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Abstract

Mafic and ultramafic intrusions in East Greenland adjacent to the offshore Greenland—Iceland ridge were emplaced
5-9 My after continental breakup at 55 Ma [1]. Rare earth element (REE) concentrations determined by secondary
ion mass spectrometry are reported for cumulus clinopyroxene from these intrusions, and the data are used to estimate
REE abundance in equilibrium melts using available partitioning data. Estimated equilibrium melts from intrusions have
strongly fractionated REE patterns with Nd/Dy(N) in the range 2 to 5.6 and Yb/Dy(N) 0.55 to 0.92, similar to values for
coeval basalts. These melts have markedly higher Nd/Dy(N) than earlier breskup related flood basalts. The moderately
low Yb/Dy(N) for the post-breakup volcanism is indicative of residual garnet in the source, while their high Nd/Dy(N)
ratios can best be explained by aggregating low degree melts from a light-REE-enriched garnet- and spinel-bearing mantle
source. We also report He, Sr, and Nd isotopic data for the intrusions. The highest *He/“He ratios (>10 R/R,) are found
in the samples whose REE data reflect the largest proportion of melts from a garnet-bearing source, and having Sr and Nd
isotopic compositions identical with the radiogenic Sr and unradiogenic Nd isotope end of the Iceland compositional field.
There is no indication of a MORB-type mantle in the source of the intrusions. We postulate that post-breakup volcanism
along the East Greenland coastline reflects the increasing proximity of the mantle plume to the East Greenland continental
margin. The low degree of melting at high mean pressure inferred for the parental melts for the intrusions may reflect
re-thickening of the lithosphere, which in turn was caused by the vigorous volcanism during breakup, with accompanying
depletion of upper mantle and underplating of the crust at the continental margin. [ 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Formation of flood basaltsis associated with con-
tinental rifting, commonly followed by formation of
oceanic crust, and reflects voluminous magma pro-
duction that may be linked to the presence of mantle
diapirs or plumes (e.g. [2]). Following this tenet,
early Tertiary magmatic activity in the North Atlantic
borderlands has been related to the proto-lIcelandic
mantle plume at the time of rifting of the Eurasian
continent [3]. In East Greenland, such magmatic ac-
tivity is manifested as the Tertiary Scoresby Sund—
Blosseville Coast plateau lavas. These are thick se-
quences of evolved tholeiites, erupted between 56
and 55 Ma during continental breakup [4-10]. A
spreading center, which generated first seaward-
dipping reflector sequences and later steady-state
oceanic crust immediately off East Greenland, was
established within magnetic anomaly C24r, around
56 Ma [11]. The erosional level in East Greenland,
especially south of 68°N, exposes lithologies under-
lying the plateau basalts, such as extensive dyke
swarms and large mafic and felsicintrusions (Fig. 1).
Many of the mafic intrusions are gabbro complexes
that experienced multiple replenishment episodes,
and acted as low-pressure fractionation sites for
basaltic melts [12—-15]. Most were emplaced into
the unconformity between the Precambrian base-
ment and the flood basalts [16—18], commonly in
the hinge zone of the coastal flexure [1,19]. New
4OAr/®Ar data [1,20] put these intrusions in a new
and tectonically interesting context. Most are be-
tween 50 and 47 Ma, distinctly younger than conti-
nental breakup, and the formation of the main part
of the Tertiary flood basalts in the region. Basalts
coeval with the intrusions (the Igtertiva formation,
ca. 49 Ma) crop out at Kap Dalton at 69°N [1,7,21].
Also, many basaltic dykes in the coast-parallel dyke
swarm appear to postdate the breakup stage [22,23].

Basaltic magmatism at 50 to 47 Ma is difficult
to understand in the context of continental rifting,
because the Mid-Atlantic Ridge was a well-estab-

lished spreading center, ca. 150 km to the east, by
this time (at anomaly 21; Fig. 1) [11]. Here we
present new trace element data on clinopyroxenes,
and He, Sr, and Nd isotopic data on mineral sepa
rates and whole-rock samples from the 50-47 Ma
mafic intrusions that shed light on the reasons for
post-breakup basaltic magmatism along the central
East Greenland margin. Our data show that liquids
forming the layered intrusions of East Greenland had
high ratios of light to heavy REE, suggesting that
their parental liquidsformed by partial melting in the
presence of garnet, indicating relatively high mean
pressures of melting. This, and high 3He/*He ratios
in some of the rocks, suggests that this magmatic
activity was caused by the proximity of the Iceland
mantle plume, maintaining melt generation at the
continental margin after formation of oceanic crust
in the North Atlantic was underway.

2. Experimental methods

Trace element analyses (Table 1) were made of
clinopyroxene in thin sections of gabbroic and ul-
tramafic rocks, using the Cameca IMS-3F ion mi-
croprobe at the Woods Hole Oceanographic Insti-
tution (WHOI) and methods described by Shimizu
et al. [24]. Based on repeat analyses of clinopyrox-
ene standards, we estimate that measured concentra-
tions of REE are accurate to about +£10% relative.
The clinopyroxenes from this study are all Ca-rich
(20.41-23.86 wt% Ca0). Mg# (100 x Mg/(Mg +
Fe) atomic) is in the range of 70-90 (Table 1; see
also[12,14]).

Sr and Nd isotopic ratios were measured in clean
mineral separates and a few additional bulk-rock
samples (Table 2). Clinopyroxene mineral separates
and whole rock chips were leached in hot 25 N
HCl for 30 min, followed by 5 min in cold 5%
HF and finally 30 minin hot 2.5 N HCI. Plagioclase
mineral separateswere leachedin cold 2.5 N HCI for
10 min. Samples were then dissolved in a mixture

Fig. 1. Present day situation in the western North Atlantic. Shown in black are Tertiary intrusions. Those presented by name refer to
mafic and ultramafic plutons that form the basis for this study. Also shown are the ODP Leg 152 and 163 Transects at about 63°N. Thin
lines in the Denmark Strait are water depth contours in meters, while thick lines show magnetic anomalies at ca. 56 Ma (anomaly C24B,

A) and at ca. 50 Ma (anomaly C21).
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Table 1

Major and rare earth element concentrations in clinopyroxene from Tertiary mafic plutons along the East Greenland coast. The rare earth element data presented are average

of two to four ion micro-probe analyses in crystal cores of cumulus clinopyroxenes

Lilloise KEH

Lithology?  u.b. gabbro u.b. gabbro perid.  gabbro gabbro wehrl.  wehrl. perid. wehrl. gabbro gabbro gabbro gabbro anort.
Sample No.:  KIMB2 3366 KIMB12 437336 437305 533 505gabb 504 437310 437329 73609 73584 3351 312337 312338 312383
SOy (wt%) n.d. 51.82 49.94 49.61 53.40 nd. 5027 50.30 53.42 51.20 52.40 50.36 50.63 51.38 51.24 51.20
TiOy (Wt%) n.d. 0.73 135 1.73 0.47 n.d. 1.09 1.07 0.37 1.66 0.61 1.28 137 118 133 0.94
Al;03 (Wt%) n.d. 212 4.13 4.40 1.30 n.d. 3.87 371 1.23 3.56 1.78 421 3.69 2.87 2.75 2.83
FeO (wt%) n.d. 10.34 5.73 5.07 3.32 n.d. 5.49 5.76 343 6.78 3.49 6.13 7.39 8.32 7.98 7.83
MnO (wt%) n.d. 0.36 0.10 0.19 0.01 nd. .14 0.12 0.01 0.21 0.08 0.14 0.17 0.09 0.15 0.20
MgO (wt%) n.d. 13.70 14.24 14.53 16.78 nd. 1549 15.61 17.54 14.20 17.17 1495 1455 14.77 14.80 15.40
Ca0 (wt%) n.d. 21.19 23.01 23.33 23.86 nd. 2298 22.50 23.25 22.01 23.63 2358 2182 20.97 21.33 21.30
N&O (wt%) n.d. 0.38 0.43 0.43 0.50 n.d. 0.42 0.39 0.25 0.33 0.31 0.29 0.37 041 0.40 0.36
Crp03 (Wt%) n.d. 0.00 0.32 0.39 0.56 n.d. 0.37 0.49 0.88 0.08 0.81 0.03 0.00 0.05 0.00 0.01
Sum 100.64 99.25 99.68 100.20 100.12 99.95 100.38 100.03 100.28 100.97 99.99 100.04 99.98 100.07
La (ppm) 1.52 8.84 3.48 3.98 1.54 3.87 2.66 3.20 0.37 5.63 171 3.01 3.15 2.03 111 1.56
Ce (ppm) 476 3234 1210 1422 434 1510 1107 11.30 143  16.89 5.28 950 12.01 6.94 3.76 5.25
Nd (ppm) 3.85 27.37 10.70 12.60 3.48 1455 11.84 10.96 1.59 11.56 4.33 8.02 1155 6.48 331 5.20
Sm (ppm) 133 9.28 3.67 3.92 0.90 493 358 3.35 0.53 3.38 154 270 451 2.30 134 2.14
Eu (ppm) 0.45 2.25 1.26 1.42 0.43 1.67 1.42 1.30 0.24 1.13 0.54 1.05 131 0.87 0.48 0.78
Dy (ppm) 0.96 8.01 3.08 2.88 0.86 428 296 2.84 0.48 2.65 1.08 255 390 3.07 170 2.36
Er (ppm) 0.42 3.85 1.37 1.17 041 1.84 1.31 114 0.20 121 0.51 1.18 1.83 171 0.95 1.27
Yb (ppm) 0.38 322 111 1.10 0.35 168 121 1.10 0.21 1.09 0.41 094 143 1.63 1.02 1.38
Mg# in cpx 87.8 70.2 81.6 83.6 90.0 79.6 83.4 82.8 90.1 78.9 89.8 813 77.8 76.0 76.8 78.8
XAl in cpx 0.038 0.072 0.084 0.028 0.079 0.076 0026 0051 0038 0.082 0.063 0049 0.051 0.056
Mg# liq 62.3 35.2 50.5 54.0 67.4 47.3 53.6 52.6 67.7 46.2 66.8 50.0 4.7 42.1 43.2 46.1
Nd/Dy(N) lig 5.13 435 442 5.58 5.15 433 509 491 422 5.55 5.11 401 377 2.69 2.48 2.81
Yb/Dy(N) lig 0.60 0.62 0.55 0.58 0.62 0.60 0.62 0.59 0.67 0.63 0.58 0.56 0.56 0.81 0.92 0.89
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Table 1 (continued)

KEH wehrlite Nordre Aputiteg Patul gjivit Kruuse Fjord

Lithology?:  gabbro gabbro perid. perid. wehrl.  wehrl. wehrl.  wehrl.  wehrl. gabbro  gabbro gabbro gabbro gabbro perid.  gabbro
Sample No.: 312380 352164 312361a5 31236la6 16102 16103 1610c4 1610c8 92365 AP106A AP115 AP116 P78A P97 KF55 71003
SO, (Wt%)  50.71 5188 51.08 51.93 51.73 5226 5156 51.83 51.64  50.09 51.03 5129 5166 5113 5122 5148
TiOy (Wt%) 1.08 0.64 0.59 0.45 0.58 0.58 0.39 0.65 0.67 112 0.65 085 0.98 1.70 0.40 0.70
Al,O3 (Wt%)  3.18 222 3.60 3.87 351 344 3.68 3.20 348 4.16 331 324 266 331 4.65 277
FeO (wt%) 7.73 6.72 354 3.55 414 412 391 391 4.06 5.81 6.23 6.18 853 8.98 3.90 6.17
MnO (wt%) 0.11 0.03 0.00 0.01 0.07 0.12 0.20 0.01 0.09 0.00 0.23 0.06  0.09 0.21 0.03 0.01
MgO (wt%)  15.20 16.93 17.10 17.05 16.59 16.87 16.58 16.60 16.47 16.03 15.83 16.12 14.82 14.18 15.75 16.04
CaO (wt%)  21.20 2128 2254 22.38 2247 2227 2253 2231 2212 2199 2207 2186 2058 2055 2276  22.03
NaO (wt%)  0.32 0.35 0.39 0.35 0.31 0.28 0.17 0.28 0.27 0.24 0.30 026 046 0.39 0.39 0.31
Cr03 (Wt%)  0.10 0.63 117 1.02 1.25 1.29 1.28 135 1.04 0.58 0.09 028 001 0.01 127 0.23
Sum 99.63 100.68 100.01 100.61 100.65 101.23 100.30 100.14 99.84 100.02 99.74 100.14 99.79 10046 100.36  99.74
La (ppm) 122 1.47 0.40 0.61 0.99 1.07 197 264 212 114 173 161 227 1.40 1.06 0.72
Ce (ppm) 4.08 4.36 148 211 352 4.01 5.98 9.46 8.18 334 5.59 518 7.95 5.01 3.50 243
Nd (ppm) 4.09 4.45 153 247 324 4.07 5.39 8.98 8.43 3.04 5.02 518 896 5.15 321 254
Sm (ppm) 173 2.10 0.67 1.16 1.18 153 1.70 3.03 297 1.10 1.76 18 251 184 117 0.88
Eu (ppm) 0.57 0.71 0.31 0.35 0.42 0.45 0.62 1.02 1.05 0.28 0.55 054 110 0.66 0.42 0.37
Dy (ppm) 191 2.01 0.86 1.19 111 133 1.63 3.04 2.90 1.16 172 189 311 1.62 1.32 123
Er (ppm) 1.07 123 0.50 0.65 0.52 0.50 0.83 148 1.32 0.47 0.73 078 146 0.69 0.62 0.67
Yb (ppm) 0.94 1.20 0.51 0.70 0.43 054 0.58 124 112 0.64 0.84 094 129 0.64 0.57 0.61
Mg#incpx  77.8 818 89.6 89.5 87.7 87.9 88.3 88.3 87.8 83.1 81.9 823 756 73.8 87.8 82.2
XAl incpx  0.061 0.048 0.072 0.063 0061 0.057 0.061 0.054 0.055  0.061 0.082 0.060 0041 0052 0.068 0.053
Mgt ligq 44.6 50.8 66.4 66.3 62.2 62.7 63.5 63.5 62.4 531 51.0 51.7 416 39.3 62.3 51.6
Nd/Dy(N) liq 2.37 2.82 2.28 2.64 3.72 391 421 3.76 3.70 332 3.72 350 367 4.05 3.10 2.63
Yb/Dy(N) lig 0.75 0.91 0.91 0.89 0.60 0.62 0.54 0.62 0.59 0.84 0.75 076  0.64 0.61 0.66 0.75
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Table 1 (continued)

Kruuse Fjord Imilik I gtertiva Formation

Lithology &: troc. troc. gabbro  gabbro gabbro gabbro gabbro  perid. perid. perid. perid. perid. basat basalt  basalt
Sample No.: 71068 22227 416787 416718 416812 416851 416825 416799 416705 416829 416830 416804 116343 116344 116382

SIO, (Wt%) 51.24 51.35 52.64 51.29 51.23 50.97 51.67 51.58 52.91 50.92 52.28 5240 49.83 4914  48.95
TiOz (Wt%) 0.76 0.70 0.39 0.57 0.75 0.86 0.43 0.47 0.30 0.39 0.53 0.73 3.01 2.49 2.06
Al;03 (Wt%) 391 3.19 281 2.56 271 2.79 3.07 4.02 2.65 4.24 3.32 191 1335 1419  13.96
FeO (wt%) 3.79 6.67 551 7.74 6.72 7.12 4.98 3.65 3.39 3.85 4.10 723 1388 1224 1225
MnO (wt%) 0.01 0.05 0.24 0.20 0.18 0.24 0.23 0.01 0.01 0.01 0.01 0.27 0.24 0.22 0.20

MgO (wt%) 1593 1517 1683 1593 1621 1562 1683 1680 1782 1700 1746 1573 470 571 614
CaO (Wi%) 2244 2187 2167 2041 2156 2133 2180 2201 2263 2169 2152 2205 966 1083 1156
NaO Wt%)  1.07 0.39 0.26 0.41 0.32 0.25 0.27 0.20 0.20 0.23 0.23 031 272 262 249
Cr03 (Wi%h) 054 0.21 0.24 0.21 0.08 0.26 0.43 1.26 0.82 1.32 0.37 0.01

Sum 9969  99.60 10059 99.32 9976 9944 9971 10000 10073  99.65 99.82 10064 97.39 9744 97.61
La (ppm) 0.82 1.17 0.25 1.01 1.05 0.86 0.66 053 0.35 0.39 053 083 261 17.7 146
Ce (ppm) 2.90 431 0.91 3.93 3.64 3.33 255 1.97 1.19 157 2.10 354 553 389 311
Nd (ppm) 3.34 421 121 482 3.77 3.82 3.46 2.09 1.46 1.74 2.62 426 335 243 197
Sm (ppm) 0.84 0.67 0.61 1.19 1.26 1.06 1.29 0.75 0.73 0.69 0.74 099 82 6.6 5.1
Eu (ppm) 0.44 0.42 0.27 0.66 0.50 053 0.50 0.34 0.26 0.27 0.36 061 24 1.9 16
Dy (ppm) 1.56 1.97 0.78 2.15 1.45 1.92 1.61 1.10 0.74 0.81 1.42 183 86 7.2 5.3
Er (ppm) 0.80 0.83 0.39 1.19 0.81 0.99 0.84 059 0.42 0.49 0.69 099 52 43 3.1
Yb (ppm) 0.79 1.11 0.46 0.98 0.70 0.97 0.77 0.56 0.35 0.42 0.73 096 49 40 29

Mg#incpx 882 802 845 786 8.1 796 858 8.1 94 87 884 795
XAlmincpx 0067 0052 0044 0050 0057 0056 005 0061 0046 0070 0049  0.040

Mgt lig 633 482 556 458 497 473 581 654 683 644 636 471 376 454 472
Nd/Dy(N)liq 272 273 197 28 330 253 273 241 253 272 235 297 211 183 203
Yb/Dy(N)lig 077 08 08 070 073 077 073 07/ 073 078 078 080 085 083 083

au.b. = ultramafic breccia; perid. = peridotite; wehrl. = wehrlite; anort. = anorthosite; troc. = troctolite. Mg# = 100 x Mg/(Mg + Feet). Mg# liq is calculated using
Fe-Mg Kq of 0.23 [69]. XAl = Alm)/(Alm) + Si), where Al is tetrahedrally coordinated Al. (N) = chondrite normalized concentrations after Sun and McDonough
[70]. Partition coefficients from Hart and Dunn [28]. n.d. = not determined.
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of 4:1 HF/HCIO,4 at 100°C. Rb, Sr, Sm and Nd
were separated using established methods at WHOI.
Mass spectrometry was carried out at the WHOI
using a VG 354 multi collector. NBS 987 and La
Jolla standards yielded values of 0.710245-0710278
(8"Sr/%sr) and 0.511838-0.511859 (**3Nd/**Nd),
during the time periods of the measurements.

Helium isotopic compositions were obtained on
clean clinopyroxene mineral separates using estab-
lished methods at WHOI [25]. Because post-intru-
sion decay of Thand U can lower theinitial *He/*He
ratios, all of the measurements reported here are ob-
tained by crushing in vacuum, and are assumed to
be minimum values for the magmatic 3He/*He ratios
(Table 2). It is generally accepted that crushing in
vacuum selectively releases helium from melt and
fluid inclusions within basaltic phenocrysts, which
contain the bulk of the magmatic helium, while
the radiogenic “He is expected to reside primar-
ily in the matrix [25]. A number of the samples
were melted in vacuum, alwaysyielding significantly
lower *He/*He ratios, which supports this hypothe-
sis, and also demonstrates that cosmogenic helium is
not an important component in these samples.

3. East Greenland gabbros and calculated melt
compositions

The layered mafic intrusive rocks of the Kap
Edvard Holm (KEH), Nordre Aputiteg, Patulgjivit,
Kruuse Ford and Imilik complexes consist mainly
of olivine and oxide gabbros, with restricted ranges
in mineral compositions [12—-15,17,18]. During the
evolution of the magma chambers, all were intruded
by a primitive melt that crystallized to form wehrlite
sills and plugs [12,14,15,26]. The wehrlite intru-
sions of the KEH are distinct from the host layered
gabbros in that the wehrlites are enriched in incom-
patible elements at a given Mg/Fe of alivine. Hy-
drous phases such as Ti-amphibole and phlogopite
are also abundant in the KEH wehrlites compared
to the essentially dry tholeiitic olivine gabbro hosts
[12,14,26]. The Lilloise intrusion has a mineralogy
similar to the intrusive wehrlites in other plutons,
comprising primitive, sometimes amphibole-bearing
dunites, wehrlites and pyroxenites aswell as subordi-
nate amounts of gabbro [27]. The intrusive wehrlites

of the intrusions south of KEH, all have lower con-
tents of hydrous phases than those a8 KEH and
Lilloise, and have mineral chemistry similar to their
host gabbros.

All the analysed clinopyroxene are from cumu-
lates, and since closed-system fractionation can re-
sult in considerable fractionation of the REE [14],
we have avoided interstitial crystals and rims of
cumulus clinopyroxene during the analytical pro-
cedure. Equilibrium melt compositions were thus
calculated from analyses of clinopyroxene cores[14]
(Table 1 and Fig. 2) using experimentally measured
crystal/liquid distribution coefficients of Hart and
Dunn [28]. The liquid compositions obtained in
this way are uncertain given the uncertainties in
distribution coefficients, and possible effects of sub-
solidus redistribution of trace elements. However,
since trivalent cations in clinopyroxene diffuse very
slowly in low-pressure, sub-solidus conditions [29],
REE concentrations are likely to record magmatic
compositions. Crystal /liquid distribution coefficients
can vary as a function of temperature, pressure and
composition. For example, it is evident that REE
partitioning between clinopyroxene and liquid is af-
fected by liquid composition [30,31], athough ratios
of distribution coefficientsfor different elementstend
to be less sensitive to liquid composition. However,
for clinopyroxenes with high Ca-Tschermak compo-
nents, which reflect silica-deficient liquids or high
crystallization pressures, the ratio of distribution co-
efficients for light-REE/heavy-REE changes signifi-
cantly [31]. In order to investigatethis caveat, we can
use XAl as a proxy to the Ca-Tschermak compo-
nent, and compare clinopyroxenes in our samples to
the experimental compositions of Gaetani and Grove
[31]. The observed molar proportion of tetrahedral
aluminum within our samples from East Greenland,
0.03t00.08, isat thelow end of the proportion in ex-
perimental clinopyroxenes reported by Gaetani and
Grove [31]. There is no consistent variation in the
REE ratios with respect to XAl in clinopyroxenein
our samples. For instance, clinopyroxenes from the
Lilloise intrusion are at one extreme with regard to
Yb/Dy and Nd/Dy ratios (Fig. 3), but they also span
the entire observed range in XAl (Table 1). We
therefore assume the clinopyroxene/liquid distribu-
tion coefficients to be constant for the clinopyroxene
compositions reported in this work.
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Fig. 2. Rare earth element (REE) profiles of calculated equilibrium liquids based on ion micro-probe analyses of clinopyroxene cores

from East Greenland Tertiary mafic intrusions emplaced at 50-47
basalt flows of the coeval |gtertiva Formation.

The REE composition for calculated liquids
of samples from individual intrusions and of the
Igtertiva basalts are shown in chondrite normalized
fashion in Fig. 2. The calculated liquid composi-

Ma. (data from Table 1). Also shown are the REE profiles of three

tions in general show smooth patterns, apart from
a few anomalies at Sm, which is especially pro-
nounced for two samples from Kruuse Fjord, and
three samples from Imilik. This feature is unlikely
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Fig. 3. Calculated liquid compositions of mafic plutons from central East Greenland in terms of their rare earth element characteristics,
expressed as LREE to MREE ratio (Nd/Dy(N)) versus HREE to MREE ratio (Yb/Dy(N)). Bars give maximum standard deviation.
Basement gneiss composition is from [36]. Arrow ‘KEH-fractionation’ shows the effect of high-pressure fractionation in the Kap Edvard
Holm intrusion [14]. Also given are compositions of aggregate melts generated by fractional melting of a garnet |herzolite and a spinel
Iherzolite. The melting model is based on the equations for fractional melting given by Gast [59] and Shaw [60]; spinel Iherzolite source
(ol: 0.46; opx: 0.28; cpx: 0.18; sp: 0.08) and melting modes (ol: —0.44; opx: 0.55; cpx: 0.67; sp: 0.22) are from Kelemen et al. [61]. A
cpx with 20 mole% wollastonite (Wo) [62] and the normative method of [61] was used to calculate the garnet lherzolite source mode
(ol: 0.505; opx: 0.096; cpx: 0.216; gt: 0.183), whereas the melting mode for garnet lherzolite (ol: 0.12; opx: —0.94; cpx: 1.37; gt: 0.45)
is from Walter and Presnall [63]. REE composition of the model mantle was one of dight LREE depletion with Nd = 1.8 x chondrite
and Sm-Yb = 2 x chondrite [64], which equals Sm/Nd = 0.364 (thick lines). Also shown are melting trajectories for a LREE-enriched
mantle with Nd = 2.5 x chondrite and Sm-Yb = 2 x chondrite, which equals Sm/Nd = 0.262 (thin lines). Distribution coefficients are
from Kelemen et a. [65] (ol, opx and spinel) and Shimizu and Kushiro [66] (gt). For cpx in spinel Iherzolite the distribution coefficients
are from Hart and Dunn [28]. Following the work of McKay et a. [67], who demonstrated a near linear relationship between Wo in cpx
and distribution coefficients for the REE, the distribution coefficients for cpx in garnet lherzolite with 20 mole% Wo were calculated
by linear interpolation between the Hart and Dunn [28] distribution coefficients (for cpx with 40 mole% Wo) and the opx distribution
coefficient data referenced above.

to stem from the employed partition coefficients,
and we attribute this phenomenon to an analyti-
cal artifact. For samples from the same intrusion,
the REE profiles are subparallel, which can be ex-
plained in terms of fractional crystallization at low
pressure within the magma chamber. The calculated
melts from Imilik, Kruuse Fjord, Nordre Aputiteq
and Kap Edvard Holm gabbros are similar to the
basalts from Igtertivain having relatively unfraction-
ated REE ratios. Samples from Lilloise, Patulgivit
and Kap Edvard Holm wehrlites have steeper REE
profiles, not only at the light to middie REE range,
but also for the middle to heavy REE range. These
features areillustrated by REE ratiosin Fig. 3, where
the x-axis is Nd/Dy(N), aratio of light- to middie-

REE where (N) denotes chondrite-normalized ratios,
and the y-axis is Yb/Dy(N), a ratio of heavy- to
middle-REE. Thus, data in the right-hand side of
the diagram are light-REE enriched, and those plot-
ting towards low Yb/Dy(N) ratios are heavy-REE
depleted. Significant fractionation of REE can result
from fractional crystalization at elevated pressures
where clinopyroxene or even garnet becomes impor-
tant in the fractionating assemblage [14,32-35]. A
suite of gabbros from the Kap Edvard Holm intru-
sion have been demonstrated to be related through
fractional crystallization at elevated pressures [14],
as shown with avector ‘ KEH-fractionation’ in Fig. 3.
Within al other intrusions, REE ratios show no cor-
relation with Mg# of the analysed clinopyroxene,
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suggesting that fractional crystallization has played
aminor role in creating their REE variation. Due to
the highly diverselithology of Lilloiserocks[27], we
are, however, uncertain whether the large variationin
Nd/Dy(N) for Lilloise calculated liquids (Fig. 3) can
be attributed to primary melt charactersor ratherisa
result of crystal fractionation and melt-rock reaction
processes within the intrusion.

4. Sr and Nd isotopic compositions

Before discussing mantle melting processes, we
first evaluate the alternative hypothesis that the
trends defined by melts from the gabbro pluton in
Fig. 3 aretheresult of contamination of mantle melts
generated in the spinel stability field, with materia
from Archaean gneisses that host the intrusions, and
which is enriched in LREE and MREE. In Fig. 3 is
shown the composition of a typical Archaean base-
ment gneiss [36]. Although Fig. 3 may suggest that
the range in the REE ratios defined by the gabbro
melts reflect a varying degree of contamination of
melt from a spinel peridotite with such gneissic ma-
terial, the Nd isotopic composition of the gabbros
appears to argue againgt this. In Fig. 4 we show the
variation in gyg Of the gabbro samples against the
REE ratios of their calculated liquids. Also shown
is the composition of a melt produced by 5% partial
melting of a spinel peridotite with an gyg of +6,
similar to the more radiogenic gabbro samples (5%
isarbitrarily chosen; melting parameters described in
caption to Fig. 3). The curves give the composition
of hybrid melts produced by bulk assimilation of a
granulite facies gneiss from SE Greenland [37]. We
want to stress that the actual contamination process
envisioned is of lessimportance, since we are mainly
interested in the influence on the REE ratios. For in-
stance, more realistic processes, involving selective
contamination (e.g. [38]) and coupled assimilation
and fractional crystallization (e.g. [39]) would result
in greatly magnified negative eng values for the con-
taminated melts with only less effect on the REE
ratios. Since isotopic exchange between two reser-
voirs is at least an order of magnitude faster than
the equilibration of concentrations [40] simple bulk
assimilation can be regarded as a ‘worst case’ set-
ting for the influence of contamination on the REE
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Fig. 4. Neodymium isotopic composition for the Tertiary gab-
bros, as determined on plagioclase and clinopyroxene minera
separates and whole rock samples (Table 2), against REE ratios
of calculated liquids. Also shown are compositions of hypo-
thetical liquids produced by bulk assimilation of a 5% spinel
peridotite melt with an eng of 46, with a granulite facies gneiss
#229501 from Taylor et a. [37]. While the trend towards lower
eng for the Imilik gabbros qualitatively can be explained in terms
of crustal contamination, the diagram shows that this process
does not alter the REE ratios significantly in this range of eng.

characteristics of the gabbro melts. It isthereforeim-
plausible that the range of REE ratios in the gabbro
melts stems from assimilation of crustal material.
Combined Sr and Nd isotopic compositions
(Fig. 5) shows two trends that require at least two
contamination components. One with a distinct ra-
diogenic Sr isotopic composition, and one with a
distinct unradiogenic Nd and Sr isotopic composi-
tion. As also shown in Fig. 4, the trend towards
unradiogenic Nd (and Sr) isotopic composition is
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Fig. 5. Combined Sr and Nd isotope compositions for the Ter-
tiary gabbros corrected for decay of Rb and Sm over 50 my.
Symbols as in Figs. 3 and 4. The data forms two trends, one
towards high 87Sr/%Sr, and one towards low “3Nd/***Nd and
low 87Sr/8gr. Lilloise rocks define the high 13Nd/2*Nd, low
875y /885y focal point. The two trends suggest contribution from
old amphibolite and granulite facies gneisses, respectively. The
end-member compositions are #229501 [37] for the granulite
facies gneiss, and #CL87-5217 [38] for the amphibolite facies
gneiss. A calculated melt from the Lilloise intrusion was taken
as the uncontaminated end member. Note that the uncontami-
nated Lilloise samples all fall at the low *3Nd/***Nd and high
875r/865r end of the lceland compositional field. Iceland data
from Hémond et a. [50].

consistent with assimilation of Archaean basement
material in granulite facies. The high 8 Sr/8Sr com-
ponent may be represented by an amphibolite facies
basement gneiss from East Greenland [38]. The Lil-
loise samples thus appear to form the group of least
contaminated melts in the sample collection, and
we note that they, in terms of Sr and Nd isotopic
composition, are similar to the high &Sr/%8Sr, low
143Nd/**Nd end of the Iceland compositional field.

5. Mantle melting processes

Melt trgjectories for partial fusion of spinel- and
garnet-bearing lherzolites are shown in Fig. 3 (thick
lines; see figure caption for details). The REE pro-
file of the model |herzolite mantle source is one of
dight LREE depletion (Sm/Nd of 0.364), which is
suggested by the positive eng iSotopic composition of
the uncontaminated samples of mainly the Lilloise
intrusion. Pooling of melts generated in garnet- and
spinel-peridotiteswill result in linear trendsin Fig. 3

because of the common denominator on the two
axes. Calculated liquids in equilibrium with clinopy-
roxene from all studied intrusions have Nd/Dy(N)
greater than 2.0. Thisis striking because liquids pro-
duced by more than a few percent partia melting
of primitive mantle in spinel |herzolite facies have
Nd/Dy(N) lower than 2 (Fig. 3). Additionaly, the
compositional fields of al of theintrusions extend to
much lower Yb/Dy(N) than melts from spinel her-
zolite. Because of the strong fractionation of REE
in garnet (in which Yb is highly compatible, Dy is
compatible, and Nd is incompatible), these data sug-
gest that garnet was a residual phase in the source of
the liquids parental to these intrusions. This would
entail initial melting at pressures in excess of about
25 kbar, where garnet is stable at magmatic tempera-
turesin mantle peridotite [41].

Aggregation of LREE-enriched, HREE-depleted
melt increments from garnet lherzolite with LREE-
depleted melt increments from spinel |herzolite may
thus be a viable explanation for the array of com-
positions of the 50-47 Ma melts outlined in Fig. 3.
However, the compositional array is displaced to
higher Nd/Dy(N) values than can be produced by
melting of a LREE-depleted lherzolite. The low
Yb/Dy(N) end of the gabbro melt field in Fig. 3
suggests that the garnet |herzolite melt component
must have had Nd/Dy(N) somewhat higher than 5.8,
which is the maximum value for a minute melt frac-
tion with the given parameterslisted in the caption to
Fig. 3. Similarly, the high Yb/Dy(N) end of the gab-
bro melt field requires the spinel melt component to
have Nd/Dy(N) higher than 2.3. This suggests that
the mantle source must have been LREE enriched.
Assuming a mantle lherzolite with a flat REE profile
(Sm/Nd = 0.322) only results in a modest increase
in Nd/Dy(N) for melts generated in both garnet and
spinel pressure ranges. In Fig. 3 is shown the melt-
ing trgjectories of a LREE-enriched Iherzolite, with
Sm/Nd = 0.262 (thin lines). The gabbro melt field
then lies within what can be produced by relatively
small degree melting of LREE-enriched garnet and
spinel lherzolite (1-5% and 1-10%, respectively).

Based on the REE systematics, we therefore con-
clude that the mantle source of the gabbro melts
was LREE enriched, and that the gabbro melts were
generated by decompression melting of ascending
mantle, which crossed the solidus in the shallow-
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est part of the garnet stability field, producing only
1-5% melt before transformation into spinel peri-
dotite took place (see e.g. [42]). Continued melting
of the spinel peridotite produced the high Yb/Dy,
low Nd/Dy end member in our data set, and the
trend of the data toward lower Yb/Dy and higher
Nd/Dy reflects the additional presence of varying
proportions of high pressure melts. It is notable, that
the lower-right end of the data array in Fig. 3 isre-
stricted to the intrusions occurring around 67—68°N
(i.e. Lilloise, KEH wehrlite, Patulgjivit) whereas the
upper-left end of the data array is made up by gab-
bros and lavas from the entire study area between
66°N and 70°N (KEH and Imilik gabbros, Igtertiva
Formation basalts). We therefore suggest that the
proportion of melts from a garnet-bearing source
was higher beneath the Patulgjivit—Lilloise sector
than in the remaining part of the East Greenland
Tertiary Igneous Province at 50-47 Ma.

6. Helium isotopes and the enriched mantle
component

Preliminary He isotope data shown in Fig. 6,
demonstrate that samples from the Lilloise and KEH
wehrlites have 2He/*He ratios significantly higher
than present day MORB. This points towards a rel-
atively undegassed lower mantle component in the
source of these rocks as suggested for, e.g., Icelandic,
Hawaiian, and Samoan basalts [25,43,44]. Four sam-
ples of ultramafic intrusives from Imilik and Kruuse
Fjord show lower 3He/*He isotopic ratios. Note that
all our 3He/*He values represent minimum values
for the parental magma, since all of the rock sam-
ples have been affected by about 50 million years of
“He ingrowth due to radioactive decay of U and Th.
Along this line, the large range of 3He/*He ratios
found in Lilloise clinopyroxenes may be due in part
to the presence of post-intrusion, radiogenic helium.

The unradiogenic He isotope character of many
hotspots is linked to the existence of upwelling,
anomalously hot lower mantle material [45], that
causes melting to initiate at higher pressures than the
surrounding upper mantle material [46,47]. In this
view, the samples of the 50-47 Ma gabbros with
the highest *He/*He and lowest Y b/Dy(N) represent
melts with the highest proportion of the plume com-
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Fig. 6. Summary of geochemical data for 5047 Ma magmatic
rocks along the coast of East Greenland, arranged in order of
distance north of the Imilik intrusion at about 67°N. REE data,
for calculated liquids, are from our data in Table 1. He data are
from our data in Table 2. Calculated liquids from 200 to 300
km north of Imilik have the strongest signature of small degrees
of melting in the presence of garnet (light-REE enrichment,
heavy-REE depletion, and are most similar in their He isotopic
characteristics to lavas erupted in present day Iceland (gray
field). The KEH wehrlites are illustrated with filled circles to
distinguish them from the KEH gabbros.

ponent. An explanation for the spatial distribution of
chemical and isotopic characteristics as depicted in
Fig. 6, could be the presence of the Icelandic man-
tle plume, approaching the present day coast line at
about 69°N several million years after the initiation
of sea-floor spreading to the east [1,2,48,49].

As noted above, the Sr—Nd isotopic composition
of samplesfrom the Lilloiseintrusion plot at the high
875y /885y, low 3Nd/*Nd end of the field defined
by Icelandic lavas (Fig. 5). The convergence at the
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Lilloise samples of the two arrays towards amphibo-
lite and granulite facies crustal material, respectively,
suggests that the Lilloise samples may represent the
isotopic composition of uncontaminated melts for
al gabbros. The Iceland compositional field itself
can be interpreted as representing mixing of melts
from two mantle sources. (1) a MORB type man-
tle, that isotopically lies at the low & Sr/8Sr, high
43Nd/*Nd end of the Iceland field, and (2) a
L REE-enriched mantle defining the high & Sr/%Sr,
low *Nd/**Nd end of the Iceland field [50]. The
L REE-enriched mantle appearsto be anintrinsic fea-
ture of the Iceland mantle plume, and has likewise
been argued for the early pre-breakup volcanics in
East Greenland by Fram and Lesher [35]. We note
that the LREE enrichment of the mantle source for
the gabbro melts expressed by the Sm/Nd of 0.262
(see above Section 5) is similar to the value of 0.25
suggested for the plume component in the Iceland
hot spot by Fram and Lesher [35]. Since there is
no isotopic or trace-element evidence for an involve-
ment of the MORB type mantle in the generation of
the 50—-47 Ma gabbros, we conclude on the basis of
the available data that the mantle source for the post-
breakup volcanism along the East Greenland margin
was the plume component of the Iceland hot spot.

7. Regional per spective

Precise “°Ar/**Ar geochronology suggests that
basaltic volcanism along the East Greenland rifted
margin occurred in three discrete time windows as
discussed in detail in Ref. [1]. Briefly, magmatism
began with the eruption of the Lower Lava Series
from ODP Leg 152 at 63°N, Site 917 (63-61 Ma
[51]), and with the Lower Lava Series and related
dykes (>56 Ma [9,52]) in the Patulgivit—Lilloise
sector. The major expression of flood basalt mag-
matism that formed the Blosseville-Scoresby Sund
plateau basalts (Middle Series) at 56-55 Ma; [8—
10], was contemporaneous with the formation of
seaward-dipping reflector sequences, such asthe Up-
per Series of ODP 63°N transect, Site 917 [53], the
basalts of the Varing Plateau [54] and was roughly
coeval with the establishment of the oceanic spread-
ing ridge offshore [11]. The 50-47 Ma gabbroic
intrusions along the central East Greenland coast, the

| gtertiva Formation lavas at Kap Dalton [7,9,21] and
some coast parallel dykes of transitional affinity [23]
mark the termination of main tholeiitic volcanism on
the continental margin.

The REE systematics of these stages of rift mag-
matism are presented in Fig. 7 for comparison. The
pre-breakup event was dominated by relatively high
pressure melts, with the top of the melting col-
umn in the spinel stability field. Compared to this
first melting event, basalts from breakup around 56
Ma are displaced towards higher Yb/Dy (N), which
would imply increasing proportions of melts from
the low-pressure (spinel stability) melting region,
and thereby a decreasing mean pressure of melting.
Also, their slightly steeper trendsin Fig. 7, relativeto
pre-breakup basalts, would suggest increasing mean
degrees of melting. This evolution to higher degrees
of melting at lower average pressure has been well
established by the modeling of Fram and Lesher
[35,55], who ascribed it to decreasing lithosphere
thickness during rifting, also described as the ‘lid
effect’ by Ellam [56].

The late basdltic volcanism at around 50-47 Ma,
which postdates the initiation of oceanic crust for-
mation at anomaly 24R by 5-9 Ma, is chemically
very digtinct from the earlier volcanic products. First,
the high Nd/Dy for the post-breakup melts appears
to require a LREE enrichment of the mantle source.
Because of the positive eyng for the uncontaminated
melts, this enrichment must have been a recent event.
Second, the generally lower mean degree of melting,
and the relatively small degree of melting within
the low-pressure, spingl stability field (inferred from
Fig. 3), suggest a more restricted vertical extent
of the melting column at this stage of evolution
of the continental margin. An interpretation of this
behavior could be that residual mantle, depleted
during the breakup phase, was added to the litho-
sphere due to the relative buoyancy of high Mg#
residues [57]. Combined with extensive amounts of
underplated, igneous material generated during flood
basalt magmatism, the addition of depleted mantle
to the lithosphere resulted in a significant thickening
of the plate (the ‘lid") at the continental margin after
breakup. This restricted the minimum pressure of
melting of upwelling asthenospheric mantle; in other
words ‘putting the lid back on top’ of the melting
column at the continental margin.
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Fig. 7. Compositional variation of basaltic melts from the initial stages of North Atlantic magmatism. Melting trajectories for garnet and
spine lherzolites asin Fig. 3. The ca. 60 Ma pre-breakup basalts (stippled patterns) all have a strong garnet signature (HREE depletion)
and low amounts of melting at low pressures (thick lithosphere as suggested by Fram and Lesher [55]). At the time of establishment of
an ocean spreading ridge (continental breakup, unfilled patterns) at 56 Ma, melting still took place in the garnet stability field, but with
extensive degrees of melting also at lower pressures in the spindl stability field [55]. The strongly LREE-enriched basaltic melts at 5047
Ma expressed by the gabbro intrusions, the Igtertiva Formation and late coast-parallél, transitional dykes (post-breakup, hatched patterns)
reflect mantle melting at predominantly high pressures. Data from [35] (East Greenland lower lavas); [42,68] (Leg 152 Site 917, Lower
and Upper Series); [54] (Vering Plateau); [DLC; unpublished data] (East Greenland main lavas;, EG ML and EG low Ti) and [23] (late

coast parallel dykes).

From the available data, the 50-47 Ma post-
breakup volcanic episode appears to be confined to
a coastal region of approximately 600 km between
66° and 70°N, and is absent from the continent—
ocean transition zone 200 km further to the south,
as sampled by the ODP Leg 152 [53]. The strongest
plume signature appears to be concentrated within a
narrow zone about 150 km wide, from the Lilloise
intrusion in the north, through the KEH wehrlites, to
the Patulgjivit gabbros in the south (Figs. 1, 3 and
6). One may find the explanation for thisin elevated
mantle potential temperatures beneath this portion of
the margin during the passage of the Iceland mantle
plume, coupled with greater lithospheric thickness
resulting from the vigorous magmatism at breakup.
The spatia distribution of the 50—-47 Ma magmatism
onshore further correlates with the bathymetry of the
Greenland—Iceland Rise, which is the offshore re-
sult of excess magmatism above the Iceland mantle
plume [58]. The persistence of basaltic magmatism
a the continental margin 5-9 Ma after the estab-

lishment of an oceanic spreading ridge may thus be
understood in terms of the increasing proximity of
the Icelandic mantle plume to the East Greenland
coastline (see [1] for detailed discussion). Such a
model would be in accordance with the interpreta-
tion of plate reconstruction by Morgan [2], Duncan
and Richards [49], and Lawver and Muller [48] of
the Iceland plume track. Continuing sampling of
offshore basalts in the Denmark Strait by the DLC
(scheduled 1998) will help to constrain whether the
post-breakup basaltic magmatism was confined to
the East Greenland continental margin, or was in-
volved in the build-up of the thick oceanic crust of
the Greenland—Iceland Rise.
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