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ABSTRACT

The southeast Greenland seaward-dipping reflector sequence (SDRS) is composed of Paleocene to Eocene volcanic rocks

erupted during continental breakup. Volcanic rocks recovered from a transect across the SDRS at 63°N, during Ocean Drilling
Program Leg 152, range in composition from picrite to dacite and represent all the magmatic phases in the development of the
continental margin. The earliest magmas, represented by the pre-breakup succession at Site 917 (Lower and Middle Series),
were strongly contaminated with continental crust, but the degree of contamination declined rapidly during the late stages of
breakup (Site 917 Upper Series). Very low concentrations of incompatible elements in the uncontaminated primitive magmas
made them extremely sensitive to the isotopic effects of crustal contamination. Basaltic rocks from the most seawagd part of th
transect (Site 918) were erupted after breakup and show no signs of contamination with continental crust. Two distinct crustal
contaminants can be recognized: (1) lower crustal basic granulite with unradiogenic Nd, Sr, and Pb; and (2) upper crustal
amphibolite-facies gneiss with unradiogenic Nd but highly radiogenic Sr and®Arii#*Pb. The first contaminant affected

only the earliest magmas, represented by the lower volcanic units in the Lower Series at Site 917. Later continental magmas
were affected by the second contaminant, suggesting storage of magmas at progressively shallower levels in the crust as litho-
spheric extension proceeded toward continental breakup. The nature and degree of contamination are strikingly similar to those
observed in the Hebridean Tertiary igneous province, which would have been adjacent to southeast Greenland during continen-

tal breakup.

INTRODUCTION

Ocean Drilling Program (ODP) Leg 152 sampled atransect across
the volcanic rocks forming the seaward-dipping reflector sequence
(SDRY) off southeast Greenland. These rocks were erupted between
61 and 52 Ma (Sinton and Duncan, this volume) and span the whole
period of continental breakup and the development of the continental
margin (Larsen, Saunders, Clift, et al., 1994; Fitton et al., 1995).
Chemical analyses of volcanic rocks from the Leg 152 transect have
been presented by Fitton et al. (thisvolume), Fram et al. (thisvolume)
and Larsen, Fitton and Fram (this volume).

The earliest, and most landward, lava flows (Hole 917A, Lower
and Middle Series) represent a pre-breakup continental sequence
showing an overal variation from olivine basalt to dacite. Evolved
compositions dominate the upper parts of this sequence, and the low-
est dacite unit is used to define the base of the Middle Series. A thin
(67 cm) sandstone layer, which may represent a hiatus in volcanism
at Site 917, separates the Middle Series from an overlying suite of pi-
criteand olivine basalt flows (Hole 917A, Upper Series) erupted dur-
ing thefinal phase of breakup. The younger parts of the SDRS (Sites
915 and 918) comprise compositionally uniform basalt thought to
have been erupted from magma chambers associated with an oceanic
spreading axis. Volcanic rocks that were erupted during and after
breakup (Hole 917A, Upper Series, and Holes 915A and 918D, re-
spectively) record a progressive increase in degree, and decrease in
depth, of mantle melting and melt segregation as the lithosphere
thinned and finally gave way to seafloor spreading (Fitton et al., this
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volume; Fram et al., thisvolume). A thin basaltic sill intruding lower
Eocene sands above the lava sequence at Site 918 is the youngest ig-
neous rock sampled in the transect, and is probably related to a small
off-axis volcano.

The Lower and Middle Series volcanic rocks at Site 917 show
clear indications of contamination of the magmas with continental
crust (Larsen, Saunders, Clift, et a., 1994; Fitton et a., thisvolume).
Variation of incompatible-element ratios with SiO, content cannot be
explained by differentiation of the magmas by fractional crystalliza-
tion alone, but requires assimilation of a crustal component contain-
ing high concentrations of, for example, Zr, light rare-earth elements
(LREE), and Ba. A sample of Archaean gneiss collected from an on-
shore outcrop close to the Leg 152 transect (GGU 324721, Blichert-
Toft et a., 1995) represents the type of crustal material that might
have been involved. Anincreasein SiO, content upward through the
Lower and Middle Series, correlated with indices of crustal contam-
ination, suggests storage, differentiation, and contamination of the
magma in crustal magma reservoirs fed with a dwindling supply of
primary magma. The Upper Series picrite and olivine basalt flows at
Site 917 show only dight evidence, in their trace-element abundanc-
es, for crustal contamination. This series represents a resurgence of
magmatism accompanying the final stages of breakup of the margin,
with near-primary magma erupted rapidly from mantle depths.

Simple fractional crystallization coupled with assimilation of a
single crustal component cannot account for all of the variation
seenintheLower and Middle Series. Lavaflowsforming thelower
half of the Lower Series in Hole 917A (below Unit 73A) have
higher Sr/Zr and La/Th, and slightly higher Ba/Zr than do the upper
flows (Fitton et al., this volume, fig. 10). The lower units require a
contaminant that is chemically distinct from that affecting the Middle
Series and the upper units of the Lower Series. This paper reportsthe
results of isotopic studies that help to constrain the nature of the con-
taminants. We will show that the magmas represented by the lower
parts of the succession were contaminated with basic granulite, prob-
ably in thelower crust, whereas the contaminant affecting later mag-
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mas had isotopic characteristics typical of upper crustal amphibolite-

Table 1. Location of samples used in this study.

facies gneiss.

Hole, core, section, Depth
Sample interval (cm) Piece  (mbsf)  Series Unit
ANALYTICAL TECHNIQUES 915-3 915A-24R-2, 60-64 2B 19868 Lava 3
917-10 917A-10R-4, 48-51 2A 7853 Upper 10
. . 917-14 917A-12R-1, 31-36 4A 9231 Upper 14
Sr-, Nd-, and Pb-isotope analyses were conducted at the Scottish 917-17 917A-13R-5, 120-124 1 10819 Upper 17
Universities Research and Reactor Centre (SURRC), East Kilbride, gg—ggB ggﬁ-%gg—j, ig?—%gg 118 %%-8@ Bpper 525
; ; : : - -20R-4, 131~ ) pper
using aliquots of the samerock powdersanalyzed by Fitton et al. (this 917-33 017A-21R-3, 126-130 5 17775 Upper 33
volume). To minimize the effects of alteration on 8Sr/%8Sr, the sam- 917-34B 917A-23R-2, 64-68 15 19401 Midde 34B
ples were leached in 6M HClI for 6 hr at 170°C, and then washed re-217-47 917A-32R-4, 76-80 10 2448 Midde 47
L e ' ; 917-55 917A-51R-1, 42-45 10 36542 Middle 55
peatedly in distilled water before Sr and Nd separation. Leaching for 917-58 917A-54R-4, 70-73 1C 38395 Lower 58
i i 917-60 917A-55R-5, 66-70 9A 39998 Lower 60
6 hr was found to give constafSrfeSr, with no further. change on 17018 OI7ASTR S 6771 A 4163 Lowe B
!eachlng for 24 hr. S_r was separated f(qm samples using standard caby7.2 017A-57R-7. 29-32 1B 42158 Lower 62
ion exchange techniques. Nd was purified from the bulk rare-earth eI-9g-g§ ggﬁ—gﬁg—g, 25547 %g j%g.gg IEower gg
; ; ; - -64R-2, 43— . ower
ements (REE) fraction from the cation exchange columns using two g17.7g Q17A-67R-3, 126-130 68 50369 Lower 70
further columns. First, the REE were separated from Ba by loading 917-71 917A-69R-2, 123-127 4 52153 Lower 71
the sample onto a column containing 0.25 ml of EiChrom SrSpec ion 21772 917A-T1R-4, 27-31 1c 54207 Lower 72
. - : ) ; 917-73A 917A-72R-1, 53-57 3D  547.83 Lower  73A
exchange resin and eluting with 3M Hij@he Ba being retained on  917-74a 917A-74R-1, 41-48 8A  567.11 Lower  74A
917-78 917A-79R-2, 75-79 1D 60719 Lower 78
the column. Nd was separated from the other REE on a temperature3:” 75 SLTA-BIRT 5328 5 o3 Lowe i
controlled anion exchange column as described by Barbero et al.g17.g3 017A-96R-1. 110-114 10A 76050 Lower 88
(1995). 917-89 917A-97R-2, 11-15 1A 77036 Lower 89
o 917-90 917A-99R-2, 60-64 1D 79037 Lower 90
Sr samples were analyzed on a VG 54E thermal ionization massg;g; 018D-94R-1. 80-84 D 117620 Sl 1
spectrometer¥’SrFSSr was corrected for mass fractionation using 918-88 918D-101R-4, 96-100 12 122665 Lava 8B
8SrfSr = 0.1194. Repeat analysis of NBS987 Sr standard gavegis1aBl  9180-107R-2 929 1B o aa 1B
87SrpeSr = 0.710212 26 (2 s.d.n=9), and all data were normalized  918-138 918D-109R-3, 50-54 5 127015 Lava 138
918D-111R-3, 77-81 9B 128512 Lava 15

to a value oP’SrpSSr = 0.710243 for this standard. Nd samples were 91815

analyzed on a VG Sector 54-30 thermal ionization mass spectrometer
in multi-dynamic mode***Nd/***Nd was corrected for mass fraction-
ation using**Nd/***Nd = 0.7219. During the course of this study the
SURRC internal JM Nd laboratory standard gat®ld/**Nd = ures 1 and 2. First, the post-breakup lavas collected from Hole 918D
0.511501t 12 (2 s.d.). form a tight cluster witH*Nd/A*Nd > 0.5130, values comparable
Unleached powder samples were used for Pb-isotope analysis. Riith those from the most depleted basalts in Iceland (Hémond et al.,
was separated by using standard HBr-HCI anion exchange tecth993) and some normal mid-ocean-ridge basalt (N-MORB) samples
nigues, and analyzed on a VG 54E thermal ionization mass spectroimem the Atlantic (Ito et al., 1987). The small but significant range in
eter. The data were corrected for mass fractionation of 0.1%"' amu®’Srf8Sr in the Site 918 samples may be due to the effects of alter-
based on replicate analysis of the NBS 981 standard. External repration. Most of the samples from the Upper Series at Site 917, two sam-
ducibility of the Pb isotopic ratios is 0.2% (2 s.d.), and analyticalples from the Lower Series, and the sill from Site 918 also have high
blanks were <1 ng. 43Nd/A**Nd and low®’Sr8Sr. Second, the lower units of the Lower
Series (below Unit 73A; Fig. 2) plot along a trend to f#d/***Nd
at nearly constarftSrfSr, toward the isotopic composition of aver-
age granulite-facies Lewisian gneiss (Fig. 1). And third, some of the
Lower Series lavas (LSb on Figs. 1, 2), the three Middle Series sam-
Sr- and Nd-isotope ratios were determined on 32 samples, amdes, one sample from the Upper Series, and the sample from Hole
most of these were also analyzed for Pb-isotope ratios. Samples &&5A, all plot on a trend to loW*Nd/*“Nd and high?’Sr/®Sr , con-
identified by site and unit (defined in Larsen, Saunders, Clift, et al.sistent with assimilation of material similar to the gneiss sample
1994) and these informal sample numbers are keyed to full ODP de324721 and Dickin’s (1981) average amphibolite-facies Lewisian
ignations in Table 1. The isotopic data are reported in Table 2; chergneiss. The LSh samples are from a group of lava flows toward the top
ical analyses of the same samples are given in Fitton et al. (this va¥ the Lower Series at Site 917, and are chemically distinct from the
ume). other Lower Series flows (LSa) in having hityo/ Zr (Fitton et al.,
Variation of®SrfeSr and“*Nd/***Nd in volcanic rocks from the this volume). Three LSa flows from the upper part of the Lower Series
Leg 152 transect is shown in Figure 1. The effects of age-correctin@rig. 2) plot between the two trends on Figure 1.
data (to 60 Ma) from the three samples with the highest Rb/Sr (917- Lead-isotope variation is shown in Figures 3 and 4. These diagrams
47, -55, and -72) are also shown in this figure. These corrections weireclude data from Icelandic basalt (see Fig. 3 caption for data sources),
based on whole-rock Rb/Sr and Sm/Nd (from Fitton et al., this volPrecambrian basement rocks of East Greenland (Leeman et al., 1976)
ume). The other data have not been age corrected because of uneerd southeast Greenland (Taylor et al., 1992; Kalsbeek et al., 1993),
tainties in Rb/Sr in the acid-leached residues. This ratio is likely to band Dickin’s (1981) estimates of the isotopic composition of average
lower than in the whole-rock samples, and age correction wouldranulite- and amphibolite-facies Lewisian gneiss. Samples from Hole
therefore be insignificant in comparison with the measured isotopi®18D and most samples from the Upper Series in Hole 917A plot close
range. The isotopic composition (measured and age corrected) oft@athe Iceland data on both diagrams, as would be expected from the
sample of Archaean gneiss collected on shore, close to the Leg 1E®v #SrféSr and high*Nd/***Nd in these samples (Fig. 1). The other
transect (GGU 324721; Blichert-Toft et al., 1995), is also shown osamples define a tight linear trend toward very unradiogenic Pb on a
this diagram. Dickin’s (1981) estimates of average granulite- and anm¥Pbf*Pb vs26PbF*Ph diagram (Fig. 3), implying contamination of
phibolite-facies Lewisian gneiss, corrected to 60 Ma, are included fahe magma with Archaean crust. The crustal component, however,
comparison. These are believed to represent lower and upper contiust be more unradiogenic #Pbf*Pb than any of the samples of
nental crust respectively. Variation ¥INd/**Nd with stratigraphic ~ Archaean crust shown in Figure 3. Of%®b/?*Pb  2¥®bF*Pb di-
position in the SDRS is shown in Figure 2. agram (Fig. 4) the data are more scattered, with the Middle and Upper

Several significant features of the isotopic data can be seen on Fig-

RESULTS
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Table 2. | sotopic data for volcanic rocks from Leg 152.

Sample Series 87Sr/865y 2se 18Nd/*44Nd 2se 206pp/204ph 2se 27pp/204pp 2se 208ppy/204ph 2se
915-3 Lava 0.703669 46 0.512878 12 17.228 20 15.381 22 37.575 51
917-10 Upper 0.702992 40 0.513111 9 17.688 6 15.494 8 37.541 19
917-14 Upper 0.703201 20 0.513035 7 16.832 10 15.268 12 37.381 20
917-17 Upper 0.704055 20 0.512613 6 15.433 9 14.826 12 37.114 27
917-26 Upper 0.702993 23 0.513077 7
917-32B Upper 0.702997 29 0.513058 16 17.760 15 15.480 14 37.530 30
917-33 Upper 0.703604 24 0.513085 6 17.941 5 15.396 5 37.494 11
917-34B Middle 0.713970 31 0.511881 6 16.276 10 14.976 18 38.335 36
917-47 Middle 0.710495 28 0.510887 7 13.684 8 14.470 7 35.673 20
917-55 Middle 0.706540 27 0.511268 7 13.757 6 14.467 8 34.749 21
917-58 Lower 0.703876 12 0.512121 9
917-60 Lower* 0.703299 24 0.512975 8
917-61B Lower* 0.703909 39 0.512886 12 17.625 12 15.416 15 37.675 27
917-62 Lower* 0.703922 29 0.512841 7
917-63 Lower 0.703652 40 0.512240 8 14.781 11 14.715 11 35.126 21
917-68 Lower* 0.704280 23 0.512731 8
917-70 Lower* 0.704242 32 0.512304 8
917-71 Lower 0.703559 31 0.512001 9
917-72 Lower* 0.704579 23 0.512650 6 17.773 5 15.243 4 37.926 13
917-73A Lower 0.703111 33 0.513113 8 17.625 9 15.446 9 37.541 22
917-74A Lower 0.703180 38 0.511434 6 13.768 3 14.439 12 33.649 28
917-78 Lower 0.703375 38 0.511559 5
917-81B Lower 0.702701 22 0.511859 15 14.132 5 14.558 7 33.960 18
917-88 Lower 0.702968 31 0.511493 9 16.045 3 15.049 4 36.809 10
917-89 Lower 0.702773 27 0.512018 6
917-90 Lower 0.702822 30 0.511886 7 14.402 3 14.646 4 34.165 11
918-1 Sill 0.702997 28 0.512941 6 18.140 7 15.440 8 38.056 17
918-8B Lava 0.703734 29 0.513065 6
918-12B.1 Lava 0.703023 31 0.513134 8 17.789 23 15.582 27 37.650 7
918-12B.2 Lava 0.703048 23 0.513129 7
918-13B Lava 0.703003 20 0.513076 7
918-15 Lava 0.702966 34 0.513054 8 17.889 7 15.486 7 37.864 16
Note: * = samples from the high-Nb/Zr group (L Sb) of the Lower Series. The other Lower Series samples belong to the low-Nb/Zr group (L Sa).
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Figure 1. Variation of 3Nd/***Nd and 8Sr/%Sr in volcanic rock samples N
recovered during Leg 152. Data for the three most evolved samples (Rb/Sr> N
0.07) have been age corrected to 60 Ma (corrected and uncorrected data L L L
pointsjoined by tie lines), but data for the other samples are uncorrected. The 0.510 0.511 0.512 0.513
bulk-earth isotopic composition at 60 Ma (+) is shown for reference. Sam-
ples from Site 917 are divided into Lower (LS), Middle (MS), and Upper 1IN G/ Nd

Series (US), and the Lower Series is subdivided into low-Nb/Zr (LSa) and
high-Nb/Zr (LSbh) flows (Fitton et a., this volume). The elliptical field
encloses data points representing samples from the lower part of the Lower
Series at Site 917 (below Unit 73A), the oldest volcanic rocks recovered
from the transect. Arrows show the change in isotopic composition upward
through the Middle Series succession. Points labelled 324721 represent age-
corrected and uncorrected data from a sample of gneiss collected onshore,
close to the Leg 152 transect (Blichert-Toft et al., 1995). Average composi-
tions, corrected to 60 Ma, of granulite- (G) and amphibolite-facies (A) Lewi-
sian gneiss (from Dickin, 1981) are shown for comparison.

Figure 2. Stratigraphic variation of “3Nd/***Nd in volcanic rock samples
recovered from the Leg 152 transect (sampleidentification asin Fig. 1). Data
from the three sites are stacked to form a temporal and geographic sequence
from the oldest and most landward at the bottom, to the youngest and most
seaward at the top. The volcanic sequences plotted for Sites 917 and 918 rep-
resent 770 m and 126 m of vertical section, respectively.
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Figure 3. 27Pb/?%Pb vs. 2°6Pb/2*Pb in vol canic rock samples recovered from

the Leg 152 transect (sample identification as in Fig. 1). The data have not
been age corrected. The isotopic composition of Pb in volcanic rocks from

Series samples having more radiogenic 2%Pb/?Pb, relative to
206Ph/204Ph, than the Lower Series samples.

DISCUSSION

Volcanic rocks erupted during breakup of the southeast Green-
land margin show clear isotopic and elemental evidence for contam-
ination of the magma, probably with continental crust. Contamina-
tion is most obvious in the pre-breakup volcanic rocks (Lower and
Middle Series at Site 917) and falls off rapidly during the final stages
of breakup (Fig. 2). This pattern of contamination resembles that de-
scribed by Holm (1988) in the onshore Tertiary lavas of East Green-
land, where the earliest lavas in the succession (the Vandfaldsdalen
Formation) are the most contaminated. Holm (1988) used isotopic
and elemental variation to argue that the magmas were contaminated
with lithospheric mantle and that contamination from continental
crust was of minor importance. The principal criteria used by Holm
(1988) were apparent isotopic and chemical dissimilarities between
the contaminants and local basement rocks, and the lack of a clear
correlation between degree of differentiation and isotopic composi-
tion of thelavas. A lithospheric mantle source wasinferred essential -
ly by default.

The volcanic rocks analyzed in the present study show a much
larger range of isotope ratios than do those analyzed by Holm (1988),
and the effects of contamination are more clearly defined as a conse-

Iceland (gray circles; data from Cohen and O’Nions, 1982; Elliott et a'-quence. This probably reflects the more depleted character of the
1991; Furman et al., 1991; Hards et al., 1995; Park, 1990; Sun and Jafm'jmitive magmas (Fitton et a ., this volume), which made them more
1975; Sun et al., 1975; B.S. Hardarson and R.M. Ellam, unpubl. data), and #ysceptible to the effects of contamination. It is clear from Figures 1,
Archaean basement rocks (gray triangles) from East Greenland (Leeman®tand 4 that contamination with crustal rocks could explain the iso-
al., 1976) and southeast Greenland (Kalsbeek et al., 1993; Taylor et al., 19Q@}Jic variation. Further evidence that continental crust was the prin-
are shown for comparison. The average compositions of granulite- (G) artgpa| contaminant comes from correlations between isotope ratios,
amphibolite-facies (A) Lewisian gneiss (from Dickin, 1981) are also shownjndices of differentiation (e.g., SIO, content), and indices of contam-
Single-stage Pb growth curves (i#*2U/**Pb) and isochrons are plotted for ination (e.g., incompatible trace-element ratios; Fitton et al., this vol-
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Figure 4. 208pp/204ph vs, 206ph/204ph in volcanic rock samples recovered
from the Leg 152 transect (sample identification as in Fig. 1). The data have
not been age corrected. The isotopic composition of Pb in volcanic rocks
from lceland (gray circles), Archaean basement rocks from East and south-
east Greenland (gray triangles), and the average composition of granulite-
(G) and amphibolite-facies (A) Lewisian gneiss are shown for comparison
(data sources as in Fig. 3). Single-stage growth curves for 22Th/24Pp (w) =
30, 35, and 40, al with 238U/?%Pp (u) = 8, are included for reference.
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ume). Figure 5 shows the correlation between *Nd/***Nd and SiO,
content for the Leg 152 volcanic rocks. The most evolved rocks are
also the most contaminated, as would be expected from storage and
differentiation of magmain crustal magmareservairs.
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Figure 5. ¥Nd/**Nd vs. SiO, (Wt%) in volcanic rock samples recovered
from the Leg 152 transect (sample identification as in Fig. 1). The field
encloses data points representing samples from the lower part of the Lower
Series at Site 917 (below Unit 73A), the oldest volcanic rocks recovered
from the transect. SiO, data, recalculated on a volatile-free basis with all Fe
as FeO, are from Fitton et a. (this volume).



At least two different contaminants must have been involved in the
evolution of the southeast Greenland SDRS magmas. Thefirst of these,
which affected the six analyzed samples from the lower part of the
Lower Series at Site 917 (below Unit 73A, Fig. 2), has low 8Sr/%Sr,
143N d/4Nd, 205Ph/204Ph, 207P/204Ph, and 2°8Ph/2Ph. These six samples
define digtinct fields on Figures 1 and 5, and show no correlation be-
tween “**Nd/**Nd and SiO, content (Fig. 5). The contaminant in these
units could be lithospheric mantle, though its inferred isotopic and
chemical characteristics are more consistent with lower crustal basic
granulite. Evidencethat continental crust, rather than lithospheric man-
tle, dominates the contaminant in these six samplesis provided by their
Pb-isotope ratios, with 2%Ph/2%Ph as low as 13.77 in sample 917-74A.
Such extreme compositions have never been reported from mantle
xenoliths, nor from lamproites or other basic igneous rocks thought
to originate within the subcontinental lithospheric mantle. Lam-
proite, kimberlite, ultramafic lamprophyre, and carbonatite occur-
rences are widespread in West Greenland, and some of these rocks
probably had a lithospheric mantle source (Larsen and Rex, 1992).
Some mid-Proterozoic lamproites from West Greenland have ex-
tremely unradiogenic Pb, which may reflect the isotopic composi-
tion of their mantle source (Nelson, 1989), but even the initial
206Ph/2Ph of these rocks is not as low as that in sample 917-74A.
Although it seems inevitable that the early SDRS magmas interacted
with lithospheric mantle, the effects of this have amost certainly
been swamped by the effects of crustal contamination.

Unit 73A in the Lower Series (Fig. 2) shows no evidence for con-
tamination in its Sr-, Nd-, and Pb-isotope ratios (sample 917-73A,
Table 2), and heralds asignificant changein the nature of the contam-
inant. Units higher in the Lower Series represent magmas contami-
nated by crust with distinctly more-radiogenic Sr (Fig. 1). The change
in the character of the contaminant above Unit 73A isalso seeninthe
chemical composition of the lava flows of the Lower Series. Flows
above Unit 73A have lower Sr/Zr, BalZr, and La/Th than do flows
lower in the succession (Fitton et al., this volume, fig. 10). A good
negative correlation between *Nd/**Nd and SiO, in these rocks
(Fig. 5) provides strong evidence for contamination with silicic crust.

Thetransition from alow-8Sr/%Sr to a high-87Sr/%6Sr contaminant
occurred progressively from the lowest flows of the Lower Series
through the Middle Series (Fig. 1). A large increase in 87Sr/%Sr with
timeis shown by the three analyzed Middle Series samples, collected
from one of the lowest units (917-55), the central part (917-47), and
the topmost unit (917-34B) of the series, respectively. Some of the
olivine basalt and picrite flows of the Upper Series at Site 917, and
the post-breakup lavaflow sampled at Site 915, were also affected by
a high-#7Sr/%Sr, low-“*Nd/***Nd contaminant, but to a lesser extent
(Fig. ).

Evidence for a change in the nature of the contaminant with time
al so can be seen in the Pb-isotopic composition of the volcanic rocks.
All of the contaminated rocks fall on a single array on a 2°7Pb/2**Ph
vs. 2%65Ph/2%4Ph diagram (Fig. 3), but show more scatter in 2%2Pb/2%Ph
(Fig. 4). Rocks from the upper part of the volcanic succession, nota-
bly the Middle Series at Site 917, show higher 206Pb/24Ph, relative to
206Ph/204ph, than do those from the lower part (Fig. 4). Thisimplies
that the later magmas were contaminated with crust with higher time-
integrated Th/U than were the earlier magmas, consistent with the ob-
servation (Fitton et a., this volume) of an abrupt decline in La/Th
above Unit 74A in the Lower Series at Site 917.

The style of crustal contamination recorded in the southeast
Greenland volcanic sequence closely resembles that which affected
the contemporaneous magmas of the Hebridean igneous province of
northwest Scotland, on the conjugate continental margin. Isotopic
variation in these rocks can be modeled by variable contamination
with granulite- and amphibolite-facies Lewisian gneiss (Carter et d.,
1978; Dickin, 1981) representing, respectively, the lower and upper
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(Figs. 1, 3, and 4). The Lewisian crust of northwest Scotland is very
similar in its history and isotopic composition to that of southern
Greenland (e.g., Kalsbeek et al., 1993). Published Pb-isotope ratios
of Archaean basement rocks from East and southeast Greenland,
plotted on Figures 3 and 4, are broadly comparable with data from the
more contaminated volcanic rocks. Some of the volcanic rocks, how-
ever, have more extreme Pb-isotopic compositions than any of the
crustal rocks, implying the presence of very unradiogenic Pb at depth
in the crust.

The combined effects of crustal assimilation and fractional crys-
tallization (AFC) can be modeled if the compositions of contaminant
and uncontaminated primitive magma are known (DePaolo, 1981).
The results of an attempt to do this for the southeast Greenland vol-
canic rocks are shown in Figure 6. The calculations were based on Zr
and**Nd/*Nd because both Zr and Nd are relatively immobile dur-
ing alteration and both have partition coefficients close to zero for
phases (principally olivine and plagioclase) likely to be involved in
low pressure fractional crystallization. Furtherméfé\Nd/**Nd has
approximately the same value in both granulite- and amphibolite-fa-
cies Lewisian rocks (Dickin, 1981), and in gneiss sample 324721
(Fig. 1). The primitive magma composition was estimated to have
had 5 ppm Nd, 40 ppm Zr, ad@Nd/*Nd of 0.5131, based on the
composition of the uncontaminated oceanic basalts from Site 918.
Sample 324721 (Blichert-Toft et al., 1995; Fitton et al., this volume)
was taken as the crustal contaminant.

It must be stressed that Figure 6 serves only to illustrate the pos-
sible effects of AFC processes and should not be taken too literally,
because the chosen primitive magma and contaminant compositions
will not be applicable to all samples. The sill at Site 918, for example,
is less depleted in incompatible elements than are the other oceanic
basalts, and its parental magma would have had higher concentra-
tions of Zr and Nd. However, several observations can be made from
this diagram. First, the lowe¥eNd/***Nd values seen in Lower Se-
ries lavas can be produced by simple bulk assimilation 6f18%
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Figure 6. The effects on a primitive basaltic magma (40 ppm Zr, *3Nd/***Nd
= 0.5131) of assimilation of crustal rocks (represented by sample 324721)
coupled with fractional crystallization (after DePaolo, 1981). The top and
bottom curves represent, respectively, the limiting cases of fractional crystal-
lization without assimilation (with percentage crystallized), and bulk assimi-
lation without fractional crystallization (with percentage crustal

continental crust in this area. Dickin’s (1981) average granulite- aI contaminant). The intermediate curves are for various ratios (r) of the rate of
amphibolite-facies Lewisian gneiss compositions provide plausib assimilation to the rate of fractional crystallization. The numbers on these
analogues for the contaminants in the southeast Greenland magi curvesindicate percentage crystallized. Sample identification asin Figure 1.
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of the crustal component, without significant fractiona crystalliza-
tion. The bulk composition of sample 324721 isnot strictly appropri-
ate for the contaminant affecting the lower lavas of the Lower Series
because its 8Sr/%Sr (0.7166; Blichert-Toft et al., 1995) is much too
high (Fig. 1). The composition of a more appropriate partial melt
from amore mafic lower crust would probably have lower concentra-
tionsof Zr and Nd than thosein 324721. L owering the Zr and Nd con-
tents of the crustal component by afactor of two, to values similar to
those in granulite-facies Lewisian leucogneiss (Weaver and Tarney,
1980), would double the amount of contaminant required. This level
of contamination is comparable to the 15% deduced by Thompson et
a. (1982) for the most contaminated basalts from Skye and Mull.
Second, the Middle Series silicic rocks can be modeled by similar de-
grees of assimilation coupled with more extensive fractional crystal-
lization. And third, the Upper Series olivine basalt and picrite mag-
mas show evidence for some fractional crystallization with only mi-
nor assimilation of crust.

It is not possible to apply the same calculations to Pb-isotope ra-
tios because the most contaminated basalts have slightly more-unra-
diogenic Pb than any of the analyzed crustal rocks (Figs. 3, 4). This
implies either that the Pb in these volcanic rocksis entirely crustal in
origin, or that crustal rocks containing even more-unradiogenic Pb
exist at depth but have not been sampled at the surface in East or
southeast Greenland. Highly unradiogenic Pb has been reported in
the 3.7 Ga Amitsoq gneiss of southwest Greenland (Moorbath et al.,
1975), and, similar materid, if it exists in the southeast Greenland
crust, could explain the unradiogenic Pb in lava flows from the lower
part of the Lower Series. This would be a less satisfactory explana
tion, however, for the Middle Series volcanic rocks that have assim-
ilated crust with high 8Sr/%Sr and therefore high time-integrated
Rb/ Sr. Such crust is unlikely to have very low U/Pb.

The problem of apparently large proportions of crustal Pbin rela
tively primitive basalt was a so encountered by Dickin (1981) in his
study of the Tertiary volcanic rocks of Skye. Dickin (1981) noted that
some rocks showing no other evidence for contamination still con-
tained a significant proportion of crustal Pb. He proposed that mag-
mas can be selectively contaminated with Pb due to the greater mo-
bility of this element. The close similarity in isotopic variation in the
southeast Greenland and Hebridean Tertiary igneous suites has al-
ready been noted. Both show extreme levels of isotopic contamina-
tion with continental crust, to the extent that the original mantle iso-
topic signatures have been completely overprinted in many otherwise
primitive basalts. Thisis probably because the uncontaminated prim-
itive magmasin both provinces resembled N-MORB in their low in-
compatible-element concentrations (Wood, 1980; Thompson et a.,
1982; Fitton et al., this volume) and both were therefore extremely
susceptible to the effects of contamination. Magmatism in the He-
brides and southeast Greenland was initiated contemporaneously by
lithospheric extension prior to continental breakup.

By analogy with Hebridean magmatism, the contaminant affect-
ing the southeast Greenland magmas during continental extension
and breakup seems to have changed, through time, from basic granu-
lite-facies gneiss to amphibolite-facies gneiss. It is tempting, there-
fore, to conclude that the magma reservoirs moved to shallower
depthsin the crust over this period. A similar shallowing of magma
reservoirs has been proposed for the East Greenland Tertiary lava
successions, on the basis of basalt phase relations, by Fram and Lesh-
er (1997). The nature of the crustal contaminant does not necessarily
relate to depth of magma storage, because both granulite- and am-
phibolite-facies gneisses are exposed at the surface. However, the ob-
served pattern of contamination could only be produced in magma
stored at onelevel in the crust if amphibolite-facies gneisswere more
refractory than granulite-facies gneiss. Even if thiswere o, it isun-
likely that such a clear temporal pattern of contamination (Fig. 1)
would result.
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CONCLUSIONS

The magmas that gave rise to the SDRS off southeast Greenland
were variably contaminated with continental crust. Volcanic rocks
forming the pre-breakup succession closely resemble rocks from the
Hebridean province in the nature and degree of contamination. Very
low concentrations of incompatible elements made the uncontami-
nated primitive magmas in both provinces extremely sensitive to the
effects of crustal contamination so that their original Sr-, Nd-, and
Pb-isotopic ratios were easily overprinted by those of the crust. Con-
tamination levels were generally high in the earliest SDRS magmas
but declined rapidly during the final stages of continental breakup.
Two distinct contaminants can be recognized in the isotopic and ele-
mental composition of the volcanic rocks. One, with low “Nd/**Nd
and &Sr/%Sr, may be lower crustal basic granulite-facies gneiss,
whereas the other, with low **Nd/***Nd and high & Sr/%Sr, resembles
upper crustal amphibolite-facies gneiss. Input from lithospheric man-
tle, as suggested by Holm (1988) for the onshore Tertiary volcanic
rocks of East Greenland, cannot be excluded but is not required by
the data. The contaminant changed with time through the pre-break-
up volcanic succession; the earliest volcanic rocks were contaminat-
ed with granulite- and the later ones with amphibolite-facies gneiss.
This suggests that magmas were stored at progressively shallower
levelsin the crust as lithospheric extension proceeded toward conti-
nental breakup.
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