional cation exchange
columns to yield a bulk REE cut. An additional Ba
clean-up step was carried out using RE-spec resin and the
solutions were analyzed by MC-ICP-MS using methods
similar to those of Luais et al. (1997). Hf isotopes were

determined by MC-ICP-MS on ~100 mg of powder dis-
solved using flux fusion techniques and analysed using
protocols described by Ulfbeck et al. (2003). Most Pb ana-
lyses were performed on hand-picked chips leached for 3 h
in cold 6 N HCI to exclude possible contamination during
crushing and to remove secondary and/or weathered ma-
terial. Rocks chips were not available for several samples
(83893, 83835, 83837 and 83831) and Pb isotope compos-
itions for these were determined on whole-rock powders
leached in hot 6 N HCI for 3h. Pb isotopes were deter-
mined using a *’Pb—?"*Pb double spike following methods
given by Baker et al. (2004).

To compare more accurately Eocene CEG and Icelandic
basalt compositions, it is necessary to take into account
the evolution of the mantle source since 55 Ma. No source
or age correction is applied to the Sr isotope data as
Rb/Sr ratios in unleached powders are low (<0-03), result-
ing in relatively small corrections for ingrowth over
55 Myr. Leaching of powders prior to analysis also pref-
erentially removes ingrown radiogenic Sr to yield initial
Sr isotopic compositions (e.g. Thirlwall et al., 1994).
Source-corrected Hf and Nd isotopic compositions
(End(se) and €ppse)) are calculated by age-correcting
the data to 55 Ma using measured Sm—Nd (REE-ID)
and Lu-Hf (ICP-MS) ratios (exgi) and emgy)). The
appropriate parent/daughter ratio needed to derive this
initial composition from a 2 Ga Bulk Earth source is
calculated and used to forward-correct to a present-
day source-corrected composition (Salters & White, 1998;
see also Barker et al., 2006). Sm/Nd in the low-Ti lavas is
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Table 4: Sr—Nd—H{f~Pb isotope data

DEPLETED BASALTIC LAVAS, GREENLAND

Sample Flow &Sr/%gr “Sm/  Nd/'"Nd  eNd  eNd  77Lu/  7HE/V7HF gHf gHf  2%pp/  27pp;  2%®pp/
no. meas. 4Nd meas. (i) (sc) 78Hf  meas. (i) (sc) 204pp, 204pp, 204ppy
meas. meas. meas.
Low-Ti
412493 2563  0703273+13 02061 0513013+7 725 747 00317 0283186+5 1470 1510 180608 154189 38:1302
412493 (dup) 00317 0283184+6 1464 1504
83893 194  0702931+15 02244 0513041+9 767 789 00362 0283161+6 1365 14-02 180084 154092 37-9095
4365634 180  0702962+21 02269 0513036+7 752 774 00358 0283163+5 1376 1413 180734 154104 37:9810
404290 142 0702912+17 02486 0513074+6 815 839 00440 028319046 1439 1478 183238 154289 380370
404250 94  0702981+15 02471 0513042+6 762 774 00343 0283155+6 1353 1389 17-8971 15:3786 37-9622
404256 88  0702871+14 02498 0513101+6 866 891 00387 0283217+6 1563 1595 17-8946 15:3847 37:7370
404262 82  0702743+£17 02558 0513154+6 966 993 00400 0283241+5 1636 1680 178368 15-3706 37-6371
404263 81  0702734+15 02507 0513148+7 956 984 00384 0283247+7 1662 1707 17-7448 153665 376367
404266 79  0703008+15 02403 0513092+6 855 880 0-0361 0283192+10 1474 1514 17-7365 15:3662 37-8063
404266 (dup) 0-0361 0283195+4 1486 1526
83835 78 070365815 02291 0512960+6 605 623 00337 0283173+4 1419 1457 176212 153824 381225
83835 (dup) 00337 0283166+6 1392 1430
83834 77 0702655+15 02520 0513166+7 991 1020 00373 0283278+7 1776 1823 177300 15-3594  37:5935
404241 72 0702738+£18 02349 0513156+7 983 1010 00291 0283277+6 1803 1852 181341 154377 38:0207
404232 65  0702930+17 02376 05131018 874 899 00357 0283228+7 1604 1648 17-6901 153734 379414
83820 64  0702833+15 02234 0513138+8 957 984 00344 0283269+7 1720 1767 17-8372 15:3969 37-8584
404230 63  0702981+15 02300 0513073+7 825 849 00296 0-283218+9 1593 1636 176890 15:3562 380285
High-Ti
83885 182 0703177411 01608 0512962+6 658 677 00154 0283068+6 1116 1146 183280 154256 38-1656
83838 80  0703328+13 01517 0512972+8 683 7:03 00112 0283062+6 1109 1139 185165 154576 38:3654
83838 (dup) 185166 154580 38-3675
83837 80  0703189+13 01514 0512976+8 691 711 00111 0283066+6 1123 1163 184267 154386 38:2643
83857 76  0703163+13 01570 0512981+7 698 718 00132 0283095+7 12117 1250 183098 154367 38:2024
83831 70  07031756+13 01565 0512988+8 711 732 0-0119 0283090+6 12005 1238 182735 154273 381903

Age-corrected values are calculated using ICP-MS or REE-ID data. Over the period of analysis, replicate analyses of
standards were as follows: SRM987 (n=19) &Sr/®Sr=0-710254 424 (2 SD): DLC in-house mixed Ames Nd-Sm metal
(n=13) "Nd/"™Nd=0-512126+ 13 (2 SD) (equivalent to "*Nd/'*Nd=0-511860 for La Jolla Nd); DLC in-house Hf
standard (n=11) "’Hf/""®Hf =0-281876 =16 (2 SD) equivalent to a value of '"Hf/"®Hf=0-28216 for the JMCA475
standard; SRM981 (n=5) 2%°Pb/?*Pb =16-941 £ 1, 2Pb/?**Pb=15-499 + 1 and 2%Pb/?**Pb=36-721+2 (2 SD). &ng
and gy are calculated using values for CHUR of 7Sm/"*Nd =0-1966, '**Nd/"**Nd =0-512638, ""®Lu/""’Hf =0-0332

and "7Hf/"7®Hf = 0-282772.

similar to that of the depleted mantle, so this results
in minor differences between &€xqise) and enqq) (301
€ units). The lower Sm/Nd of the high-Ti lavas results in a
difference of ¢. 0-5 € units between €xg(se) and €xq(oy
Similarly, &gy is ~0-1-0-6 (average = 0-4) € units higher
than gy for the low-Ti basalts and ~1 € unit higher in
the high-Ti basalts.

Pb isotopes are presented using measured values with
vectors on relevant diagrams indicating the maximum
and minimum age correction applicable. Age correction

of the low-Ti basalt Pb isotope data to 55 Ma using
ICP-MS U-Th-Pb concentrations results in decreases
in 2°°Pb/**Pb, 2’Pb/***Ph and ***Pb/***Pb of 0-04-0-08,
0-002-0-004 and 0:04-0-14 for the low-Ti basalts and
0-12-0-14, 0-006 and 0-13-0-15 for the high-Ti basalts, re-
spectively. As U/Pb and Th/Pb ratios increase in lavas rela-
tive to their mantle sources during partial melting,
present-day mantle source compositions will be similar to,
or slightly less radiogenic than the measured present-day
compositions of the lavas.
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RESULTS

Major and trace elements

The low-T1 basalts are tholeiitic, with five samples classify-
ing as picrites (MgO >12%) following Le Bas (2000).
They are distinguished from the high-Ti basalts by gener-
ally higher MgO, Ni and Cr contents and lower TiOs,
FeO (100, KO, NayO, PyO5, Nb, Zr, Sr, LREE and Ba
(Fig. 2; see also Tables 1 and 3). Excluding the high-MgO
samples (assumed to have accumulated olivine; Momme
et al., 2002), trends of increasing incompatible elements
and decreasing CaO, Al,O3, Ni and Cr with decreasing
MgO are similar to those observed in the high-Ti basalts
and suggest fractionation of olivine, clinopyroxene and
plagioclase (Andreasen et al., 2004). Increasing FeO,,
P,O;5 and TiOy with decreasing MgO indicate that Fe—Ti
oxides and apatite were not important fractionating
phases. The CEG low-Ti and Faroe Island (FI) low-T1 bas-
alts have similar compositions, although the latter tend to
have somewhat higher and more scattered KoO and Rb
contents (Fig. 2), possibly as a result of varying degrees of
alteration.

The low-Ti basalts analyzed in this study have Lay/
Smy = 0:37-0-62, with two possibly crustally contaminated
samples (based on their higher *’Sr/*°Sr) having slightly
higher values (samples 83835 and 412493 with Lay/
Smy = 0639 and 0-858 respectively) (Fig. 3, Table 3). The
heavy REE (HREE) patterns are typically flat to slightly
HREE depleted (Dyn/Ybx =103-125). The low-Ti basalts
are characterized by small and generally negative Eu
anomalies (Eu/Eu* =0-92-101). These compositions con-
trast markedly with the high-Ti lavas with Lax/Smy=
126-141 and Dyx/Ybx=138-159. REE concentrations
(e.g. La) increase broadly with decreasing MgO (Fig. 2),
consistent with olivine fractionation, but this has no sig-
nificant effect on REE ratios such as La/Yby and Dy/Ybx.

Primitive mantle-normalized multi-element patterns
(Fig. 4) for the low-Ti basalts are relatively flat,
MORB-like patterns with lower concentrations of most in-
compatible trace elements compared with the high-T1 bas-
alts. Enrichment in Ba, K and Rb in a single sample
(4042505 Fig. 4, Table 1) is not an analytical artefact, as con-
sistent results are observed for XRF and two independent
ICP-MS analyses; the enrichment is possibly a consequence
of alteration associated with zeolite-facies burial
metamorphism and incomplete removal of secondary
minerals during sample processing (Larsen ef al., 1989;
Neuhoff et al., 1997). The low-T1 basalts have trace element
concentrations largely intermediate between an average
Theistareykir composition and depleted Atlantic MORB,
with a similar characteristic depletion in Pb. The low-Ti
basalts display enrichment in Ba, similar to Theistareykir,
but do not display the additional enrichments in Sr and
Nb (Ta) considered characteristic of Icelandic depleted
compositions (e.g. Stracke et al., 2003).

A more detailed comparison of the incompatible trace
element compositions of the CEG low-Ti basalts, MORB
and depleted Icelandic compositions is possible using a
MORB-normalized diagram (Fig. 5). Compared with
global normal (N)-MORB the CEG low-Ti basalts have
similar to generally lower concentrations of all incompat-
ible trace elements. They are distinguished from N-
MORB by having generally positive Sr peaks with Sr/Sr*
[= SrMN/\/(NdMN*ZrMN) where MN designates MORB
normalized] between 0-8 and 2-8 (average =13) and posi-
tive Pb peaks with Pb/Pb* [= PbMN/\/(LaMN*NdMN)]
of 11-18 (average =1+4). The CEG low-Ti basalts are also
generally relatively more depleted in LREE and Nb com-
pared with MREE, HREE, Rb, Ba, Th and U than
MORB, and exhibit a positive peak at Ba. Many of these
features of the CEG low-T1 basalts are also shared with
depleted Icelandic compositions such as Theistareykir;
for example, the characteristic positive Sr and Ba peaks
(Fig. 5). However, the CEG low-T1 basalts appear to be dis-
tinct from Theistareykir owing to the positive Pb peak
(Theistareykir Pb/Pb* =0:6-0-9, average=0-77), lower
Nb and higher Zr, Hf, Th and U. We have also plotted the
single full trace element analysis for an FI low-T1 basalt
from Seager & Holm (2011) (sample 121516) in Fig. 5, and
note that this is virtually identical to the CEG low-T1 bas-
alts, showing similar distinctions from MORB and
Theistareykir.

It is possible that the Pb enrichment seen in the CEG
low-Ti lavas is a result of contamination during milling in
aWC ball-mill (e.g. Chauvel & Hémond, 2000) or an ana-
lytical artefact. However, the presence of a positive Pb
peak in both the FI and CEG samples suggests otherwise,
as the FI sample was processed in agate (N. Seager,
personal communication) and analysed independently
at a separate laboratory (Seager & Holm, 2011).
Furthermore, no consistent offsets are observed between
205Ph/?*Ph determined on leached chips in this study, or
on leached powders of the same samples published by
Peate & Stecher (2003).

Isotopic data

The low-Ti basalts are distinct from other CEG magmatic
suites with lower ¥Sr/*®Sr and higher éna() (Fig. 6). They
have ¥’Sr/*Sr ranging from 0:70266 to 0-70301, excluding
two samples with higher ¥Sr/*Sr up to 0-70366. Nd
isotopic compositions at 55 Ma range from &nq(j) of +7-5
to 49:9; the two radiogenic *Sr/*®Sr samples have
énag) =161 and +7-3. Hf isotopic compositions of the
low-Ti basalts range from &gy of +13-1 to +18:0. The
low-Ti basalts have more radiogenic €gy;) than contempor-
aneous Milne Land and Geikie Plateau Formation
high-Ti basalts, and overlap with, and extend to more
radiogenic values than, the overlying Romer Ijord and
Skraenterne Formation lavas (Fig. 6). The Pb isotope
compositions of the low-T1 basalts fall within the range of
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Fig. 2. Selected major and trace element variations for CEG basalts from this study versus MgO; additional CEG high-Ti data (labelled other)
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are from Andreasen ¢/ al. (2004). Data for the Faroe Islands basalts are plotted for comparison (Seager & Holm, 2009, 2011).
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Fig. 3. Chondrite-normalized REE patterns for the high-Ti and low-Ti basalts; grey field represents high-Ti data from Andreasen et al. (2004);

normalizing values from Anders & Grevesse (1989).
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Fig. 4. Primitive upper mantle (PUM)-normalized multi-element patterns for the CEG basalts (low-Ti, medium continuous lines; high-Ti, fine
continuous lines). Additional data illustrated are high-T1 lavas from Andreasen et al. (2004) (grey shaded region), average Theistareykir compos-
ition (triangles) calculated from the dataset of Stracke et al. (2003), using analyses with MgO between 10 and 15wt %, La/Yb, <1 and exclud-
ing the Draugarhraun and Asbyrgi basalts, and average Atlantic MORB (circles) with Lay/Smy <l from Arevalo & McDonough (2010).
Element order after Stracke et al. (2003); normalizing values from McDonough & Sun (1995).

206ph/2 M Ph =1759-18-32, **"Pb/***Pb=15-36-15-44 and
208ph 20 Ph = 37-59-38:13 (Fig. 6). Pb isotope compositions
are less radiogenic than contemporaneous uncontaminated
high-Ti lavas; however, contamination tends to shift these
lavas to less radiogenic compositions so that there is con-
siderable overlap. Notably, the sample with an elevated Ba
content (404250) does not show isotopic evidence for
being strongly contaminated, indicating that leaching was
efficient in removing any remnant secondary material in
vesicles. The CEG and FI low-Ti basalts have virtually
identical compositions in Sr-Nd-Hf-Pb isotope space,
although a few FI samples extend to more radiogenic Sr
compositions and several extend to lower *’Sr/*°Sr and
have Pb isotopic compositions closer to the NHRL. The

five high-Ti samples examined have *’Sr/*°Sr=0-70315—
0-70333, &exqaiy =466 to +7-1, eypy=+111 to +12-2,
206pp 2 Ph =18-27-1852, *"Pb/***Pb =1542-1546 and
208ph2*Ph = 38:16-38-37, in agreement with the more
comprehensive datasets presented by Peate & Stecher
(2003), Andreasen et al. (2004) and Barker et al. (2006), as
well as those from the FI (Seager & Holm, 2009, 2011).
Hart (1984) quantified vertical deviations in **’Pb/***Ph
and 208Pb/QMPb from the Northern Hemisphere Refer-
ence Line (NHRL) with the parameters A*7Pb
(I*’Pb/*™Pb — (0-1084"°Pb/***Pb +13-491)] x 100} and
A*®Ph  {[*®Pb/**Ph (1209%°°Ph/***Pb + 15627)] x
100}, respectively. All CEG basalts in this study are char-
acterized by negative A™Pb (low-Ti=—19 to —54,
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Fig. 5. N-MORB-normalized extended multi-element diagrams, norma
samples; the high-Ba sample (404250) is excluded; filled diamonds relate

lized to the values of Arvelo & McDonough (2010). (a) CEG low-Ti
to a representative low-Ti sample (404232, approximating a primary

melt). (b) Comparison between 404232, an average Theistareykir composition from Stracke et al. (2003) (see Fig. 4) and an analysis from the
FI low-Ti lavas (from Seager & Holm, 2011). The shaded field represents the full low-Ti dataset as shown in (a). Also shown are the effects of
contamination of an average Theistareykir composition with 1 and 2% bulk Archean crust [crust composition from Wedepohl ez al. (1991)].

high-Ti=—39 to —53) and positive A?"Pb (low-Ti-
+26 to 4114, high-Ti=+35 to +47); that is, having
27Ph2*Ph and ***Pb/***Pb compositions that plot, re-
spectively, above and below the NHRL. These signatures
are also characteristic of both modern Iceland plume
compositions (e.g. Thirlwall et al, 2004) and other
proto-Iceland plume compositions [e.g. CEG (Barker

et al., 2006; this study), FI (Seager & Holm, 2011), West
Greenland (Larsen & Pedersen, 2009) and Baffin Island
(Jackson et al., 2010)]. Although age correction has a rela-
tively large effect on Pb isotopic compositions in the CEG,
it has little effect on these characteristic offsets from the
NHRL. Calculation of A*™Pb and A*™Pb using
age-corrected data and recalculation of the NHRL to 55

1579

¥20z Iudy 0z uo 1senb Aq L.Z0ZSY 1/69G L/8/cG/eone/ABojoed/woo dno-olwepeoe//:sdiy woly pepeojumoq



JOURNAL OF PETROLOGY VOLUME 53 NUMBER 8 AUGUST 2012

12 : 20
(a) + Lower Basalts
x PafW 18
10 A c% ¢ Faroes low-Ti_ 16
O Faroes high-Ti
© & O CEG high-Ti other 14
8 1 o B CEG high-Ti
# CEG Low-Ti 12
" h o o ob
o 6 A I:l" £10
-4 O @
< +4 8
1 6
2 4 4
2
0 Ll T Ll T 0
0.7025 0.7030 0.7035 0.7040 0.7045 0.7050
¥sr/sr
c - 38.9 {(d)
155 4 (c) -'ﬁ‘;r?-orrir &?‘?: o age corr
age corr A 38.7 4 E'!_'gh'T' b n
j/ I:l
15.4 1 385 - » %
: o B .y
o o | W= I._,
& 83,
=] n
g ied > 3814, cc®
] & o L 7
37.9 4
15.2 {x ' °
1x o
» 37.7 + O
b
15.1 T T T T 375 aa - T T
17.0 17.5 18.0 18.5 19.0 19.5 17.0 17.5 18.0 18.5 19.0 19.5

26pp, 2,

26pp 2¥pp

Fig. 6. Isotope compositions of CEG low-Ti basalts compared with contemporaneous magmas in East Greenland and the Faroe Islands.

(a) ¥Sr/*%Sr vs eNdi; (b) eNd;) vs eHf (35 (c) 20ph20TPh vs 27 Ph/X M Ph; (d) *°Ph/*™*Pb vs “%*Ph/*"Ph. Comparative data are shown from
Hansen & Nielsen (1999), Peate et al. (2003), Andreasen e al. (2004) and Seager & Holm (2011). Arrows labelled CC represent general trends
of crustal contamination as observed in the Lower Basalts and Prinsen af Wales Bjerge Formation (PafW). Vectors on the Pb isotope diagrams
represent the maximum and minimum change for the high- and low-Ti basalts with age correction to 55 Ma. NHRL, Northern Hemisphere

Reference Line.

Ma, assuming the depleted mantle U-Th—Pb concentra-
tions estimates of Salters & Stracke (2004), results in
‘age-corrected” A Pb values for the low-Ti basalts that
are on average 0-5 units less negative and A**®Pb values
that are on average 0-8 units less positive compared with
the measured values.

Comparison of the isotopic compositions of the CEG
low-T1 lavas (source-corrected where appropriate) with
Iceland shows general overlaps, in particular with depleted
compositions from Theistareykir and the surrounding
ridges (Kolbeinsey and Reykjanes) (Fig. 7). However,
some differences are apparent. The low-T1 basalts overlap
with Iceland but extend to less radiogenic Sr in a plot of
FSr/%Sr vs eNd(.) to overlap with the adjacent ridges
(Reykjanes and Kolbeinsey). The low-Ti basalts also tend

to be offset to somewhat less radiogenic Sr at a given Nd
isotopic composition, a feature also noted for the ridges ad-
jacent to Iceland by Thirlwall et al. (2004). Age or source
correction issues for the low-Ti samples will only empha-
size these offsets from Theistareykir. There is near-total
overlap between Iceland and adjacent ridges and the
low-Ti lavas in Hf-Nd isotopic space (Fig. 7). In a plot of
25ph 2Pl vs 27Ph/***Ph the low-Ti lavas overlap with
Theistareykir and extend to less radiogenic compositions,
and tend to have lower 2’Pb/?**Pb at a given 206 py, 204 py,
than the Reykjanes and Kolbeinsey ridges (Fig. 7), whereas
both the low-Ti and high-Ti lavas are offset to lower
25ph/2*Ph at a given **Pb/***Ph compared with Iceland
and surrounding ridges (see also Barker et al., 2006;
Soager & Holm, 2009, 2011). The offset in ***Pb/***Pb is
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Andres et al. (2004), Thirlwall et al. (2004), Agranier et al. (2005), Blichert-Toft ez al. (2005), Debaille et al. (2006), Kokfelt et al. (2006), Kitagawa
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not due to age correction effects, as this tends to move
compositions parallel to the NHRL, rather than perpen-
dicular to it.

DISCUSSION

In the following discussion, we assess the effects of crystal
fractionation, partial melting and crustal contamination,
and conclude that at least two mantle source components,
plus small degrees of crustal contamination, are required
to explain the observed geochemical variations of the
CEG low-T1 basalts. We compare the CEG compositions
with previously postulated mantle components in the
North Atlantic using both trace element and isotopic

constraints and conclude that the depleted component(s)
in CEG were similar to depleted sources currently tapped
under modern Iceland and the adjacent oceanic ridges,
yet display some subtle differences suggesting that these
plume sources may have varied with time. We argue that
these depleted components are distinct from typical global
N-MORB sources and were an integral part of the
Iceland mantle plume.

Crystal fractionation

The low-T1 basalts have MgO contents varying from 17-3
to 70wt % and Ni contents that vary from 735 to
67 ppm; they show similar overall trends in major and
trace element compositions to basalts from Theistareykir
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(Stracke et al., 2003). Momme et al. (2006) proposed that
the parental melts of the low-Ti basalts had
MgO =13-6wt % and 460 ppm Ni. Similarly, Stracke
et al. (2003) argued for a primary melt with ¢. 14wt %
MgO at Theistareykir. Recent modelling of the contem-
poraneous low-Ti magmas on the Faroe Islands by Seager
& Holm (2011) suggests parental melts with 16-19% MgO
and high potential mantle temperatures of 1475-1550°C.
Despite these variations, it is apparent that most of the
CEG low-Ti basalts do not represent primary magmas;
most are more evolved and several have apparently under-
gone olivine accumulation (see Fig. 2). The observed vari-
ations in REE can be attributed to fractional
crystallization of olivine, clinopyroxene and plagioclase,
although it is likely that varying degrees of melting also
played a large role in controlling the REE budget, as dis-
cussed in more detail below.

Partial melting processes

In a plot of La/Ybyx vs Dy/Yby (Fig. 8) the low-T1 basalts
display a trend that contrasts markedly with the largely in-
variant and lower Dy/Yby observed in depleted compos-
itions from Iceland and adjacent ridges. Aggregated
non-modal melting trajectories (Shaw, 1970) for both
spinel- and garnet-facies sources are presented in Fig. 8.
We note that fractional crystallization of an assemblage of
olivine, pyroxene and plagioclase will result in

1:(

insignificant changes in Dy/Yby and La/Ybx. Use of typ-
ical depleted MORB mantle (e.g. Workman & Hart,
2005) as a source is inappropriate for both CEG and
Iceland compositions, primarily as a consequence of their
relatively low La/Yby; instead, we construct these models
using a depleted MORB mantle source that has previously
had a small degree of melt removed in the spinel facies
(see also Momme et al., 2006). Previous studies have
shown that magmas from most flood basalt provinces typ-
ically do not plot on or near spinel- or garnet-facies melting
trajectories. The observed trends can be explained by
mixing of melts derived from both lithologies (e.g.
Thirlwall et al., 1994, 2000; Baker et al., 1997). The observed
variations in the low-Ti basalts are broadly consistent
with mixing of small-degree melts (1-3%) from the
garnet facies with relatively large-degree melts (20%)
from the spinel facies. We note that these trends are consist-
ent whether we plot REE-ID or ICP-MS REE data. On
the basis of the modelling presented in Fig. 8, ¢. 20-30%
of the melt is derived from garnet-facies mantle. This con-
trasts with the assumptions of Momme e/ al. (2006) that
the low-T1 basalts were derived entirely from spinel-facies
mantle. There is no correlation between Dy/Yby and
PNd/**Nd (7 =002, not shown) in the low-Ti basalts as
would be expected if a more enriched component was pref-
erentially tapped at greater depths (i.e. in the stability
field of garnet). Similar processes of polybaric melt

1.6
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1.2
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0.9 - = "

_Reykjanes

@*@—Thelstareyklr
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Spinel-facies melts

0.0 0.5

1.0 1:5

La/Yb y

Fig. 8. Variation of La/Yby vs Dy/Yby for CEG low-Ti basalts (filled diamonds) and Theistareykir basalts (La/Yby <l; data from from Stracke
et al. 2003) (open triangles). Shaded fields represent data from the Reykjanes Ridge from Murton et al. (2002) (restricted to latitudes 57-61°N
to exclude influence of the Iceland plume) and from the Kolbeinsey Ridge from Devey et al. (1994). Aggregated non-modal melting curves for
a depleted MORB mantle source (Workman & Hart, 2005), previously depleted by removal of 0-5% melting in the spinel facies, in the garnet
and spinel facies are shown, together with mixing curves between 1% (A) and 3% (B) melting in the garnet facies and 20% melting in the
spinel facies. Tick marks represent 1% melting (up to 20%) and 10% mixing. Curves calculated using partition coefficients presented by
Stracke et al. (2003) and parameters presented by Thirlwall e al. (1994). Crustal contamination by average continental crust will result in a

small increase in La/Yby (¢. 01) but no significant change in Dy/Ybx.
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aggregation have been proposed for both the CEG high-Ti
basalts (e.g. Tegner et al., 19984; Momme et al., 2006) and
the modern Iceland plume (e.g. Stracke et al., 2003;
Maclennan, 2008). However, it is clear that the proportion
of melt derived from the garnet facies is greater in the
low-Ti basalts from the CEG than for similar depleted
compositions from modern Iceland. This may be a conse-
quence of a potentially hotter mantle plume combined
with the presence of a thicker lithospheric lid, restricting
continued melting of spinel-facies mantle at shallower
depths.

Role of crustal contamination

and identifying discrete mantle sources
Isotopic evidence for crustal contamination is widespread
in East Greenland (Fram & Lesher, 1997; Fitton et al.,
1997, 2000, 2003; Saunders et al., 1997; Hansen & Nielsen,
1999; Peate et al., 2003) (see Fig. 7). Crustal contamination
is less evident in the high-Ti Plateau Basalts (e.g. Peate &
Stecher, 2003; Andreasen et al., 2004; Barker et al., 2006),
allowing many compositions to be treated as uncontamin-
ated. However, the relatively low Pb (<lppm), Nd
(<4 ppm) and Hf (<2 ppm) contents of the low-T1 basalts
makes them considerably more susceptible to contamin-
ation than the high-Ti basalts, which has important impli-
cations for identifying potential mantle source
components and for making comparisons with modern
Icelandic compositions.

CEG crust is dominated by Archean gneisses reworked
during the Proterozoic (Leeman et al., 1976; Taylor et al.,
1992; Kalsbeek et al., 1993). The basement is characterized
by low eNd (=15 to —41), variable *Sr/**Sr (0-703-0-755)
and unradiogenic *°Pb/***Pb (<16) owing to removal of
Rb and U during Archean metamorphism (Weaver &
Tarney, 1981). Two Archean crustal contaminants are identi-
fied in CEG, a granulite-facies (¥Sr/*°Sr=0-703-0-718,
low “Pb/**Pb) and an amphibolite-facies (*Sr/**Sr=
0-738-0-755, high ***Pb/***Ph) component, both with low
25Pb2*Ph (13-4-159) and eNd (c. —15 to —40) (e.g.
Leeman et al., 1976; Taylor et al., 1992; Kalsbeek et al., 1993).
Crustal contamination in the NAIP results in higher
#7Sr /981, lower eNd and especially lower *Ph/***Pb (e.g.
Hansen & Nielsen, 1999; Kempton et al., 2000; Peate &
Stecher, 2003; Peate et al., 2003, 2008; Andreassen et al.,
2004; Riishuus et al., 2005). In contaminated high-Ti sam-
ples, scatter in Pb isotopic compositions indicates that
both amphibolitic and granulitic compositions were
involved at different levels in the crust (Andreasen et al.,
2004; Barker et al., 2006; Peate et al., 2008). Crustal contam-
ination complicates the identification of mantle
end-members, therefore we now examine the potential
consequences of crustal contamination in detail using
both isotopic compositions and trace element data.

DEPLETED BASALTIC LAVAS, GREENLAND

Combined trace element and isotopic
constraints on contamination and sources
High degrees of crustal contamination in East Greenland
and Faroe Island basalts have been identified through
their increased SiO, contents, and elevated ratios of large
ion lithophile elements (LILE) or LREE relative to high
field strength elements (HFSE), such as K/Nb and La/Nb
(e.g. Peate et al., 2008). However, no such correlations are
observed between isotopic compositions and silica contents
in the CEG low-T1 dataset.

Pb is highly sensitive to crustal contamination, and
therefore the offsets observed in Pb isotopic space between
the CEG low-Ti basalts and North Atlantic MORB, the
NHRL and depleted Icelandic lavas (e.g. Fig. 7), combined
with the positive Pb peaks in MORB-normalized trace
element plots (Fig. 5) could be indicative of small, yet ubi-
quitous, amounts of crustal contamination of magmas
derived from similar mantle sources to modern depleted
North Atlantic compositions (e.g. Theistareykir or oceanic
ridges adjacent to Iceland). In Fig. 5 we illustrate that
small degrees of crustal contamination (1-2%) of a
depleted Iceland basalt composition (e.g. Theistareykir)
could produce trace element compositions similar to a typ-
ical CEG low-Ti basalt and replicate the positive Pb peak
and generally higher Th contents. A broad trend of
decreasing **°Pb/***Pb with decreasing Ce/Pb in the CEG
low-Ti basalts is also observed, broadly consistent with
small degrees of crustal contamination; however, we also
note that the relationship with *Sr/**Sr and Nd isotopes
is less clear (Fig. 9). It is important to note that crustal con-
tamination of a depleted Iceland basalt or MORB-like
composition cannot explain the relatively low Nb contents
of the CEG low-T1 basalts, and this therefore must be a dis-
tinctive characteristic of the source. If the positive Pb
peak seen in the MORB-normalized CEG low-T1 basalts
is solely a consequence of contamination, this would
imply that they are all ubiquitously contaminated to small
yet varying degrees. Uncontaminated parental magmas
should therefore have even less radiogenic *Sr/*®Sr, and
higher eéNd and *°Pb/***Pb than observed. For example,
a representative CEG low-Ti sample (404241) with low
¥Sr/%Sr (0-7027) and high *°Pb/***Pb (18:134), indicative
of minimal contamination, has Pb/Pb* =13. In terms of
Pb concentrations alone, such a Pb peak is equivalent to
¢. 15% contamination of a Theistareykir-like composition.
In terms of isotopic compositions this would imply an un-
contaminated parent with very unradiogenic %’Sr/*°Sr
(c. 0:7022) yet relatively radiogenic **Pb/***Pb (c. 20), an
unknown composition in the North Atlantic. Although
less extreme, such arguments remain relevant if a
MORB-like parent with Pb/Pb* =1 is used. Acknowled-
ging the analytical challenges associated with the deter-
mination of relatively low Pb concentrations and the
potential for contamination during sample processing, we
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tentatively suggest that the positive Pb peak in part repre-
sents a characteristic feature of the CEG low-Ti basalts.
More detailed, high-quality Pb concentration data from
the II are needed to confirm if this is also the case there.

Evidence for at least two distinct mantle components, as
well as for small degrees of crustal contamination in the
CEG low-Ti lavas can be seen in Fig. 9, where trace elem-
ent ratios that change significantly with crustal contamin-
ation yet are unaffected by fractional crystallization and
melting processes (e.g. Rb/Zr, Ba/Nb, Ce/Pb) are plotted
against isotopic composition. The diagrams can be inter-
preted in terms of the involvement of four end-members—
two mantle components and both amphibolitic and granu-
litic crust. The main compositional variations in the CEG
low-Ti basalts appear to be between two main depleted
magmatic components—one of which is a depleted compo-
nent with unradiogenic ®Sr/*°Sr, radiogenic Nd, high
Rb/Zr and Ba/Nb, and relatively low Ce/Pb, whereas the
other is slightly less depleted with more radiogenic Sr, less
radiogenic Nd, lower Rb/Zr and Ba/Nb, and higher Ce/
Pb. This second component has an isotopic composition
similar to the CEG high-Ti basalts, but has depleted char-
acteristics. We note that these variations primarily reflect
correlations between HFSE and isotopic compositions,
whereas the LILE (e.g. Rb, Ba, Pb) remain relatively con-
stant with changing isotopic compositions. In general, the
spread in compositions between these components in trace
element—Sr—Nd isotope space trends at a relatively high
angle to that expected from crustal contamination, allow-
ing their identification. However, some scatter in these dia-
grams is consistent with small degrees (generally <1%) of
contamination by both amphibolitic and granulitic crustal
components in a number of the samples. Distinguishing
mixing between the two mantle-derived components and
the effects of crustal contamination in Pb isotope space is
less clear, primarily as crustal contamination has a much
larger effect on the Pb isotopic compositions and masks
the primary signals.

We note that correlations between Rb/Zr, Ba/Nb and
Ce/Pb and isotopic composition in the CEG high-Ti bas-
alts are either minor or absent, primarily because these
basalts are less susceptible to contamination owing to
their generally higher trace element concentrations.
Instead, the CEG high-Ti basalts appear to indicate input
from sources with, for example, both low and high Rb/Zr
but little variation in isotopic composition. A broad trend
is observed in the low-Ti basalts with relatively low
¥Sr/*Sr and radiogenic Nd towards higher Rb/Zr, which
could be interpreted as crustal contamination (this low-T1
end-member will have lower Zr and therefore be more
susceptible to contamination) or involvement of the high
Rb/Zr high-Ti component.

Plots of Nb/Zr vs *°Pb/***Pb and "“Nd/"**Nd illustrate
that the most depleted CEG and FI low-Ti basalts overlap

DEPLETED BASALTIC LAVAS, GREENLAND

with the most depleted compositions from the North
Atlantic (Fig. 9), yet both FI and CEG show a trend that is
clearly divergent from that seen on Iceland and adjacent
ridges, extending to less radiogenic compositions at rela-
tively constant Nb/Zr. These variations are consistent with
small degrees of crustal contamination. The amounts of con-
tamination indicated do not agree between Nd (2-3%)
and Pb isotopes (<0-5%), although this is highly dependent
on the elemental concentrations chosen for the
end-members in the modelling. It is apparent that the
uncontaminated low-T1 parent melts apparently had a
much more limited range in Nb/Zr than in the modern
North Atlantic, and there is, for example, little evidence for
involvement of the low 143Nd/lHNdfhigh Nb/Zr enriched
plume components observed on Iceland (e.g. IEl and IE2
of Thirlwall et al., 2004; enriched components with relatively
high and low 2*°Pb/*™Pb respectively). Alternatively, this
variation may also reflect a high "*Nd/"*Nd and low Nb/
Zr source that is not preserved in the modern North
Atlantic, although we stress that we cannot distinguish this
option from crustal contamination. This is potentially also
suggested by the contemporanecous CEG high-Ti basalts,
which have lower Nb/Zr than Icelandic compositions at
equivalent "Nd/"*Nd, and other trace element ratio—iso-
tope plots that indicate a trend towards high-Ti compos-
itions. A single Iceland sample (RPI03A) presented by
Thirlwall et al. (2004) plots within the CEG low-Ti field in
a plot of Nb/Zr vs " Nd/"**Nd. This sample is distinct from
the CEG low-Ti lavas and characterized by positive
A Pb and negative ANb, and defines the probably volu-
metrically minor ID2 component of Thirlwall et al. (2004)
for which there is no evidence in our dataset.

Identification of primitive basalt end-members for crus-
tal contamination modelling is non-trivial given evidence
for multiple mantle end-members in the North Atlantic
Province (e.g. Fig. 9 and Seager & Holm, 2011) and
modern Iceland (Thirlwall et al., 2004). We model crustal
contamination using two potential depleted end-members.
The first component used in contamination modelling is
CEG low-Ti sample 404290, which has the highest
25Ph/**Ph in the dataset, and is therefore potentially
most representative of the less depleted component identi-
fied above. We use one of the depleted components sug-
gested for the TFaroe Islands—the Faroes Depleted
Component (FDC) of Seager & Holm (2011)—as the
more depleted end-member. The FDC bears many simila-
rities to North Atlantic MORB and is broadly similar to
the IDl (a depleted component best seen at
Theistareykir) and RRDI (the depleted component on
the Reykjanes Ridge) end-members, which dominate the
depleted magmatism on Iceland (Thirlwall et al., 2004).
All three components are distinguished from MORB (e.g.
south of the Charlie-Gibbs Iracture Zone) by having
negative  A”Pb (Fig. 10). A plot of “Pb/*”*Pb vs
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¥8r/%Sr shows that the CEG (and FI) low-Ti compos-
itions trend towards a component with less radiogenic
Sr and lower %Pb/***Pb than observed in the most
depleted compositions on Iceland (Theistareykir), indicat-
ing involvement of a depleted component similar to IDI
or FDC (Fig. 10). This plot also shows a broad positive
trend between 2®Pb/**Pb and ¥Sr/*°Sr that parallels
that of other NAIP magma series and indicates involve-
ment of a second mantle-derived component perhaps simi-
lar in composition to sample 404290. Contamination
models are calculated assuming elemental concentrations
for the FDC equivalent to the average N-MORB concen-
trations of Arevalo & McDonough (2010). This is a min-
imum estimate, as the CEG low-T1 basalts typically have
lower concentrations of Pb, Sr and Nd than N-MORB
(e.g. Fig. 5). We emphasize that these are models only, and
that significant isotopic and trace element heterogeneity is
likely in the mantle-derived and especially the crustal
end-members. We note that the actual depleted compo-
nent(s) involved may have been even more depleted,
given the likelihood that the depleted mantle end-members
may not be accurately reflected in the resultant melts (e.g.
Stracke & Bourdon, 2009).

The range of isotopic compositions observed in the
low-T1i basalts is inconsistent with a simple scenario of con-
tamination of a melt derived from a unique low-T1 source
by a single homogeneous crustal component. Instead, a
range of mantle source compositions and/or multiple
contaminants are implied. Modelling indicates that the
isotopic compositions of the low-Ti basalts can be attribu-
ted to contributions from a broadly ‘MORB-like’ depleted
component similar to FDC or the ID1 or RRD compo-
nents of Thirlwall et al. (2004) and a slightly less depleted
component with higher “Pb/***Ph and *°Pb/***Pb,
more negative A?7Ph, and lower ¥Sr/*Sr and
"Nd/"**Nd. This latter component has isotopic compos-
itions not dissimilar to the high-Ti CEG basalts, and does
not appear to be present under modern-day Iceland.
A crude correlation between increasing Nb/Zr and
decreasing Ba/Nb (not shown) lends credence to the
suggestion that the distinct trend in Nb/Zr vs "*Nd/"**Nd
seen in the low-T1 basalts (Fig. 9) is due to this component
rather than crustal contamination. We tentatively suggest
that this component may reflect involvement of melts
derived from re-melting of residual material from the
high-Ti source, depleted during deeper melting and
removal of the high-Ti magmas. This would explain the
trends towards isotopic compositions similar to the
high-Ti magmas, but retention of relatively depleted trace
element compositions. For example, such a residue would
be expected to have lower Nb/Zr than the high-Ti basalts,
but a similar Nd isotopic composition. These melts under-
went small degrees of crustal contamination (typically less
than  0-5%) by granulitic andfor amphibolite

DEPLETED BASALTIC LAVAS, GREENLAND

contaminants. The result is a broad spread to less radio-
genic uranogenic Pb, more negative A*Pb and more
positive A?*Ph, and lower ¥Sr/*°Sr, as is also consistent
with contamination histories observed in the contempor-
aneous high-Ti basalts (Andreasen et al., 2004).

Offsets from the NHRL are critical to distinguishing
North Atlantic components from global MORB, and have
been used to argue for the involvement of relatively young
(Palaeozoic) recycled basaltic oceanic crust in the Iceland
plume (Thirlwall et al., 2004). However, these parameters
are particularly susceptible to contamination as typical
crustal compositions in CEG have extremely negative
A Ph (=12 to —30) and positive A™®Pb (120-450).
Trends to more negative A*’Ph (—64), positive A**Ph
(804), increasing ’Sr/*®Sr and decreasing *°Pb/***Ph
with contamination are observed in the high-Ti lava series
(Andreasen et al., 2004; Barker et al., 2006). Small degrees
of crustal contamination can also explain the range of
A*Pb and A™Pb in the low-Ti basalts to compositions
more extreme than observed on Iceland (Fig. 10).
However, even uncontaminated high-Ti CEG basalts
appear to have more extreme offsets from the NHRL
than Iceland (Barker et al., 2006) and this is considered to
be an integral feature of CEG high-Ti magmatism that dis-
tinguishes it from modern Icelandic magmas.

The FI low-Ti basalts show similar variations to the
CEG low-Ti basalts in all isotopic diagrams (Fig. 10). The
FI lavas were emplaced through thick continental crust
equivalent to that found in East Greenland and therefore
much of their isotopic variation could also be potentially
explained by small degrees of crustal contamination as
suggested here. Seager & Holm (2011) argued that most of
their dataset was uncontaminated, in part referring to low
Th/U and Th/Nb in the CEG dataset of Barker (2006),
which we have found to be inaccurate. On the basis of the
assumption that their samples were uncontaminated,
Seager & Holm (2011) argued that the low 206Pl)/Q(MPb
depleted North Atlantic End-Member (NAEM) compo-
nent of Ellam & Stuart (2000) was an important compo-
nent during magmatism in the Faroe Islands. Our
modelling demonstrates that trends towards this compo-
nent can also be adequately explained by minor (<1%)
amounts of crustal contamination. Ascertaining degrees of
contamination is dependent on which model is used.
Using assimilation—fractional crystallization (AFC)-type
models, as done by Segager & Holm (2011), to model assimi-
lation will tend to underestimate the degree of contamin-
ation compared with bulk mixing, especially when
relatively low values of 7 (rate of assimilation to crystalliza-
tion) are used. Primitive hot magmas in flood basalt prov-
inces may assimilate significant amounts of crust during
turbulent magma migration without undergoing signifi-
cant crystallization (e.g. Huppert & Sparks, 1985) and
therefore bulk-mixing modelling is potentially more
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appropriate. Furthermore, it has been suggested that hot
basaltic systems crystallizing primarily olivine may have r
values approaching unity or greater (Reiners e/ al., 1995)
and therefore will result in AFC models that mimic bulk
mixing. Seager & Holm (2011) also identified a trend of
FI samples with eéNd <+9 towards more radiogenic Pb
and positive A*’Ph, which they interpreted as represent-
ing the involvement of a component similar to the
Icelandic Orafajokull lavas and the ID2 component of
Thirlwall et al. (2004), which may represent a pelagic sedi-
ment component. If such a trend is present in the CEG
low-T1i dataset, it is obscured by the scatter caused by crus-
tal contamination.

Mantle sources: depleted plume mantle or
a depleted MORB mantle source?

Combined trace element and isotopic characteristics
(Fig. 9) suggest that two distinct mantle sources are
involved in the genesis of the CEG low-Ti basalts. We are
hesitant to name these components given the plethora of
acronyms already proposed for mantle components in the
North Atlantic Igneous Province (e.g. Hanan & Schilling,
1997; Thirlwall et al., 2004; Kokfelt et al., 2006; Kitagawa
et al., 2008; Seager & Holm, 2011). We also note that the
FDC component bears a striking resemblance to typical
MORB and the RRDI component that dominates
depleted magmatism to the south of Iceland, as well as
the IDI component most evident at Theistareykir
(Thirlwall et al., 2004). Thirlwall et al. (2004) have sug-
gested that a mixture dominated by RRD], together with
the IDl and ID2 components, represents the main
depleted component on Iceland, and it would appear that
a broadly similar component may also have existed in
CEG at 55 Ma.

There has been considerable debate as to the physical lo-
cation and origin of the depleted component(s) with re-
spect to the Iceland mantle plume, primarily divided into
arguments suggesting that it represents ambient depleted
North Atlantic upper mantle incorporated into the plume
at shallow levels (e.g. Hanan et al., 2000; Stracke et al.,
2003), or that it is an integral part of the plume (Fitton
et al., 1997; Thirlwall et al., 2004) and may therefore be
derived from recycled components and/or the lower
mantle. This question is just as relevant for the CEG
low-T1i basalts. Momme et al. (2006) argued that the CEG
low-Ti basalts were derived from a distinct geographical
location (i.e. within the newly developed oceanic rift), on
the basis of (1) a lack of evidence for mixing of the CEG
low- and high-Ti magmas, (2) concentration of the low-Ti
lavas in coastal regions with decreasing abundances to the
west, and (3) their main restriction to the boundary be-
tween the Milne Land and Geikie Plateau Formations.
This could in turn imply that the CEG low-Ti magmas
represent (1) melting of typical North Atlantic depleted

MORB mantle in a newly developed rift zone, (2) lateral
or radial zonation of the plume such that the low-Ti
magma source was located preferentially below the rift
zone (e.g. Seager & Holm, 2011), or (3) that the low-Ti
sources were distributed as blobs throughout the plume,
but were relatively refractory and began to melt only
during the rapid thinning and decompression occurring
in the rift zone.

In detail, the low-Ti lavas, although mainly concen-
trated at the top of the Milne Land Formation, are in fact
distributed sporadically throughout the Plateau Basalt
sequence (see Tegner et al., 1998a). Furthermore, low-Ti
and high-Ti lavas occur contemporaneously and some
low-Ti eruption sites are found up to 50 km inland from
the coast (L. M. Larsen, personal communication). This
suggests that the low-T1 source was an integral part of the
melting column.

Comparison with MORB

The ANbparameter [=172 4+ log(Nb/Y) — 192log(Zr/Y)],
defined by Fitton et al. (1997), has been used to distinguish
between Iceland plume and global N-MORB compositions,
such that Icelandic magmas have ANb>0 and N-MORB
has ANb < 0. The low-Ti basalts plot below the Iceland field
(ANb<0) and overlap with compositions from the
Reykjanes and Kolbeinsey Ridges (Fig. 11); contamination
cannot explain this offset from Iceland. The Reykjanes data
are filtered to include only data from 57-61°N and should
thus not be excessively influenced by the Iceland plume, and
plot consistently with ANb <0. In contrast, the Kolbeinsey
data come from immediately north of Iceland and spread
across the Iceland—N-MORB boundary, consistent with
significant influence from the plume. Only a single low-Ti
sample plots within the Iceland field; this sample (412493)
comes from stratigraphically higher in the Plateau Basalt
sequence within the Skraenterne Formation. The high-Ti
lavas plot within or close to the Iceland field (ANb ~0).
Tollowing the arguments of Fitton et al. (1997), the ANb
values therefore suggest that the low-Ti basalts were derived
from an N-MORB source, whereas the high-Ti magmas
were derived from the Iceland plume, consistent with the
model for CEG of Momme et al. (2006). The AND systematics
also suggests a closer link between the CEG low-T1 basalts
and the ridges adjacent to Iceland, rather than Iceland itself.
As discussed in more detail below, isotopic evidence suggests
thatmostofthe upper mantlein the North Atlanticis polluted
by the Iceland plume and this complicates distinguishing
between global N-MORB sources and upper mantle
compositions in the North Atlantic.

The suitability of ANbD to distinguish between N-MORB
and Icelandic compositions has been questioned by
Hanan ¢t al. (2000) and Stracke et al. (2003). Those workers
presented datasets in which the contrast between Iceland
and MORB is less distinct, together with arguments
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Fig. 11. Variation of Nb/Y vs Zr/Y showing the region (ANb>0) considered to distinguish Iceland plume compositions from MORB
(ANb<0) (Fitton et al., 2003). CEG data were obtained by XRI at Edinburgh University. The small arrow by the low-Ti data field represents
a vector for 2% contamination by average crust (WT84) from Weaver & Tarney (1984). The source of the CEG low-Ti basalts must be more
depleted than typical depleted MORB mantle (DMM; e.g. Workman & Hart, 2005), and a potential residual source composition (following re-
moval of 0:5% melt in the spinel facies) is shown, calculated using aggregated non-modal melting as discussed in Fig. 8. Fields for Kolbeinsey
are from Devey et al. (1994) and for Reykjanes from Murton et al. (2002). Data for Theistareykir (open triangles) are from Stracke et al. (2004);
additional CEG high-Ti data (small squares) are from Andreasen et al. (2004).

suggesting that the parameter may also be affected by vari-
able extents and pressures of melting. For example, the
REE modelling presented above suggests that the source
for the low-Ti basalts must be somewhat more depleted
than a typical depleted upper mantle MORB source, and
removal of only small degrees of melt is sufficient to shift
the residual mantle source to negative ANb (see Fig. 11).
In response to criticisms of the ANDb parameter, Kempton
et al. (2000) and Fitton et al. (2003) proposed that
N-MORB and Iceland compositions can also be distin-
guished in Hf-Nd isotope space, where, at relatively radio-
genic compositions, global N-MORB plots below the
mantle reference line, and Icelandic and other NAIP com-
positions  plot above the mantle reference line.
Source-corrected Hf and Nd isotopic compositions for
both the low-Ti and high-T1 CEG basalts fall within the
Iceland field (Fig. 7), suggesting derivation from the
Iceland plume rather than from depleted MORB mantle,
and therefore contradict conclusions based on AND system-
atics. The effect of crustal contamination on these distinc-
tions is limited by a lack of Hf isotope data for potential
crustal contaminants. However, Peate et al. (2003) showed
that contamination in the Prinsen af Wales Bjerge forma-
tion results in a trend to less radiogenic compositions that
largely parallels the mantle reference line. The small de-
grees of contamination indicated in the CEG low-T1 basalts
are considered to be insufficient to change this apparent
distinction from N-MORB.

Since 2003 considerably more new Hf isotope data have
been published for North Atlantic MORB (see Fig. 7).
These new data blur the original contrasts observed by

Fitton et al. (2003). Most new data overlap with the sug-
gested Iceland field, and only a subset of samples (from
between the Equator and 35°N) plot below the mantle
reference line to overlap with the Fitton et al. (2003)
N-MORB field (Fig. 7). The Charlie-Gibbs Fracture Zone
(~52°N) has been suggested as a major discontinuity in
the North Atlantic, possibly representing the southern
limit of influence of the Iceland plume (e.g. Mertz &
Haase, 1997, Thirlwall et al., 2004). All MORB samples
north of here plot above the mantle reference line and
overlap with the Iceland field, even when data are deli-
neated with respect to depth (>2500 m below sea level) to
minimize possible plume influences. The original data
used by Fitton e al. (2003) to define global MORB came
from the Pacific and Indian Oceans, as well as the
Atlantic Ocean south of the Charlie-Gibbs Fracture Zone.
New data, as compiled in Fig. 7, illustrate that North
Atlantic MORB are distinct from global MORB in Hf-
Nd space, but cannot be distinguished from Icelandic com-
positions. On this basis, it can be argued that the low-Ti
basalts have Hf-Nd isotope compositions that distinguish
them from typical global N-MORB mantle and non-plume
affected Atlantic MORB (e.g. south of Charlie-Gibbs
Fracture Zone), but they cannot be used on a more local
scale to discriminate between Iceland plume and North
Atlantic MORB compositions. This is perhaps not surpris-
ing and we consider it questionable that such material
would have been preserved under CEG at the time of
break-up. Plume-related magmatism was initiated under
Greenland at least 6 Myr before the emplacement of the
Plateau Basalts (61 Ma, Saunders et al., 1997; Storey et al.,
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2007) and it is likely that much of the upper mantle under
Greenland was contaminated or eroded and replaced by
plume material by the time of break-up, especially given
the proposed size of the initial plume head (~2000 km in
diameter).

Thirlwall et al. (2004) have argued that Iceland plume
and North Atlantic MORB compositions can also be dis-
tinguished from global MORB by having negative
A*Ph and positive A”°Ph. Negative A™’Ph compos-
itions around Iceland overlap spatially with a zone of ele-
vated “He/'He and are therefore considered to be a
deep-mantle plume signature in the region (Thirlwall
et al., 2004). The ridges immediately surrounding Iceland
also display negative A*Ph and positive A*Pb and
have compositions distinct from MORB further south
with more radiogenic Sr at a given "Nd/"'Nd or
206ph/2*Ph, These distinctions are considered to represent
contributions from the plume to ridges throughout the
region.

Distinguishing between different ridge and plume com-
ponents on Iceland is possible only by using precise
double-spike Pb isotope data, as discussed in detail by
Thirlwall et al. (2004). The low-Ti data presented here
were produced using similar techniques and should be dir-
ectly comparable (see Baker et al., 2004). However, more
precise comparison of the low-Ti lavas with depleted
Iceland and adjacent ridge compositions is hampered by
the inherent uncertainties induced by uncertainties in age
corrections (see above) and crustal contamination.
Maximum shifts in Pb isotopic composition owing to age
correction are small compared with the spread in data
and generally parallel the modern spread in compositions.
Crustal contamination, in turn, shifts samples to more
negative A””Ph and more positive A”*Pb (Fig. 10).

It is apparent that the least contaminated CEG (and FI)
low-T1i basalts also record the North Atlantic signature of
negative A*”’Pb and positive A*”"Pb, and are distinct
from Atlantic MORB south of the influence of the Iceland
plume [e.g. data from 22—53°N of Thirlwall et al. (2004)].
Together with the Hf-Nd isotope systematics, these char-
acteristics suggest a broad relationship between the low-T1
lavas and depleted components on Iceland and the sur-
rounding ridges, but do not allow a definitive distinction
between Iceland plume and North Atlantic MORB
compositions.

Depleted compositions on and around Iceland are domi-
nated by the IDI component to the north (Theistareykir
and Kolbeinsey Ridge) and the RRDI component to the
south (Reykjanes Ridge). These components are distin-
guished on the basis of higher *’°Pb/***Ph, more negative
A*”Ph and less positive A*”*Ph for the RRDI component
(Thirlwall et al., 2004). In plots of **°Pb/***Ph vs A*’Ph
and A?™Pb, many of the CEG and FI low-Ti basalts plot
close to both the IDI and RRDI components of Thirlwall

et al. (2004) [which are in turn similar to the FDC compo-
nent of Seager & Holm (2011)], with offsets to lower
2Ph2*Ph and A™Pb and higher A”Pb owing to
small amounts of crustal contamination. In detail, the
extension of ridge compositions and low-Ti CEG basalts
to less radiogenic Sr and higher €Nd than Theistareykir
(Fig. 7), together with their negative ANb, suggests that
the low-Ti basalts have closer affinities to ridge compos-
itions (Kolbeinsey or Reykjanes) than depleted Iceland
compositions such as Theistareykir. Furthermore, the
somewhat higher 2”°Pb/***Ph coupled with a tendency to-
wards somewhat less radiogenic *Sr/**Sr in the low-Ti bas-
alts suggests that they have a greater affinity to Reykjanes
Ridge compositions (RRDI end-member) than those
from Theistareykir and Kolbeinsey (IDI). Age or source
correction issues cannot be used to argue for a closer affin-
ity to an IDI parent as these will result in lower *’Sr/*®Sr
and “°Pb/*™Pb. The low-Ti basalts also have higher
¥Sr/®Sr at a given "Nd/**Nd than modern Atlantic
MORB unaffected by the Iceland plume, features also
observed in the Reykjanes and Kolbeinsey Ridges
(Thirlwall ez al., 2004).

In summary, the available isotopic data indicate a close
similarity between the CEG low-Ti basalts and depleted
compositions on Iceland and adjacent ridges, and an
apparent contrast with global MORB. The isotopic data
suggest a closer affinity to ridges adjacent to Iceland,
rather than depleted compositions on Iceland such as
Theistareykir, in particular owing to the lower 87Sr/868r
and higher "®Nd/"**Nd and negative ANb of the CEG
low-T1 basalts.

Comparison between CEG low-Ti lavas,
N-MORB, Iceland and adjacent ridges:
trace elements

Trace element systematics also provide constraints on fur-
ther linking the CEG low-Ti basalts to depleted Iceland
and/or adjacent ridge mantle components and distin-
guishing them from global MORB. The negative ANb of
the CEG low-Ti basalts suggests a similarity to global
MORB, and a distinction from Iceland, and is primarily
a consequence of low Nb concentrations. Pollution of
ridge segments immediately adjacent to the plume results
in positive ANb. Negative ANb magmas are not so
unusual in the NAIP and are also found pre-dating and
contemporaneous with break-up in SE Greenland, in the
upper part of the FI sequence, West Greenland and Baffin
Island and throughout the British Palacogene Igneous
Province (Fitton et al., 1997). However, the CEG low-Ti
basalts also have trace element characteristics that clearly
distinguish them from typical N-MORB; for example,
their characteristic positive enrichments in Sr and Ba, gen-
erally depleted nature, and relatively low Nb and LREE
concentrations compared with MREE when normalized
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to average N-MORB (Fig. 5). Thus a typical global
N-MORB source is not indicated for the CEG low-Ti
basalts.

As noted previously, the low-Ti basalts also exhibit many
trace element similarities to depleted magmas on Iceland
such as Theistareykir, but are in detail distinguished by
lower Nb, higher Zr, Hf, Th and U, and enrichments in
Pb. Isotopic data suggest similarity to the ridges surround-
ing Iceland, yet more detailed trace elemental compari-
sons are hampered by a lack of comparative samples with
full trace element analyses, difficulties in analysing low
abundances of U, Th and Pb, and the potential effects of
seawater alteration. Full trace element analyses of MORB
compositions from the Reykjanes Ridge and the northern
Kolbeinsey Ridge (71-72°N) were presented by Murton
et al. (2002) and Haase et al. (2003) respectively. ICP-MS
data from the Reykjanes Ridge show more enrichment in
the HREE compared with the CEG low-T1 basalts, prob-
ably reflecting melting dominantly at shallow levels; the
data exhibit highly variable Sr with both positive and
negative anomalies (Fig. 12). The Reykjanes Ridge samples

DEPLETED BASALTIC LAVAS, GREENLAND

also show similar to lower concentrations of LREE, Rb,
Ba, Nb and U compared with the CEG low-T1 basalts;
however, the dataset is characterized by highly variable
Pb concentrations (both positive and negative anomalies)
and negative Th anomalies (Fig. 12). We suspect this reflects
analytical difficulties in such low concentration samples
rather than true magmatic signatures. A subset of samples
analysed by isotope dilution by Murton et al. (2002) is simi-
lar to the CEG low-Ti samples in having positive Sr
anomalies, yet these are distinct in that they show no posi-
tive Pb anomalies and have negative Th and positive
U anomalies. The northern Kolbeinsey Ridge data exhibit
a positive Sr anomaly similar to CEG and Iceland when
normalized to MORB, but are otherwise clearly distinct
from the CEG low-Ti basalts with respect to their trace
element compositions and are enriched relative to
N-MORB in Ba, Th, Nb, La and Ce (Fig. 12). No full pub-
lished trace element analyses could be found for the
Kolbeinsey Ridge closer to Iceland. The CEG low-Ti bas-
alts appear to have similar Ba/La, Nb/Zr, Zr/Hf and La/
Sm to the more depleted middle Kolbeinsey Ridge (68—
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Fig. 12. N-MORB-normalized extended multi-element diagrams, normalized to the values of Arvelo & McDonough. (2010), comparing a rep-
resentative CEG low-Ti lava (404230; bold black line, white diamonds) with the Northern Kolbeinsey Ridge (70-7-717°N) (Haase et al., 2003)
and the Reykjanes Ridge (restricted to 61-57°N as samples north of here are enriched and influenced by the Iceland plume) (Murton ef al.
2002); data from PetDB. Samples from the Reykjanes Ridge represented by black lines and grey circles are isotope dilution data.
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71°N) based on data fields presented by Haase et al. (2003).
On the basis of available trace element data, we therefore
conclude that the CEG low-T1 basalts represent melts of a
depleted source component that is similar to, but neverthe-
less subtly distinct from, that which produced the depleted
magmatism on Iceland and adjacent ridges.

Origin of the depleted component(s)
Thirlwall et al. (2004) argued that the isotopic compos-
itions of the various end-member components identified
on Iceland can be attributed to the involvement of a
recycled component of relatively young (Palaeozoic) ocea-
nic crust and/or upper mantle. Enrichments in Sr and Ba
(and Pb) in mantle-normalized trace element diagrams
for depleted magmas and melt inclusions have been
argued to represent involvement of a recycled oceanic
crust gabbro component in Iceland and several other
plume systems (e.g. Chauvel & Hémond, 2000; Sobolev
et al., 2000; Skovgaard et al., 2001; Kent et al., 2002; Huang
& TFrey, 2005; Kokfelt et al., 2006; Stroncik & Devey,
2011). The former gabbroic material, present in the
plume as eclogite, inherits its high Sr concentration from
original plagioclase cumulates, and partially melts at
greater depths than the surrounding peridotite. The result-
ant highly siliceous melts rise and react with the surround-
ing peridotite to form reactive pyroxenites. These
pyroxenites then remelt, and contribute a plagioclase sig-
nature by mixing with normal peridotitic melts (Yaxley &
Sobolev, 2007). The CEG low-T1 basalts do not show con-
sistent positive Sr anomalies such as those of the Iceland
basalts when normalized to primitive mantle (Fig. 4), but
do show positive enrichments in Sr, Pb and Ba when
normalized to N-MORB, features also seen, for example,
in depleted magmas from the Galapagos (Stroncik &
Devey, 2011) and Icelandic picrites (e.g. Kokfelt et al.,
2006). Stroncik & Devey (2011) have recently suggested
that such enrichments are especially characteristic of
depleted magmas from hotspots erupted close to a spread-
ing ridge axis, an environment reminiscent of that of
the CEG low-Ti magmas. In line with previous studies,
we also suggest that the gabbroic portion of recycled ocea-
nic crust was also involved in the source of the CEG
low-Ti basalts.

The different plume components identified in the
Iceland basalts appear to mix readily to produce a broad
spectrum of compositions, although mixing can often be
idealized as binary mixing between two (hybrid)
end-members when examining geographically limited
datasets (e.g. Thirlwall et al., 2004; Peate et al., 2009).
Recent studies have suggested that this in part reflects pro-
gressive mixing of initial melts formed at depth from fer-
tile, enriched components in the plume with later melts of
less fertile, depleted components at shallower levels (e.g.
Kokfelt et al., 2006; Maclennan, 2008). This contrasts mark-
edly with the CEG and FI magmatism where the enriched

and depleted components appear to remain separate and
undergo little mixing. This has led workers to suggest that
the two magma suites were derived from chemically and
spatially distinct source regions, implying a zoned plume
(e.g. Seager & Holm, 2011). However, as suggested above,
the high-Ti source may contribute to the low-Ti magmas,
but decoupling between trace element and isotopic com-
positions occurred owing to previous depletion of the
high-Ti source during deeper level melting.

The occurrence of low-Ti basalts dispersed (albeit ir-
regularly) throughout the Plateau Basalt sequence, and
identification of eruption sites distal to the site of rifting,
suggests that the depleted low-T1 mantle source component
was an integral part of the plume. In the Sortebrae section,
the number of low-Ti flows increases towards the
Blosseville Coast (Tegner et al., 1998a). These flows are not
present in the Scoresby Sund area, which is otherwise com-
posed of the same four formations of high-Ti basalts, al-
though thinner than at the Blosseville Coast (Larsen
et al., 1989). This indicates that the low-T1 source was not
evenly distributed in the source of the NAIP flood basalt
region at 55 Ma. This source material was probably pre-
sent as blobs of relatively depleted material within a
plume column dominated by more fertile, enriched com-
ponents [the CEG high-Ti source(s)]. As previously sug-
gested by legner et al. (19984), magmatism was dominated
by melting of the more fertile and enriched components
beneath a relatively thick lithospheric lid to produce the
high-Ti basalts, leaving a residue of relatively incompatible
element depleted material and less fertile components, fol-
lowing processes similar to those proposed by Stroncik &
Devey (2011). Conditions only rarely reached pressures
and temperatures allowing sporadic melting of the
depleted components, perhaps during intermittent periods
of increased uplift and extension and/or pulsation of the
plume flux (e.g. Ito, 2001). The development of a new ocea-
nic rift zone resulted in rapid extension and thinning of
the lithosphere and uplift of the plume head. This allowed
melting of the more depleted components with little contri-
bution from the previously exhausted, more enriched com-
ponents (Fig. 13).

As a final note we observe that many of the charac-
teristic signatures of the CEG low-Ti basalts (low-Ti,
depleted LREE, ANd <0, depleted isotopic signatures,
negative A*’Pb and positive A”Pb) are also observed
in portions of the earlier magmatism associated with
the initial impact of the Iceland plume, such as the
Vaigat and Maligat Formations in West Greenland
(Larsen & Pedersen, 2009) and depleted N-type lavas
from Baffin Island (Stuart et al., 2003; Kent et al., 2004).
In both cases, these depleted lavas are considered to
be derived from a depleted, MORB-like upper mantle
source, although more recently the Baffin Island
magmas have been used as evidence for the preservation
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(@) High-Ti lavas

CEG lithosphere

High-Ti source(s)
Low-Ti source(s

Low-Ti lavas

(b) " High-Ti lavas

High-Ti source(s)
Low-Ti source(s

Fig. 13. Schematic model of the proto-Iceland plume under CEG [modified from Momme et al. (2002) and Seager & Holm (2011)]. (a) Prior to
major lithospheric thinning, magmatism is dominated by melting of the high-T1 source(s) under a relatively thick lithospheric lid. (b) During
lithospheric thinning, the low-Ti source(s) dominate melting in the region of thinning, with little contribution from the previously melt-depleted
high-Ti source(s). Regional geology (i.e. increasing abundance of low-Ti lavas towards the coast) suggests that the low-Ti source was mostly con-

centrated towards the centre of rifting.

of a reservoir in the mantle from ¢. 4-5 billion years ago
(Jackson et al., 2010). The similarity of the Baffin Island,
West Greenland, CEG low-Ti and modern Iceland
depleted basalt geochemistry suggests the involvement of
similar sources throughout the history of the Iceland
plume. Our geochemical results indicate that the depleted
component of the Iceland plume at 55 Ma bears many
similarities to the depleted components today, but in
detail is subtly distinct, potentially reflecting small vari-
ations in the age and composition of the recycled compo-
nents with time (see also Barker et al., 2006).

CONCLUSIONS

Sr, Nd, Pb and Hf isotope and trace element data for
depleted low-Ti lavas from CEG suggest that they are
derived from a depleted mantle component similar but
not identical to that currently melting beneath Iceland
and adjacent ridges, and clearly distinct from the source
of the contemporaneous high-Ti magmas. The variations
in trace element and isotopic compositions can be attribu-
ted to inputs from two depleted mantle sources, one of
which is similar to the FDC component identified in the
Faroe Islands, ridge components adjacent to Iceland (e.g.
Reykjanes and Kolbeinsey Ridges) and depleted compos-
itions in the Iceland plume as seen at Theistareykir (e.g.
ID1). The other less-depleted component is isotopically
similar to the high-Ti lavas. Small amounts (generally
<1%) of contamination by amphibolitic and granulitic
crustal components can be identified and cause scatter to
higher ¥Sr/*®Sr and A?™Pb, and lower *°Pb/***Ph, eNd,
eHf and A”Ph. The basalts have many isotopic and
trace elemental characteristics in common with modern-
day depleted compositions on Iceland (e.g. Theistareykir)
and surrounding ridges. Although Nb—Zr—Y systematics

suggest a MORB mantle source, the low-T1 CEG lavas,
like the depleted components on Iceland, can be distin-
guished from global MORB by having negative A*”’Ph
and positive A®Ph, as well as relative enrichments in Ba,
Sr and Pb. These enrichments suggest the involvement of
a relatively young recycled, potentially gabbroic, oceanic
crust component that is an integral part of the mantle
plume. However, subtle differences between depleted com-
positions erupted at 55 Ma and today indicate that the
depleted component has changed slightly with time. The
main pulse of depleted magmatism appears to coincide
with the onset of rifting, suggesting that these depleted
components were able to generate significant volumes of
melt only during the rapid uplift and extension associated
with continental break-up. Lack of mixing between the
high-Ti and low-Ti components may be due to prior deple-
tion of the enriched components during melting at deeper
levels.
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