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28. VOLCANIC ROCKSFROM THE SOUTHEAST GREENLAND MARGIN AT 63°N:
COMPOSITION, PETROGENESIS, AND MANTLE SOURCES?

J.G Fitton,2 A.D. Saunders,® L.M. Larsen,* B.S. Hardarson,? and M.J. Norry?3

ABSTRACT

Early Tertiary volcanic rocks recovered from the southeast Greenland margin represent the transition from continental
tholeiitic flood basalt to voluminous oceanic magmatism. This magmatism accompanied continental breakup and resulted in
the formation of seaward-dipping reflector sequences (SDRS) characteristic of volcanic rifted margins. The earliest, and most
landward, lavaflows (Hole 917A, Lower and Middle Series) comprise a pre-breakup continental sequence ranging in composi-
tion from olivine basalt to dacite. Evolution in crustal magma reservoirs, with a dwindling supply of primitive magma and an
increasing role of crustal contamination, can account for the variations in magma composition. Changes in the inferred nature
of the contaminant suggest that the site of magma storage may have moved to shallower levels in the crust during the pre-
breakup period. The subsequent eruption of picrite and olivine basalt magmas (Hole 917A, Upper Series) marked a dramatic
change in the style of magmatism to one of unrestrained passage of primitive magma from the mantle to the surface during the
final stages of breakup. The younger parts of the SDRS (Sites 915 and 918) are composed of compositionally uniform basalt
(7.6 £ 0.8% MgO), suggesting that an effective magmatic filtering system was established, soon after breakup, in magma cham-
bers associated with a spreading axis. An increase in degree of mantle melting (<5% to 10%-20%), accompanied by a decrease
in depth of melt segregation, marked the transition from continental to oceanic volcanism. The continental volcanic rocks had a
garnet lherzolite source, whereas the post-breakup magmas had a shallower, spinel Iherzolite source. Most of the older basalts
(Site 917, Lower to Upper Series) had a mantle source similar to that of normal mid-ocean-ridge basalt (N-MORB), although a
group of flows with compositions similar to typical Icelandic basalt occurs high in the Lower Series. All the post-breakup
basalt lava flows (Sites 915 and 918) had a depleted Icelandic mantle source. The head of the Iceland plume may have been
zoned at the time of continental breakup with a core of Icelandic mantle surrounded by a carapace of anomalously hot N-

MORB-source mantle.

INTRODUCTION

Rifting along the North Atlantic margin was accompanied by an
intense phase of basaltic magmatism, now represented by onshore
flood basalt outcrops and offshore seaward-dipping reflector se-
guences (SDRS). The eruption of the SDRS coincided approximately
with seafloor magnetic Anomaly 24R (53-56 Ma; Cande and Kent,
1992) and marked the transition from continental to oceanic volcan-
ism. The southeast Greenland SDRS are more than 6 km thick (Lars-

the earliest manifestations of volcanism on the Greenland margin to
present-day magmatism in Iceland, are available for study. One of the
objectives of Ocean Drilling Program (ODP) Leg 152 was to sample
a transect across the southeast Greenland SDR3\ahaA4 to inves-
tigate the timing and character of the transition from continental to
oceanic magmatism. Leg 163 extended this transect and also drilled
the SDRS at 66°N (Site 988). Two previous Deep Sea Drilling
Project (DSDP) and ODP legs have sampled portions of the North
Atlantic SDRS. Leg 81 sampled the southern tip of the SDRS on Hat-

en and Jakobsdéttir, 1988). Wide-angle seismic experiments on the®n Bank (Roberts, Schnitker, et al., 1984), and Leg 104 sampled the
conjugate margin off Rockall Plateau (Fig. 1) show that the SDRY?2rng Plateau on the Norwegian continental margin (Eldholm,
were erupted on attenuated continental crust underlain by a prism bff€ide, Taylor, etal., 1987; Viereck et al., 1988, 1989). The location
underplated igneous material as much as 15 km thick (White et aPf these drill sites is shown in Figure 1. )

1987). These enormous volumes of magma require the presence of Holes drilled at three of the six Leg 152 sites (Holes 915A, 917A
anomalously hot mantle at the time of rifting and continental breakugnd 918D; Fig. 2) penetrated volcanic basement. A section across the

(White and McKenzie, 1989). In the case of the North Atlantic, ther
is a clear genetic link between the excess magmatism represented
the SDRS and the presence of a mantle plume now situated benefiR

Iceland.

DRS, showing the location of the drill sites, is given in Figure 3.
‘By’s section is based on seismic profiles and summarizes the stratig-
hy of the shelf and adjacent Irminger Basin. The most landward
site (Hole 917A), 50 km from the Greenland coast, was the most suc-

The southeast Greenland margin provides an excellent and arggpssful and penetrated the feather-edge of the SDRS all the way to a

ably unique area in which to investigate the link between continentd'€tasedimentary basement. A 779-m volcanic sequence comprising
rifting, large igneous provinces, and mantle plumes. The Greenlarf} '€ast 91 flow units was recovered, although about 300 m of the
continental margin is tectonically uncomplicated and is linked acrosioWest part of the succession was missing due to faulting. Hole 915A,
the North Atlantic to its conjugate margin by the aseismic Greenland® km farther offshore, sampled a single basalt flow at a stratigraphic
Iceland-Faeroes Ridge. Thus, all components of the province, froffvel between 100 and 200 m above the top of the volcanic succession
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in Hole 917A. Both of these sites were on the continental shelf where
the SDRS laps onto thinned continental crust. The third site from
which volcanic rocks were recovered (Hole 918D) was on oceanic
crust in the Irminger Basin, 130 km offshore and close to the center
of the SDRS. A 121.6-m section comprising at least 18 lava flow
units was recovered, the top three of which are completely altered and
oxidized, implying a long period of subaerial weathering after em-
placement (Holmes, this volume). The volcanic sequence is overlain
by lower Eocene marine greensands intruded by a thin sill of very
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Figure 1. Map of the North Atlantic Ocean showing
the main tectonic features of the region, selected
seafloor magnetic anomalies, the distribution of Ter-
tiary igneous rocks, and the location of DSDP and
ODP drill sites. KR = Knipovich Ridge; GFZ =
Greenland Fracture Zone; SFZ = Senja Fracture
Zone; IMFZ = Jan Mayen Fracture Zone; IMR =
Jan Mayen Ridge; GIR = Greenland-Iceland Ridge;
and FIR = Faeroes-Iceland Ridge (after Larsen,

Saunders, Clift, et al., 1994).
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Figure 2. Map of the southeast Greenland margin and the Irminger Basin
showing the location of sites drilled during ODP Legs 152 (914-919) and
163 (988), and DSDP Legs 49 (407-409) and 81 (552-555). Magnetic
Anomalies 6, 20, and 24 are shown for reference.
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fresh, homogeneous basalt. The lava flows sampled at the three sites
show both pahoehoe and aa morphology. The flows are frequently
reddened and, at Site 917, are interbedded with occasiona soil hori-
zons. Unequivocal pillow lavas and hyaloclastite breccias are rare,
and it is clear that the sampled portions of the SDRS were erupted
aboveor very closeto sealevel. A full description of the cores recov-
ered during Leg 152 isgiven in Larsen, Saunders, Clift, et al. (1994).

This paper reports results of studies on a suite of 80 volcanic rock
samples collected for analysisduring Leg 152. Samplesareidentified
by site and unit (defined in Larsen, Saunders, Clift, et a., 1994), and
theseinformal sample numbers are keyed to full ODP designationsin
Table 1. A sample of Archaean gneiss, collected from an onshore out-
crop closeto the Leg 152 transect (GGU 324721, Blichert-Toft et al .,
1995), was provided by Minik Rosing and analyzed with the Leg 152
samples. We shall document the chemical composition of the SDRS,
discuss their magmatic evolution, and attempt to deduce the relative
contribution of plume and nonplume mantle sources.

ANALYTICAL TECHNIQUES

Samples were cut into small pieces with a diamond-tipped saw,
and any obvious amygdales and veins were removed. Saw marks
were ground away on a diamond wheel, and the fragments were
rinsed in clean water and dried before being ground to a fine powder
in an agate Tema barrel. Agate was used in preference to tungsten
carbide to avoid contamination with Ta and Co. The powders were
analyzed in Edinburgh by X-ray fluorescence (XRF) spectrometry,
and in Leicester by neutron activation analysis (NAA). A separate
suite of volcanic rock samples was prepared and analyzed by XRF at
the Geological Survey of Greenland for major elements, and at the
University of Copenhagen for trace elements. Agreement between
the Edinburgh and Copenhagen XRF data is generally very good
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Figure 3. Interpreted seismic section across the southeast Greenland margin
Scientific Party, 1994).

(Larsen, Fitton, Bailey, and Kystol, this volume). The present paper
is based on the Edinburgh and Leicester data.

X-ray Fluorescence (XRF) Analysis

Major-element concentrations were determined after fusion with
a lithium borate flux containing La,O; as a heavy absorber, by a
method similar to that devel oped by Norrish and Hutton (1969). Rock
powder was dried at 110°C for at least 1 hr, and a nomina but pre-
cisely weighed 1-g aliquot ignited at 1100°C to determinelosson ig-
nition (LOI). The residue was then mixed with Johnson Matthey
Spectroflux 105 in a sample:flux ratio of 1:5, based on the unignited
sample mass, and fused at 1100°C in a muffle furnace in a Pt5%Au
crucible. After theinitial fusion, the crucible was reweighed and any
flux weight loss was made up with extra flux. After a second fusion
over aMeker burner, the molten mixture was swirled several timesto
ensure homogeneity, cast onto agraphite mold, and flattened with an
aluminum plunger into athin disk. The mold and plunger were main-
tained at atemperature of 220°C on a hotplate.

Trace-element concentrations were determined on pressed-pow-
der samples. Six grams of rock powder were mixed thoroughly with
four drops of a 2% aqueous solution of polyvinyl alcohol. The mix-
ture was formed into a 38-mm disc on a 40-mm diameter polished
tungsten carbide disc, backed and surrounded by boric acid, and com-
pressed in a hydraulic press at 0.6 tons/cm?.

Thefused and pressed samples were analyzed using a Philips PW
1480 automatic X-ray fluorescence spectrometer with a Rh-anode X-
ray tube. Because shipboard XRF analyses showed that many of the
volcanic rocks had extremely low concentrations of incompatible
trace elements, the analytical conditions and calibrations for these el-
ements were optimized for low concentrations where appropriate.

at 63°N, showing the location of the Leg 152 drill sites (after Leg 152 Shipboard

Background positions were placed as close as possible to peaks, and
long count times were used at both peak and background positions.
Where background count rates were measured on either side of the
peak, asin most trace-element determinations, the count time was di-
vided equally between the two positions. Analytical conditions are
summarized in Table 2.

Corrections for matrix effects on the intensities of major-element
lines were made using theoretical alpha coefficients calculated on-
line using the Philips software. The coefficientswere calculated to al-
low for the amount of extraflux replacing volatile componentsin the
sample so that analytical totals should be 100% less the measured
LOI. Intensities of the longer-wavelength trace-element lines (La,
Ce, Nd, Cu, Ni, Co, Cr, V, Ba, and Sc) were corrected for matrix ef-
fects using al pha coefficients based on major-element concentrations
measured at the sametime on the powder samples. Matrix corrections
were applied to the intensities of the other trace-element lines by us-
ing the count rate from the RhK a Compton scatter line as an internal
standard (Reynolds, 1963). Line-overlap correctionswere applied us-
ing synthetic standards.

The spectrometer was calibrated with USGS and CRPG stan-
dards, using the values given by Jochum et al. (1990) for Nb and Zr,
and Govindaraju (1994) for the other elements. Trace-element ana-
Iytical precision was estimated by analyzing several standardsrepeat-
edly during the analysis of the Leg 152 samples. The results are
shown in Table 3. Some elements (Nb at <1 ppm, Pb and Th) were
determined at least three times on the Leg 152 samples, and the re-
sults averaged. The averages are thought to be precise (2 se) to +0.1
ppm for Nb and +0.5 ppm for Pb and Th. Accuracy is more difficult
to quantify but may be assessed by comparing average standard con-
centrations reported in Table 3 with those given by Govindargju
(1994). M ajor-element precision is governed more by reproducibility
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Table 1. Location of samples used in this study.

Core, section, Depth

Sample interval (cm) Piece (mbsf) Series Unit
915-3 915A-24R-2, 60-64 2B 19868 Lava 3
917-1 917A-6R-1, 104-108 9 42.74  Upper 1
917-2 917A-7R-2,0-4 1 48.17  Upper 2
917-6 917A-8R-4,5-8 1 60.10  Upper 6
917-9 917A-10R-1, 76-80 1G 74.66  Upper 9
917-10 917A-10R-4, 48-51 2A 7853  Upper 10
917-12 917A-11R-1, 139-143 5C 84.29  Upper 12
917-13 917A-11R-4, 18-22 1B 86.94  Upper 13
917-14 917A-12R-1, 31-36 4A 9231  Upper 14
917-16 917A-13R-2, 42-46 1B 102.97  Upper 16
917-17 917A-13R-5, 120-124 11 108.19  Upper 17
917-18 917A-14R-3, 72-77 6B 113.37  Upper 18
917-19 917A-15R-2, 28-33 1B 120.93  Upper 19
917-21 917A-16R-5, 21-25 2A 134.22  Upper 21
917-24 917A-17R-4, 141-145 8A 14210  Upper 24
917-25 917A-18R-3, 86-89 2 149.44  Upper 25
917-26 917A-18R-4, 105-109 7B 151.04  Upper 26
917-27 917A-18R-6, 87-91 5A 153.81  Upper 27
917-31A 917A-19R-4, 59-63 3 160.18  Upper 31A
917-31B 917A-20R-1, 38-42 4 164.88  Upper 31B
917-32B 917A-20R-4, 131-134 11 170.06  Upper 32B
917-33 917A-21R-3, 126-130 5 177.75  Upper 33
917-34B 917A-23R-2, 64-68 15 194.01 Middle 34B
917-38 917A-26R-1, 135-140 17 21215 Middle 38
917-41 917A-27R-2, 74-79 8 21751 Middle 41
917-43 917A-30R-1, 68-71 10A 23058 Middle 43
917-44 917A-30R-3, 44-48 7 23309 Middle 44
917-45 917A-31R-1, 77-81 10 23537 Middle 45
917-47 917A-32R-4, 76-80 10 24482 Middle 47
917-49 917A-34R-1, 132-136 21 260.22 Middle 49
917-50 917A-35R-2, 8-13 1B 264.88 Middle 50
917-52 917A-42R-2, 126-130 2D 314.33 Middle 52
917-54 917A-47R-2, 80-84 8 34796 Middle 54
917-55 917A-51R-1, 42-45 10 365.42 Middle 55
917-56 917A-53R-1, 90-98 2 37550 Middle 56
917-57 917A-53R-2, 20-28 5 376.30 Middle 57
917-58 917A-54R-4, 70-73 1c 388.95 Lower 58
917-60 917A-55R-5, 66-70 9A 399.98  Lower 60
917-61B 917A-57R-3, 67-71 1A 416.36  Lower 61B
917-62 917A-57R-7, 29-32 1B 42158  Lower 62
917-63 917A-58R-3, 0-5 1A 42469  Lower 63
917-66 917A-62R-1, 46-50 5A 45176  Lower 66
917-68 917A-64R-2, 43-47 1B 472.63  Lower 68
917-70 917A-67R-3, 126-130 6B 503.69  Lower 70
917-71 917A-69R-2, 123-127 4 521.53  Lower 71
917-72 917A-71R-4, 27-31 1C 542.07 Lower 72
917-73A 917A-72R-1, 53-57 3D 547.83  Lower 73A
917-74A 917A-74R-1, 41-48 8A 567.11  Lower T4A
917-75A 917A-76R-1, 72-78 5 582.02 Lower 75A
917-76 917A-78R-2, 135-140 4B 597.98  Lower 76
917-78 917A-79R-2, 75-79 1D 607.19  Lower 78
917-79 917A-80R-3, 102-107 1D 618.62 Lower 79
917-81B 917A-81R-4, 54-58 6 629.32  Lower 81B
917-82 917A-83R-2, 54-59 1B 645.84  Lower 82
917-83 917A-83R-7, 95-99 3 652.97  Lower 83
917-84 917A-87R-5, 38-42 1A 687.11  Lower 84
917-85 917A-90R-1, 67-70 2B 710.77  Lower 85
917-86 917A-90R-5, 63-65 1C 71571  Lower 86
917-87 917A-92R-4, 31-35 2 727.70  Lower 87
917-88 917A-96R-1, 110-114 10A 760.50 Lower 88
917-89 917A-97R-2, 11-15 1A 770.36  Lower 89
917-90 917A-99R-2, 60-64 1D 790.37  Lower 90
917-91 917A-100R-3, 71-75 1C 801.28  Lower 91
917-92 917A-101R-4, 90-94 6A 812.33  Lower 92
918-1 918D-94R-1, 80-84 4D 1176.20 Sill 1
918-5B 918D-99R-4, 8-12 1 1209.68 Lava 5B
918-6B 918D-100R-3, 17-22 1B 121561 Lava 6B
918-7B 918D-101R-1, 9-12 3 122379 Lava 7B
918-8B 918D-101R-4, 96-100 12 1226.65 Lava 8B
918-9B 918D-103R-1, 89-93 4C 124139 Lava 9B
918-10B 918D-104R-2, 32-37 6A 124479 Lava 10B
918-11Bi 918D-105R-2, 20-24 4A 1249.25 Lava 11B
918-11Bii 918D-106R-2, 71-75 6B 125473 Lava 11B
918-12Bi 918D-107R-2, 92-96 12B 1259.58 Lava 12B
918-12Bii  918D-108R-1, 42-46 2B 1262.62 Lava 12B
918-13B 918D-109R-3, 50-54 5 1270.15 Lava 13B
918-14 918D-110R-4, 89-93 78 127714 Lava 14
918-15 918D-111R-3, 77-81 9B 128512 Lava 15
918-17 918D-112R-3, 20-24 2B 129397 Lava 17
918-18 918D-113R-1, 116-121 12D 1301.66 Lava 18
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in making the fused beads than by counting statistics. Calibration
lines are excellent for al major elements so accuracy and precision
are closely similar. Typical major-element precision estimates are
givenin Table 2.

Neutron Activation Analysis (NAA)

Aliquots of powder (0.2 g) were accurately weighed into plastic
capsules, which were sealed prior to irradiation at Silwood Park, the
Imperial College Reactor Centre at Ascot. Samples and iron-foil flux
monitors were given atotal neutron flux of approximately 6.2 x 10°
n cm3, by irradiating in core tube 4, positions 3 and 4, for 2 days (=
2 x 7.5 hr). Samples were alowed to cool for 6 days before being
counted.

Each sample was counted three times. Two counts, each of ap-
proximately 2000 s, were made within one week of irradiation. These
counts provide peak spectrafor La, Sm, Sc, and Co. The main count,
carried out between one and four weeks after irradiation, was for a
longer duration, between one-half and one day per sample. Two de-
tectors were used: a high-energy GEM coaxial detector, with areso-
lution of 1.67 keV at 1.33 MeV (FWHM), for measuring Laat 1596.2
keV, Sc at 889.3 keV, and Co at 1332.5 keV; and a LOAX detector
with a resolution of 299 eV at 5.9 keV and 563 eV at 122 keV
(FWHM) for Sm and Gd (103.2 keV), Nd (91.0 keV), Eu (123.1
keV), Tb (86.8 keV), Yb (63.1 keV), Lu (113.0 or 208.4 keV), Ta
(67.7 or 100.1 keV), Hf (133.0 keV), and Th (98.4 keV).

The equipment used iSEG& G hardware, with an MCA buffer em-
ulator installed on an IBM 30 PC. Data from the two detectors are
channeled through a multiplexer prior to storage in the MCA buffer.
Spectra are transferred to a VAX computer for peak stripping peak-
area computation using SAMPO software. Peak intensities are com-
pared to those of known reference standards (Ailsa Craig microgran-
ite AC-2 for most elements, JB-1a basalt for Sc and Co) for calcula
tion of element abundances. Inter-element corrections are made
where necessary (Potts, 1986, chapter 12). Flux corrections were
made by counting iron foils, irradiated simultaneously with the sam-
ples.

Standards JB-1a and an internal standard, Whin Sill basalt, are
used to check the accuracy of the data except for Sc and Co, which
were measured using JB-1a as the monitor reference standard. Nb/Ta
and Zr/Hf ratios are used to check for consistency between NAA and
XRF data. With the exception of the more evolved samples from the
Middle Series of Hole 917A, these ratios are chondritic. Agreement
between data determined by XRF and NAA (La, Ce, Nd, Th, and Sc)
is generaly very good. Precision estimates are given in Table 3.

COMPOSITION OF THE VOLCANIC ROCKS

Analytical results are given in Tables 4 (XRF data) and 5 (NAA
data). The compositional range of the volcanic rocksisillustrated on
primitive-mantle-normalized trace-element abundance diagrams
(Figs. 4, 5), and on chondrite-normalized rare-earth element (REE)
diagrams (Figs. 6, 7). The principal aim of this section isto describe
the compositional variation of volcanic rocks along the transect sam-
pled by Leg 152. The lavas range in composition from picrite to dac-
ite and al are hypersthene-normative. A genera description of the
petrography, and petrographi c descriptions of individual samples, are
given in the Leg 152 Initial Reports (Larsen, Saunders, Clift, et al.,
1994).

Effects of Alteration

Alteration ranges from severe (no fresh olivine or plagioclase) to
dlight (olivine mostly fresh). Most samples are moderately altered,
and fresh olivine is rare. Consequently the measured concentrations
of the more mobile elements must be treated with caution. However,
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Table 2. X-ray fluorescence analytical conditions.

Generator settings Background Peak and background
Primary Analyzing offset count times Typical
Element Line kv mA collimator crystal (°26) Detector Line overlap (s) lo*
Fe Ka 50 50 Fine LiF200 -2.50 Flow 10 0.03%
Mn Ka 50 50 Fine LiF200 +2.50 Flow 10 0.007
Ti Ka 50 50 Fine LiF200 +3.50 Flow 20 0.006
Ca Ka 50 50 Fine LiF200 -4.00 Flow 20 0.03
K Ka 50 50 Fine LiF200 -5.00 Flow 20 0.005
P Ka 40 60 Coarse Gelll +3.00 Flow 50 0.003
Si Ka 40 60 Coarse PE +4.00 Flow 50 0.10
Al Ka 40 60 Coarse PE —-6.50 Flow 50 0.05
Mg Ka 40 60 Coarse PX1 +3.10 Flow 50 0.05
Na Ka 40 60 Coarse PX1 +6.20 Flow 50 0.05
Nb Ka 80 30 Fine LiF200 +0.36 Scint. Yy 500 0.1 ppm
Zr Ka 80 30 Fine LiF200 +0.66;0.76 Fl.+scint. Srig, 100 0.4
Y Ka 80 30 Fine LiF200 +0.60 Fl.+scint. RIfi{ 100 0.4
Sr Ka 80 30 Fine LiF200 +0.76 Fl.+scint. 40 0.5
Rb Ka 80 30 Fine LiF200 +0.50;0.34 Fl.+scint. 100 0.3
Th Lag 80 30 Fine LiF200 +0.22;0.36 Scint. 500 0.4
Pb LBy 80 30 Fine LiF200 +0.26 Scint. 500 0.4
La Lay 50 50 Fine LiF200 +0.66 Flow 500 1.0
Ce LB, 50 50 Fine LiF200 +1.15;0.64 Flow Crkat 500 1.5
Nd Loy 50 50 Fine LiF200 +0.64;1.15 Flow CelB,, CrKat 500 1.0
Zn Ka 50 50 Fine LiF200 +0.66 Fl.+scint. 40 0.5
Cu Ka 50 50 Fine LiF200 +1.706;0.70 Flow 40 0.5
Ni Ka 50 50 Fine LiF200 +1.30;1.95 Flow 40 1.0
Co Ka 50 50 Fine LiF200 +1.20 Flow FeK 100 1.0
Cr Ka 50 50 Fine LiF200 +1.62;0.88 Flow VKB 40 1.0
\% Ka 50 50 Fine LiF220 +3.54;1.30 Flow TiKB 40 2.0
Ba Lay 50 50 Fine Ge220 +1.662.70 Flow TiKa, SckB 200 5.0
Sc Ka 50 50 Fine LiF200 -2.00 Flow Calg 100 0.5
Ga Ka 50 50 Fine LiF200 +0.60 Fl.+scint. 100 0.4
Notes: * = standard deviation: in wt% for Fe to Na, in ppm for Nb to Ga. T = overlap on background position.
Table 3. XRF and NAA trace-element data (in ppm) for international standards analyzed with the L eg 152 samples.
BCR-1 BIR-1 BHVO-1 W-2 DNC-1
XRF: Mean o n Mean b n Mean b n Mean b n Mean b n
Nb 13.3 0.1 3 0.6 0.2 3 20.1 0.1 3
Zr 190.8 0.4 3 13.4 0.3 3 177.7 0.4 3
Y 37.2 0.2 3 16.4 0.6 3 28.1 0.4 3
Sr 333.7 0.4 3 110.6 0.4 3 403.0 0.9 3
Rb 48.1 0.6 3 0.2 0.3 3 9.6 0.3 3
Th 6.1 0.4 15 1.4 0.5 15 25 0.5 10 0.4 0.3 10
Pb 14.0 0.4 15 25 0.5 15 8.0 0.4 10 6.2 0.4 10
La 24.9 0.7 15 0.9 1.1 15 14.7 2.1 3
Ce 53.7 1.3 15 1.0 1.8 15 39.2 0.6 3
Nd 28.6 1.0 15 2.0 1.0 15 26.4 0.8 3
Zn 126.3 0.5 3 69.6 0.2 3 105.1 0.6 3
Cu 26.6 0.5 3 118.0 0.5 3 132.2 3.0 3
Ni 14.2 0.2 3 152.8 1.0 3 114.3 1.2 3
Co 37.7 1 52.9 1 43.3 1 48.9 1.1 6 57.0 0.8 6
Cr 28.0 1.0 3 375.0 2.0 3 287.7 0.5 3
Y 390.2 14 3 313.7 2.8 3 308.1 15 3
Ba 682.3 6.1 3 17.3 2.0 3 133.6 3.1 3
Sc 31.7 0.9 3 39.5 0.3 3 29.8 0.4 3
Ga 21.9 1 16.0 1 21.3 1 18.5 0.4 6 14.7 0.4 6
Table 3 (continued).
NAA: JB-1la JB-la JB-la JB-la
Run no.: 33.1.13 34.1.13 35.1.13 36.1.13 Average lo JB-la*
La 37.4 37.2 37.1 36.3 36.98 0.47 38.1
Ce 66.3 61.2 63.5 62.3 63.34 2.18 66.1
Nd 25.3 23.1 255 254 24.81 1.18 255
Sm 5.11 5.11 5.10 4.95 5.07 0.08 5.07
Eu 1.55 1.51 1.48 1.49 1.51 0.03 1.47
Gd 5.80 5.80 4.54
Tb 0.66 0.59 0.79 0.77 0.70 0.09 0.69
Yb 2.14 2.04 2.08 2.17 211 0.06 2.10
Lu 0.27 0.22 0.27 0.35 0.28 0.05 0.32
Ta 1.62 1.56 1.65 1.63 1.62 0.04 2.00
Th 9.69 8.94 9.45 9.40 9.37 0.31 8.80
Hf 3.65 3.50 3.62 3.61 3.60 0.07 3.48
U 1.98 1.98 1.82 1.76 1.89 0.11 1.60

Notes: Sc and Co INAA data are not included because JBla was used as the reference monitor for these two elementsoin-Gairedafraju (1994).
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Table 4. XRF datafor volcanic rocks from Leg 152, and a sample of Precambrian basement gneiss (major elementsin wt%; trace elementsin ppm).

Sample: 915-3 917-1 917-2 917-6 917-9 917-10 917-12 917-13 917-14 917-16 917-17 917-18 917-19 917-21

Series: Lava  Upper Upper Upper Upper Upper Upper Upper Upper Upper Upper Upper Upper Upper
Sio, 49.76 44.80 43.85 44.77 44.76 45.69 4491 47.19 45.28 43.38 47.90 47.64 45.71 40.13
Al,O4 1410 1594 10.10 14.77 14.64 14.39 14.69 14.75 12.54 11.97 15.20 15.03 14.40 9.25
Fe,O5* 13.15 12.26 12.89 12.42 11.82 11.95 12.15 11.66 10.98 11.32 11.77 11.33 12.32 10.26
MgO 7.43 9.07 18.26 9.75 11.13 10.56 11.26 9.39 14.72 16.58 8.37 8.54 9.68 23.29
CaO 11.17 9.68 5.54 9.79 8.87 9.77 9.30 10.89 8.36 6.82 10.72 10.80 10.26 2.10
Na,0 2.08 2.42 1.40 2.03 231 2.26 1.99 2.02 1.53 1.47 2.46 2.40 2.23 1.31
K,O 0.214 0.302 0.142 0.226 0.210 0.174 0.366 0.068 0.062 0.212 0.148 0.177 0.187 0.034
TiO, 0.914  1.080 0.690 1.309 1.097 1.153 1.087 1.161 0.753 0.841 1.403 1.241 1.416 0.828
MnO 0.198 0.158 0.175 0.199 0.183 0.207 0.194 0.185 0.182 0.219 0.172 0.170 0.198 0.149
P,O5 0.068 0.080 0.044 0.088 0.073 0.079 0.062 0.076 0.039 0.057 0.107 0.096 0.088 0.057
LOI 1.29 4.17 6.79 5.00 4.88 3.93 4.12 2.13 5.40 6.94 1.66 2.71 3.52 12.63
Total 100.37 99.96 99.88 100.35 99.97 100.16 100.13 99.52 99.85 99.81 99.91 100.13 100.01 100.04
Nb 1.8 14 0.7 1.2 1.0 0.9 1.1 0.8 0.3 1.0 2.2 2.1 19 1.3

Zr 47.6 57.8 35.7 63.1 51.7 55.7 48.9 54.8 34.9 44.5 83.8 75.4 69.8 50.6

Y 26.2 23.0 13.2 25.6 23.1 22.9 22.2 22.9 20.4 18.4 28.6 25.9 24.9 14.5

Sr 76.1 185.4 63.6 144.1 151.0 124.0 119.1 132.3 56.2 167.2 148.6 142.6 143.6 23.8
Rb 34 1.6 2.3 1.4 1.6 0.8 1.9 0.5 0.8 1.9 0.5 1.2 1.1 0.3

Th 0.7 0.5 0.3 0.6 0.4 0.5 0.4 0.3 0.4 0.8 0.9 0.4 0.5 0.1

Pb 0.7 0.7 0.4 0.3 0.6 0.3 0.2 0.2 0.1 0.2 14 1.3 0.6 0.1

La 2 3 3 2 4 3 1 3 1 2 6 6 3 2

Ce 9 12 5 7 4 7 7 7 3 8 15 15 11 5

Nd 6 8 6 7 6 7 6 7 4 6 13 10 11 5

Zn 90 76 80 75 73 79 79 76 70 71 84 78 79 65

Cu 107 99 70 141 88 90 118 111 64 165 95 83 103 87

Ni 76 389 1430 159 241 231 237 217 789 815 127 171 164 1136

Co 46 65 101 54 56 54 56 55 76 75 49 48 52 82

Cr 145 921 1695 335 429 441 462 454 1135 1310 283 344 350 1156

\Y 319 277 160 306 270 284 276 291 228 200 327 308 348 198

Ba 28 36 21 24 43 14 21 7 13 36 60 73 16 9

Sc 48 28 21 36 30 29 33 33 26 22 39 34 39 22

Ga 16 18 12 20 18 18 17 18 13 13 19 18 20 14

Notes: * = total Fe as Fe,05. T = ICP-MS data from Blichert-Toft et al. (1995).
Table 4 (continued).

Sample: 917-24 917-25 917-26 917-27 917-31A 917-31B 917-32B 917-33 917-34B 917-38 917-41 917-43 917-44 917-45
Series:  Upper Upper Upper Upper Upper Upper Upper Upper Middle Middle Middle Middle Middle Middle

Sio, 46.59 45.30 45.77 44.69 45.54 43.41 43.97 47.16 50.32 52.18 53.27 52.45 55.75 55.68
Al,O3 14.67 12.48 13.21 12.82 13.27 11.13 10.55 14.38 13.34 15.33 15.69 15.48 15.23 14.31
Fe,05* 11.66 13.17 12.78 12.43 12.97 12.71 11.03 12.59 15.24 11.44 10.88 11.18 10.40 11.16
MgO 8.77 13.16 10.21 11.01 11.40 16.68 22.83 8.53 5.11 5.65 5.10 5.87 4.28 4.67
CaO 11.09 7.97 9.62 9.57 8.80 6.45 6.57 9.11 9.10 7.48 7.47 8.16 5.93 5.54
Na,0O 2.17 1.90 2.19 1.94 2.03 1.51 1.15 2.10 3.24 3.62 351 3.34 3.71 3.80
K,0 0.084 0.143 0.131 0.183 0.249 0.174 0.115 1.048 0.739 0.755 0.698 0.496 0.710 0.885
TiO, 1.312 1.654 1.796 1.713 1.749 1.325 0.713 1.443 2.474 1.261 1.193 1.391 1.156 1.128
MnO 0.158 0.211 0.194 0.171 0.202 0.174 0.173 0.213 0.358 0.163 0.141 0.238 0.161 0.203
P,O5 0.089  0.138 0.159 0.143 0.156 0.107 0.048 0.097 0.218 0.186 0.171 0.165 0.286 0.264
LOI 2.93 4.03 3.93 5.02 3.64 5.98 3.10 3.49 0.00 1.47 1.55 1.25 2.35 2.06
Total 99.52 100.16 99.99 99.69  100.01 99.65 100.25 100.16 100.14 99.54 99.67  100.02 99.96 99.70
Nb 1.9 3.9 4.3 3.9 3.6 2.8 1.3 2.3 57 51 5.0 53 7.1 6.8

Zr 68.3 89.8 113.1 97.7 90.7 67.3 36.6 79.4 146.9 139.4 138.4 147.3 207.0 2015

Y 23.7 27.9 32.8 30.7 30.1 22.6 125 23.6 38.5 21.8 21.0 24.2 22.3 20.0

Sr 1473 1244 149.8 139.6 136.9 93.0 95.8 136.3 326.4 441.2 505.9 392.6 530.1 536.5
Rb 0.5 3.4 1.1 5.0 7.8 5.4 3.1 8.8 9.4 9.7 9.6 6.8 14.0 15.7

Th 0.5 0.3 0.6 0.5 0.3 0.7 0.1 0.1 3.3 2.3 2.4 2.2 35 2.8

Pb 0.2 1.1 0.5 0.6 1.3 0.3 0.2 0.8 51 4.1 6.1 4.5 9.1 9.2

La 3 5 4 5 4 3 2 2 16 25 28 22 44 41

Ce 12 17 18 16 17 12 4 11 42 60 65 47 100 90

Nd 9 14 15 15 14 12 6 10 25 27 29 24 42 40

Zn 77 91 89 90 90 82 67 82 117 89 81 104 95 113

Cu 126 97 136 87 119 132 81 138 47 7 61 100 25 29

Ni 128 534 350 367 392 847 1157 139 27 40 40 47 13 11

Co 50 65 57 55 57 77 86 50 38 41 38 42 28 30

Cr 297 788 557 625 649 1058 1762 324 44 28 29 27 8 9

\% 316 321 372 337 338 255 171 341 594 299 278 320 215 249

Ba 18 33 24 28 32 18 34 141 316 468 569 630 573 591

Sc 35 24 32 29 28 22 21 40 36 33 36 39 24 21

Ga 19 17 20 19 19 15 12 19 24 21 21 21 22 21

attempts to relate compositional variation to indices of alteration,
such as LOI, have generally shown no correlation, and mobile ele-
ments (Ba, Sr, K, Rb) generally correlate well with more immabile
element (e.g., Zr) concentrations. Some of the irregularities in the
abundance patternsin Figures 4 and 5 (notably in K and Pb) may be
due to the effects of alteration, but the patterns generally show good
coherence between mobile and immobile elements. We believe,
therefore, that the measured concentrations generally reflect those of
the original magmas, but we shall base our conclusions on the more
immobile elements wherever possible.
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The only rocks in which unequivocal evidence of element mobil-
ity has been found are the lavas from Site 918. Four samples with
more than 2% L OI (918-6B, -11Bi, -17, and -18) have apparently lost
large amounts of Ca and gained a small amount of Sc. Sample 918-
18 (Table 4), with 5% L OlI, has only 3.3% CaO compared with about
10% in fresher samples, and it has the highest Sc content. These four
samples have been omitted from most of the data plots used in this
paper. No significant correlations between LOI and other elements
are seen, nor isthis effect seen in samples from other sites. More sur-
prisingly, Y appears to be mobile in the lava samples from Site 918.
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Table 4 (continued).

Sample:  917-47 917-49 917-50 917-52 917-54 917-55 917-56 917-57 917-58 917-60 917-61B 917-62 917-63 917-66

Series: Middle Middle Middle Middle Middle Middle Middle Middle Lower Lower Lower Lower Lower Lower

SO, 60.50  54.02 50.76 52.57 63.01 64.89 62.04 64.24 49.17 48.26 44.34 44.48 48.39 49.52

Al,Oq 14.86 15.04 15.91 14.37 15.08 13.32 1341 13.14 15.80 14.84 13.61 15.79 15.25 15.58

Fe,O5* 7.85 11.57 10.82 12.68 5.50 5.77 9.20 7.61 10.44 11.94 10.98 10.24 10.70 10.61

MgO 2.67 4.67 6.44 5.81 3.32 3.04 1.68 1.74 7.62 8.27 14.42 12.13 8.75 7.04

Ca0 4.78 6.44 9.47 8.91 4.11 4.42 4.04 3.38 11.42 11.77 9.01 9.58 10.95 11.51

Na,O 421 3.60 337 3.09 3.80 3.62 4.06 4.49 251 2.39 171 2.03 2.33 2.64

K,O 1571 0.624 0.222 0.835 2.126 2.992 2.840 2.918 0.161 0.159 0.172 0.464 0.122 0.235

TiO, 0.988 1.250 1.440 1.390 0.757 0.737 1.283 1.160 1.061 1.566 0.961 0.896 0.943 1.165

MnO 0.139 0.194 0.318 0.208 0.105 0.137 0.094 0.134 0.156 0.173 0.162 0.166 0.167 0.164

P,O5 0.266 0.283 0.161 0.160 0.040 0.068 0.307 0.288 0.101 0.131 0.110 0.102 0.077 0.107

LOI 1.93 1.82 0.98 0.05 2.35 053 0.80 0.78 1.68 0.81 4.65 3.99 2.30 1.36

Total 99.76 99.51 99.89 100.07 100.20 99.52 99.75 99.88 100.12 100.31 100.13 99.87 99.98 99.93

Nb 75 6.5 37 37 145 11.6 9.7 10.1 19 7.3 5.2 52 16 2.0

Zr 2175 190.6 113.6 114.1 436.2 318.6 264.5 286.8 58.9 93.6 50.3 455 53.8 68.0

Y 18.8 232 253 27.0 36.7 30.1 28.4 217 20.0 25.9 14.3 12.8 17.3 21.8

Sr 5215 569.9 416.1 375.3 174.4 112.0 4035 350.7 287.3 199.3 167.1 3159 2479 280.9

Rb 38.3 85 17 15.9 16.0 51.3 4.7 51.0 0.7 12 2.0 8.3 0.2 13

Th 32 22 11 0.8 42 31 2.9 29 0.6 14 0.6 05 0.3 0.9

Pb 9.5 8.1 29 29 14.6 11.3 10.2 10.8 11 13 0.6 0.2 15 14

La 41 39 14 14 61 45 43 43 7 6 6 6 6 5

Ce 94 85 38 31 139 99 99 105 20 18 1 7 19 19

Nd 38 38 20 19 58 a4 46 47 13 13 7 6 10 12

Zn 90 105 103 100 110 85 109 126 72 77 67 64 73 80

Cu 17 26 189 70 38 52 21 16 114 129 57 93 117 114

Ni 12 14 55 43 35 4 12 10 145 182 463 339 181 158

Co 22 34 53 46 14 17 24 24 46 49 67 57 51 48

Cr 9 9 24 19 60 73 3 4 285 377 644 580 348 255

\% 165 277 360 297 118 122 174 175 281 340 182 181 238 283

Ba 833 607 206 329 1207 1020 1112 1177 140 71 79 1024 111 144

Sc 18 22 38 35 21 19 20 18 31 39 21 23 29 35

Ga 20 23 23 22 19 19 22 21 19 20 14 16 17 20
Table 4 (continued).

Sample:  917-68 917-70 917-71 917-72 917-73A 917-74A 917-75A 917-76 917-78 917-79 917-81B 917-82 917-83 917-84

Series: Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower Lower  Lower

SO, 48.67 5115 51.88 51.60 44.78 54.69 53.06 46.47 47.60 48.03 48.90 48.70 46.87 49.02

Al,O3 1535  15.33 15.37 15.69 13.04 13.31 13.47 15.42 14.55 15.79 16.29 15.96 15.53 15.68

Fe,05* 11.04 1079 10.07 10.34 11.97 13.94 14.61 9.64 10.24 10.88 10.27 10.57 10.55 10.12

MgO 8.32 555 6.95 493 11.79 2.98 3.71 7.70 11.38 8.13 7.61 7.69 8.95 8.65

Ca0 11.24  10.05 10.04 7.71 9.28 6.25 6.98 9.38 9.39 9.67 9.99 10.18 9.27 10.83

Na,0O 217 3.10 2.86 3.83 1.70 3.87 371 2.55 2.06 2.61 271 2.59 2.59 2.58

K,0 0350 0.741 0.565 1.959 0.242 1.354 0.649 0.458 0.098 0.340 0.291 0.314 0.198 0.297

TiO, 1350 1425 1.201 2.088 1.407 2.116 1.990 1.045 0.747 1.099 1.109 1.054 1.074 0.997

MnO 0179  0.151 0.156 0.176 0.210 0.224 0.204 0.143 0.189 0.163 0.139 0.163 0.169 0.163

P,Os 0149  0.19% 0.135 0.488 0.109 0.449 0.373 0.123 0.114 0.143 0.142 0.139 0.142 0.132

LOI 119 131 0.96 121 511 0.39 0.96 6.93 3.75 3.02 272 2.19 4.55 1.83

Total 100.01 9979 100.19 100.02 99.64 99.57 99.72 99.86 100.12 99.88  100.17 99.55 99.89  100.30

Nb 9.2 155 35 61.7 25 104 9.1 2.7 25 3.0 32 2.8 29 21

Zr 1005 1436 116.2 298.9 75.1 288.4 258.5 70.8 475 78.2 78.1 71.1 66.9 61.1

Y 21.9 25.8 24.7 36.9 24.3 435 40.1 22.0 174 23.0 238 231 21.7 211

Sr 2383 3443 2815 358.4 195.9 412.0 426.1 508.1 266.2 412.8 336.6 304.3 380.6 334.9

Rb 3.7 52 4.1 432 5.0 12.1 7.7 8.3 10 19 12 2.0 12 17

Th 18 15 0.4 55 0.5 14 0.9 0.3 0.4 0.3 04 0.4 0.2 0.3

Pb 17 32 23 31 05 10.2 8.1 11 19 2.0 16 17 1.8 19

La 8 18 13 38 4 34 34 7 7 9 9 9 9 9

Ce 21 41 28 82 8 85 79 22 21 24 23 24 24 23

Nd 11 23 16 38 10 45 41 15 12 13 14 13 15 13

Zn 79 72 80 94 76 133 135 76 70 82 85 76 80 74

Cu 101 68 81 54 134 35 35 105 98 108 95 83 93 104

Ni 114 69 20 33 366 19 21 190 291 183 180 170 179 181

Co 42 41 42 30 55 36 39 45 54 49 a7 46 46 44

Cr 312 84 66 25 717 13 12 301 612 171 156 137 150 346

\% 269 269 259 264 302 347 347 243 203 242 249 245 256 241

Ba 154 384 297 602 677 839 684 645 128 261 234 272 191 200

Sc 34 31 35 18 30 28 29 26 27 27 27 30 33 33

Ga 17 20 20 23 18 24 24 15 18 19 19 19 18 18

Comparison of Edinburgh and Copenhagen analytical data showed a
poor interlaboratory correlation for Y in these rocks, but only when
different samples of the same volcanic units were compared. Analy-
sesof Y on aliquots of the same powder gave excellent agreement, as
did other elements analyzed in different samples from Site 918. The
implication isthat Y is mobile during ateration, although thereis no
correlation between LOI and Y content, or between LOI and the dif-
ferenceinY content in samples from the same volcanic unit. The dif-
ferencein Y between samples, however, seemsto belessfor samples
collected close to each other. This effect is discussed in more detail
by Larsen, Fitton, Bailey, and Kystol (this volume).

Volcanic Stratigraphy

Stratigraphic variation is summarized in a series of diagrams
(Figs. 8-10) in which composition is plotted against relative strati-
graphic position for each of the three sites at which volcanic base-
ment was penetrated. The vertical axis on each diagram represents
time, although it must be stressed that the sequence is not continuous.
The single sample from Site 915 lies at a stratigraphic level between
100 and 200 m above the top of the volcanic succession at Site 917,
whereas Sites 915 and 918 are separated by a horizontal distance of
70km (Fig. 3). Individual datapointsfor Sites917 and 918 were plot-
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Table 4 (continued).

Sample: 917-85 917-86 917-87 917-88 917-89 917-90 917-91 917-92 9181 9185B 9186B 918-7B 918-8B 918-9B
Series: Lower Lower Lower Lower Lower Lower Lower Lower Sill Lava Lava Lava Lava Lava
SO, 46.34  47.26 46.73 44.04 47.32 47.18 47.53 48.29 48.61 49,50 47.46 49,59 49.80 49.65
Al,O4 1512 1541 15.59 1341 16.05 15.81 16.08 15.49 13.26 14.99 17.27 13.48 14.33 14.35
Fe,O5* 1054 10.64 10.29 12.06 10.59 11.42 9.90 9.73 14.93 11.84 13.17 15.51 14.19 12.63
MgO 9.06 9.01 7.93 14.43 7.34 8.44 7.29 8.81 5.76 7.85 8.18 6.84 7.16 8.16
Ca0 10.78 10.89 10.08 7.99 10.86 10.39 12.52 11.17 10.75 10.32 6.46 9.04 9.25 9.84
Na,0O 217 222 257 152 2.46 2.25 243 2.28 271 244 2.80 240 2.64 233
K,0 0185 0.211 0.236 0.106 0.219 0.233 0.098 0.129 0.601 0.079 0.144 0.284 0.115 0.073
TiO, 0961 0.988 1.105 1.163 1.184 1.135 1.090 1.061 2.904 1.144 1.294 1.292 1.322 1.161
MnO 0174 0177 0.157 0.186 0.165 0.199 0.188 0.194 0.220 0.274 0.262 0.287 0.231 0.280
POy 0112 0114 0.166 0.098 0.154 0.152 0.145 0.133 0.356 0.072 0.079 0.086 0.098 0.081
LOI 4.44 3.47 5.00 531 3.37 2.67 254 251 -0.21 1.17 3.12 0.92 0.92 1.22
Total 99.88 100.39 99.85 100.31 99.71 99.88 99.81 99.80 99.89 99.68 100.24 99.73  100.06 99.78
Nb 14 13 31 29 19 1.6 17 3.0 30.5 2.0 17 2.3 29 2.3
Zr 459 46.7 66.5 65.4 64.9 63.7 67.4 54.7 206.3 52.0 56.6 62.3 65.2 55.5
Y 20.5 20.1 22.0 20.2 22.8 2.7 21.0 217 45.7 26.1 33.6 345 52.0 26.5
Sr 420.1 4201 639.7 157.8 501.1 3323 393.2 3343 249.6 931 984 82.0 99.1 94.2
Rb 2.4 0.9 1.9 0.8 3.0 5.0 0.4 0.9 11.2 0.8 0.5 36 0.8 0.0
Th 0.2 0.6 04 0.2 0.6 0.2 05 05 22 0.6 05 0.7 0.1 0.6
Pb 1.0 1.6 1.6 0.5 1.7 16 15 0.8 4.3 0.1 0.1 0.1 04 0.5
La 5 6 8 3 8 8 9 9 20 1 1 1 2 1
Ce 17 20 29 1 22 21 24 19 55 10 6 4 11 5
Nd 12 13 17 9 14 13 17 12 32 8 7 6 8 7
Zn 74 74 76 71 78 75 77 77 124 100 103 108 118 94
Cu 76 80 35 52 64 100 103 107 246 213 237 106 220 197
Ni 205 203 264 537 132 117 154 290 63 82 116 59 69 75
Co 52 50 52 70 46 47 51 52 43 56 87 57 62 53
Cr 455 454 493 892 298 289 338 795 102 137 231 67 84 148
\% 223 232 245 205 246 268 253 245 412 394 473 407 421 388
Ba 245 190 319 56 620 1091 153 147 145 9 4 8 17 14
Sc 29 27 26 25 30 33 33 31 36 61 80 58 62 62
Ga 17 17 17 18 16 18 19 18 21 18 22 19 20 17
Table 4 (continued).

Sample.  918-10B 918-11Bi 918-11Bii 918-12Bi 918-12Bii 918-13B 918-14 918-15 918-17 918-18 324721

Series: Lava Lava Lava Lava Lava Lava Lava Lava Lava Lava  Gneiss

SO, 50.29 47.41 50.60 50.33 50.23 50.16 50.25 49.82 49.44 49.93 63.64

Al,O3 13.76 15.25 13.22 13.75 13.70 14.69 13.99 13.87 14.08 14.64 16.95

Fe,O5* 14.91 16.67 15.20 13.33 13.13 12.37 13.73 14.24 12.62 14.38 421

MgO 6.68 7.47 7.11 7.64 7.85 6.98 6.90 6.95 9.89 852 161

Ca0 9.28 574 9.94 11.04 11.46 10.88 10.81 10.34 7.82 3.26 3.39

Na,O 2.36 2.82 2.34 211 2.05 2.39 241 2.36 2.44 2.23 4.15

K,O 0.241 0.152 0.072 0.128 0.065 0.149 0.127 0.081 0.086 0.414 3.921

TiO, 1.243 1.407 1.164 0.956 0.945 1211 1.228 1.350 1.015 1.103 0.777

MnO 0.273 0.093 0.235 0.195 0.258 0.231 0.169 0.292 0.237 0.225 0.056

P,Os 0.085 0.081 0.082 0.060 0.060 0.084 0.093 0.106 0.083 0.067 0.339

LOI 117 2.65 0.39 0.46 0.43 0.59 0.63 0.50 224 4.99 0.32

Total 100.29 99.74  100.35 100.00 100.18 99.74  100.34 99.91 99.95 99.76 99.36

Nb 25 2.6 25 1.6 17 34 31 31 1.7 18 114

Zr 59.7 65.6 56.6 422 40.9 61.0 61.0 67.6 443 47.1 333.1

Y 33.0 56.4 30.1 245 23.9 25.3 37.2 39.2 36.7 233 16.0

Sr 86.9 97.7 87.0 779 80.2 95.2 94.9 92.2 87.2 74.7 946.7

Rb 2.9 0.9 0.5 15 0.8 1.3 14 0.6 0.9 4.0 124.6

Th 05 05 0.6 0.2 0.4 0.7 0.6 05 0.2 0.2 6.3

Pb 04 05 05 0.1 0.1 1.0 15 0.6 0.3 0.1 17.1

La 2 5 2 1 4 3 2 5 4 2 1111

Ce 10 12 9 6 5 8 8 8 10 4 249t

Nd 8 13 7 6 5 8 8 9 10 8 89t

Zn 105 108 101 89 88 124 89 107 78 111 70

Cu 115 175 160 156 152 146 182 137 194 170 9

Ni 63 91 59 83 81 73 76 74 93 102 12

Co 53 83 54 50 52 45 49 51 57 60

Cr 91 120 92 179 180 148 123 130 147 206 6

\% 377 438 374 333 328 389 368 397 362 376 63

Ba 16 12 11 9 10 13 14 9 8 0 2335

Sc 54 64 49 49 52 59 52 52 59 65 6

Ga 17 20 17 16 16 18 18 18 17 16 20

ted using depth as the vertical axis. The volcanic sequences plotted
for Sites 917 and 918 represent, respectively, 770 m and 126 m of
vertical section.

Site 917 Lower Series

Thelowest lavaflow at Site 917 sitson athin layer of quartz sand-
stone overlying a steeply dipping metasedimentary unit. Interpreta-
tion of selsmic sections (Fig. 3) suggeststhat approximately 300 m of
the lower part of the volcanic succession has been removed by fault-
ing (Larsen, Saunders, Clift, et d., 1994). Many of the flow unitsin
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the lower part of the Lower Series are highly fractured, and intense
brecciation was seen at the contacts of Units 71-72, 75-76, and 80—

81 (Larsen, Saunders, Clift, et al., 1994). Thirty-five flow units were
recognized in the Lower Series, of which 28 were analyzed in this
study. One of these flows (Unit 71) gave a “°Ar/*°Ar plateau age of

60.4 +0.7 Ma (Sinton and Duncan, this volume). The flows range in
composition from picrite (Unit 61B) to evolved tholeiite (Units 70,
71,72, 74A, and 75A) with a general trend toward evolved composi-
tions up the succession (Fig. 8). Peaks and troughs in Mg# and SiO
content suggest evolution of the magma in periodically recharged
reservoirs (Larsen, Saunders, Clift, et al., 1994, Fitton et al., 1995).
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Table 5. NAA data (in ppm) for Leg 152 samples.

Sample: 915-3 917-10  917-14  917-17 917-32B  917-33 917-34B  917-47  917-55
Series: Lava Upper Upper Upper Upper Upper Middle Middle Middle
La 23 1.8 0.9 5.7 15 33 18.6 46.8 49.9
Ce 6.1 6.0 3.0 14.2 51 104 41.2 914 99.6
Nd 5.4 6.6 36 10.8 4.6 9.7 234 39.0 43.0
Sm 2.05 2.53 1.71 3.38 152 3.18 591 6.25 7.59
Eu 0.86 1.06 0.78 1.33 0.65 1.26 2.09 1.79 1.86
Gd 31 3.6 2.9 45 2.0 4.1 6.7 4.7 6.1
Tb 0.66 0.68 0.56 0.83 0.36 0.73 113 0.64 1.01
Yb 2.83 2.16 1.97 2.55 1.10 219 3.54 1.61 291
Lu 0.46 0.32 0.31 0.38 0.17 0.33 0.51 0.24 0.42
Ta 0.12 0.08 0.02 0.13 0.07 0.14 0.33 0.24 0.47
Th 0.31 0.17 0.18 0.66 0.11 0.25 3.02 3.60 3.13
Hf 1.49 1.78 1.18 257 11 241 431 5.64 8.03
Sc 53.2 42.7 40.8 45.1 252 42.8 44.3 16.2 18.7
Co 52.4 60.1 814 50.7 92.1 53.0 42.8 22.7 187
Note: Concentrations not reported are below the detection limit.
Table5 (continued).

Sample:  917-60 917-61B 917-62 917-68  917-70  917-72 917-74A 917-78 917-81B
Series: Lower Lower Lower Lower Lower Lower Lower Lower Lower
La 6.4 5.0 48 9.1 17.8 40.1 38.3 85 9.3
Ce 16.7 11.6 11.5 20.5 384 80.0 84.0 183 215
Nd 12.2 8.3 8.1 134 20.2 38.0 43.0 11.0 132
Sm 3.73 229 222 334 4.48 7.67 8.55 255 342
Eu 1.44 0.93 0.93 1.33 1.62 2.60 2.79 0.98 1.31
Gd 46 2.7 27 4.1 5.3 7.4 8.4 33 4.0
Tb 0.81 0.47 0.45 0.67 0.80 116 1.36 0.50 0.72
Yb 2.36 131 1.28 1.98 2.33 3.22 3.83 1.73 2.22
Lu 0.39 0.20 0.20 0.31 0.35 0.45 0.62 0.25 0.32
Ta 0.44 0.30 0.29 0.52 0.81 3.15 0.41 0.12 0.16
Th 0.82 0.40 0.45 124 1.47 522 1.10 0.31 0.29
U 11

Hf 3.86 1.53 1.55 2.94 381 6.98 7.13 1.46 2.33
Sc 42.3 28.2 27.0 38.2 334 255 28.1 32.6 34.9
Co 53.9 725 66.6 49.6 45.2 354 38.7 574 51.6

Table 5 (continued).

Sample: 917-88 917-89 917-90 918-1 918-8B  918-12Bi 918-12Bii 918-13B  918-15
Series: Lower Lower Lower Sill Lava Lava Lava Lava Lava
La 41 8.2 8.0 224 34 19 19 28 34
Ce 11.4 20.9 21.3 49.7 10.0 55 5.0 7.6 95
Nd 9.7 143 147 284 8.9 54 53 6.7 8.7
Sm 293 3.70 3.72 6.86 3.24 194 184 2.34 2.96
Eu 123 141 148 2.31 143 0.87 0.83 0.99 125
Gd 41 74 46 27 3.0 34 5.6
Tb 0.69 0.69 0.74 1.33 1.06 0.64 0.63 0.68 0.92
Yb 2.04 2.08 219 4.03 432 264 2.63 271 3.88
Lu 0.33 0.33 0.33 0.61 0.69 041 0.40 0.43 0.61
Ta 0.18 0.10 0.11 1.63 0.21 0.13 0.12 0.21 0.21
Th 0.27 0.24 0.22 212 0.28 0.19 0.20 0.31 0.32
U 0.5

Hf 213 217 2.28 533 213 1.40 1.34 193 2.09
Sc 34.4 40.4 433 44.0 58.4 55.0 55.1 59.5 56.2
Co 78.8 52.8 56.1 50.9 715 58.2 61.2 52.3 57.3

At least two magma sources are represented in the Lower Series
with respectively low and high Nb/Zr (Fig. 9). The six high-Nb/Zr
flows are concentrated at the top of the Lower Series (Units 60, 61B,
62, 68, 70, and 72), intercalated with the more common low-Nb/Zr
flows. Two unitslower inthe succession (78 and 92) also have dight-
ly higher Nb/Zr. High-Nb/Zr units have generally higher concentra-
tions of Rb, Th, Nb, and Ta than do the low-Nb/Zr units (Fig. 4), a-
though the two groups are otherwise difficult to distinguish on the ba-
sis of their incompatible-element and REE patterns (Figs. 4, 6). The
high- and low-Nb/Zr groups of flows both have basic and evolved
members. The more silicic flows in both groups tend to have rather
high Zr/Y and Ce/Y (Fig. 9), probably due to crustal assimilation.
Thiswill be discussed more fully in alater section.

Another striking feature of the Lower Series flows is their high
and variable Ba/Zr, Sr/Zr, and La/Th (Fig. 10) compared with flows
higher in the succession. Some of the scatter in Ba/Zr and Sr/Zr may
be dueto alteration, but the overall high values of the threeratios (es-

pecially La/Th) must be aprimary magmatic feature and may also re-
flect crustal contamination.

Site 917 Middle Series

Thetop of the Lower Seriesismarked by a sudden changeto more
evolved compositions (Fig. 8). The Middle Series consists of 23 units
of evolved tholeiite and dacite flows and welded and non-welded
dacitic tuff. Four samples (two from Unit 34B, one each from Units
52 and 55) dated by Sinton and Duncan (this volume) gave “Ar/®Ar
plateau ages within error of each other with amean age of 60.8 + 0.7
Ma, the same as the date obtained from the Lower Series. Fourteen of
theMiddle Seriesunitswere analyzed in thisstudy. The most evolved
compositions are found at the base and toward the top of the series.
Uniformly low Nb/Zr (Fig. 9) shows that the more enriched magmas
represented in the Lower Series were absent. High Ce/Y and Zr/Y
(Fig. 9), coinciding with peaksin SiO, (Fig. 8), are most likely to be
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Figure 4. Normalized incompatible-element abundances in selected samples
from Site 917, Lower and Middle Series. A sample of Archaean gneiss, col-
lected from outcrop onshore close to the Leg 152 transect (GGU 324721,
Blichert-Toft et a., 1995) is included for comparison. Abundances are nor-
malized to primitive mantle values (McDonough and Sun, 1995).

due to crustal assimilation. High concentrations of Ti in some of the
evolved tholeiite flows (e.g., Unit 34B; Table 4) imply that fractional
crystallization also contributed to the evolution of the magma.

Site 917 Upper Series

A 67-cm sandstone unit marks a dramatic change from the thick
silicic flows of the Middle Series to a sequence of 34 thin flow units
(21 analyzed here) of olivine basalt and picrite forming the Upper Se-
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Figure 5. Normalized incompatible-element abundances in selected samples
from Site 917, Upper Series, and Sites 915 and 918. Abundances are normal -
ized to primitive mantle values (McDonough and Sun, 1995).

ries (Fig. 8). The time interval represented by this sandstone is un-
known because it has not been possible to date any of the Upper Se-
ries samples.

Some of the more magnesian flows are strongly olivine-phyric
and have clearly accumulated olivine. However, the high magnesium
contents of the aphyric flows (18 wt% MgO, Mg# = 77 in 917-16),
the high forsterite contents (up to Fog,; Demant, this volume) of the
olivine phenocrysts, and the skeletal morphology of some of the phe-
nocrysts, suggest that many of the units represent high-magnesium
liquids close to primary magmain composition (Thy et a., this vol-
ume). The magma could not have been stored in large reservoirs for
long periods, as inferred for the Lower and Middle Series, but was
probably erupted rapidly through a system of fissures. Thischangein
the style of magmatism may mark the final stage of breakup of the
Greenland margin (Larsen, Saunders, Clift, et al., 1994; Fitton et a.,
1995).

Compositional variation within the flows of the Upper Seriesis
dominated by separation and accumulation of olivine, although there
is some slight variation in incompatible-element ratios (Fig. 9). The
flows become significantly more depleted (lower Zr/Y, CelY, Nb/Zr)
up the succession, and a group of five flows (Units 25, 26, 27, 31A,
and 31B) near the base of the serieshave distinctly higher contents of
incompatible elements in relation to their MgO contents than do the
other flows (Larsen, Fitton, and Fram, this volume). Flows near the
top of the succession (e.g., 917-10 and -14) are more depleted in light
REE (LREE) than are flows from the base of the succession (917-
32B and -33; Fig. 7). This variation may represent an increase, with
time, in degree of melting or, aternatively, the effects of progressive
depletion of the mantle reservoir feeding this volcanic system.
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Toft et al., 1995) is included for comparison. Normalizing values are from
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Site 915 and 918 Lava Flows

The one lava flow recovered at Site 915 lies only 100 to 200 m
higher in the succession than the top of Site 917 and yet it is compo-
sitionally quite different from the Upper Series lavas, but virtually
identical to the lavas from Site 918, 70 km farther offshore. Conse-
quently, thelavaflowsfrom thesetwo siteswill be considered togeth-
er. Site 915 is on the continental shelf within the landward feather-
edge of the SDRS, whereas Site 918 is on the continental rise, close
to the center of the SDRS. Eighteen flow units were recovered from
Site 918, 13 of which were analyzed. The top three flow units are
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Figure 7. Chondrite-normalized REE abundances in selected samples from
Site 917, Upper Series, and Sites 915 and 918. Normalizing values are from
Nakamura (1974).

completely altered and reddened through deep subaerial weathering
(Holmes, this volume), but the other flows are well preserved with
only olivine and glass having been atered to clay. The basalt from
Site 915 is fresh except for olivine, which has been completely al-
tered. It has not been possible to date samples from either site.

Lavaflowsfrom Sites 915 and 918 have a very restricted compo-
sition (6.8-8.4 wt% MgO, 50.8-51.4 wt% SiO,, both calculated on a
volatile-free basis, and omitting four samples with high LOI). Trace-
element abundances and ratios are also very similar in lavas from the
two sites, although the Site 915 basalt has dlightly higher Ba/Zr (Figs.
5,7, 9, 10), possibly dueto dlight crustal contamination. The narrow
range of MgO content is similar to the range observed in mid-ocean-
ridge basalt (MORB) from the North Atlantic Ocean (Schilling et al.,
1983b). By the time the basalts sampled at Sites 915 and 918 were
erupted, the rift system seems to have evolved toward the re-estab-
lishment of permanent magma reservoirs, thistime in denser basaltic
crust (Fitton et al., 1995).

Site 918 Sill

The highly weathered top of the lava pile at Site 918 is overlain
by lower Eocene, shallow-marine glauconitic sands. These are appar-
ently intruded by athin sill composed of very fresh basalt (918-1).
The contacts between basalt and sediment were not recovered and so
theintrusive nature of this unit has not been firmly established. How-
ever, the unit is massive and vesicle-free and more likely to be intru-
sivethanalavaflow. A samplefrom thisunit gave a*Ar/3Ar plateau
age of 51.9 + 0.8 Ma (Sinton and Duncan, this volume), closely sim-
ilar to the sediment age (53-51 Ma). The sill is clearly different in

341



JG.FITTON ET AL.

Mg # wt % SiO,
20 40 60 80 40 50 60 70
Sill a A _
' Site 918
° e Site 915

Figure 8. Stratigraphic variation of Mg# and SIO, in
volcanic rock samples recovered from the Leg 152
transect. Data from the three sites are stacked to form
atemporal and geographic sequence from the ol dest
and most landward at the bottom, to the youngest and
most seaward at the top. The volcanic sequences plot-

Upper Series %? o%
DE Middle Series

Relative stratigraphic position

ted for Sites 917 and 918 represent 770 m and 126 m Site 917
of vertical section, respectively. Mg# is 100MgO/
(MgO+FeO) (molecular) where FeO is cal cul ated ]
from total Fe assuming Fe,04/FeO = 0.15. SO, was Lower Series
recalculated on avolatile-free basiswith all Fe as
FeO.
ZrlY CelY Nb/Zr
0 5 10 15 0 2 4 6 O 0.05 0.1 0.15
T T T T T T
- .
S A A Sill &
S | fsicons :
8_ e Site 915 °
o %
=
o
©
2
=
b
Figure 9. Stratigraphic variation of Zr/Y, Ce/Y, and Nb/ n Site 917
Zr in volcanic rock samples from Leg 152. High Zr/Y, 2
CelY, and SO, (Fig. 8) in the Middle Series reflects b=
assimilation of Archaean crust. The bimodal distribution o)
of Nb/Zr in the Lower Seriesimplies the availability of o
magma from at least two mantle sources.
Ba/zr Srizr La/Th
001 01 1 10 100 O 2 4 6 8 10 O 10 20 30 40 50
. T T T T T T T
AI Site I918 A Sil 0

Site 915 '
°

Upper Series

Middle Series

Figure 10. Stratigraphic variation of Ba/Zr, Sr/Zr, and
La/Thin volcanic rock samples from Leg 152. The
gray symbolson the La/Th plot represent NAA data
and the other symbols X RF data. The decrease in these
ratios through the Site 917 sequence may reflect the
declining influence of lithospheric mantle or alower
crustal granulite contaminant.

Lower Series

Relative stratigraphic position

342



composition from the underlying lavas (Figs. 5, 7-10) and is proba-
bly related to asmall off-axis volcano seen in seismic profiles on top
of the SDRS, just 3.5 km west of Site 918 (Larsen, Saunders, Clift, et
al., 1994).

PETROGENESIS
Crustal Contamination

Correlated variation in SiO, content, Ce/Y, and Zr/Y in samples
from the Lower and Middle Series at Site 917 (Figs. 8, 9) cannot be
explained by fractional crystallization of the observed phenocryst
phases alone. Assimilation of a silica-rich crustal contaminant with
high Zr/Y and CelY isthe most likely explanation for this variation.
The contaminant must have low Nb/Zr since this ratio does not vary
with SiO, (Figs. 8, 9). A sample of Archaean gneiss, collected from
an onshore outcrop close to the Leg 152 transect (GGU 324721, Bli-
chert-Toft et a., 1995), has a composition similar to that inferred for
the crustal contaminant, and an analysis of this sample is plotted
aong with those of representative Middle Series samples in Figures
4 and 6. The similarity in REE and other incompatible-element abun-
dances between the gneiss sample and the more silica-rich Middle
Series samples (917-47 and -55) is obvious. It is also clear that the
moresilica-rich members of the low-Nb/Zr group from the Lower Se-
ries (e.g., 917-74A; Fig. 4) could also have been contaminated with
Archaean gneiss. The Site 917 Upper Seriesand Site 915 samples ap-
pear to berelatively unaffected by contamination, and the Site 918 la-
vas were erupted, according to Larsen and Jakobsdottir (1988),
oceanic crust. Much of the irregularity in the abundance patterns 1
these samples (Fig. 5) is in those elements susceptible to the effe
of alteration, and the only clear evidence for contamination in the U
per Series lavas is the slight upturn at La and Ce in the REE patt
for 917-17 (Fig. 7).

Contamination with crustal material similar to sample 32472
cannot, however, explain the high Ba/Zr, Sr/Zr, and La/Th seenint
lower units of the Lower Series (Fig. 10). Although the gneiss samg
has ratios (7.0, 2.8, and 17.6, respectively) similar to those in the m
silica-rich units of the Middle Series, the units comprising the bottor
half of the Lower Series have much higher values (Fig. 10) and a cc
taminant with high Ba/Zr, Sr/Zr, and La/Th would therefore be re
quired. This is illustrated in Figure 11, which shows two distinc
trends. One (toward sample 324721) extends to high&i® Ce/Y
at moderate Ba/Zr, Sr/Zr, and La/Th (from Fig. 10), and the other
high Ba/Zr, Sr/Zr, and La/Th at low Sj@nd low Ce/Y. The high-
silica trend on Figure 11 can easily be explained by crustal assin
lation coupled with low-pressure fractional crystallization. The lat
ter will tend to increase Si(at constant Ba/Zr and CelY, and re-
duce Sr/Zr.

content significantly. Alternatively, the low-silica trend could reflect This is analogous to the change in style of contamination demonstrat-
interaction between asthenosphere-derived parental magmas, aedl by Dickin et al. (1984) and Morrison et al. (1985) for the Scottish
Ba- and Sr-enriched lithospheric mantle. Whatever the cause of thigertiary igneous province. Dickin et al. (1984) showed that the pro-
trend, it is clear that its effects were confined to the lower part of thportion of lower crustal Pb in the inferred contaminant decreased, and
Lower Series (below Unit 73A). Above this level, contaminationthe proportion of upper crustal Pb increased, with time during the de-
with gneisses similar to sample 324721 began to dominate the evolvelopment of the Skye intrusive complex. Isotopic studies on the Leg
tion of the magma, and the degree of this contamination increasdd?2 samples (Fitton et al., this volume) show comparable and some-
what clearer temporal changes. The older Lower Series samples de-

through the Middle Series.
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The low-silica trend is less easy to explain. It is possible that tt Figure 11. Variation of Ba/Zr, Sr/Zr, and Ce/Y with SIO, (recalculated on a
high values of Ba/Zr and Sr/Zr could be produced by alteration, b Voldile-free basis with all Fe as FeO). Two contamination trends are appar-
this is unlikely to be true for La/Th. Lithospheric mantle (e.g., Holm €nt- Thetrend extending to high Ba/Zr and Sr/Zr at constant SiO, comprises
1988) and lower crustal granulite are both possible candidates for 1 the lower flowsin the Lower Series (Fig. 10) and may reflect contamination
contaminant. Some granulite-grade trondhjemitic gneisses from t With lithospheric mantle or lower crustal granulite. The trend extending
Lewisian of northwest Scotland, for example, have high Ba/zr, Sr/z toward the Archaean gneiss sample (324721) at high SIO, comprises the
and La/Th (Weaver and Tarney, 1980) coupled with high concentr UPPer flows in the Lower Series and the Middle Series silicic rocks. This
tions of Ba, Sr, and La. Depleted parental magmas could be stron trend represents contamination with upper crustal rocks.
affected by amounts of contamination too small to increase the Sio

70

The Lower and Middle Series have recorded a temporal shift ifine a trend to lov¥’Srf5Sr and low**Nd/**Nd, while the younger
the nature of the contaminant from lithospheric mantle, or lowet ower Series and Middle Series samples extend to%&yKeSr and
crustal granulite, to upper crustal gneiss similar to sample 32472low “*Nd/**Nd. This, together with an increase?®PbFf*Pb over
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the same stratigraphic interval, suggests an increasing proportion of
upper crust in the contaminant with time.

Degree and Depth of Méelting

It was noted earlier that the steady decreasein Zr/Y and Ce/Y in
the Upper Serieslavas may be dueto an increase in degree of melting
or progressive depletion of the mantle source with time. These alter-
natives can best be resolved through the use of moderately compati-
ble elements sensitive to depth of melting, such as Sc. Figure 12
showsthe variation of Sc and Zr in the Leg 152 volcanic rocks. Sam-
plesfrom the Middle Series at Site 917 and the more silica-rich sam-
plesfrom the Lower Series, al of which have probably been contam-
inated with continental crust, have been omitted. Scis compatiblein
garnet lherzolite but slightly incompatible in spinel Iherzolite; Zr is
moderately incompatible in both. Equilibrium melting curves have
been constructed using the following mineral-melt partition coeffi-

depletion, but are strongly fractionated by garnet. The effects of a de-
crease in depth of melting during continental breakup can be seen
clearly in the REE patterns in Figures 6 and 7. All the Site 917 sam-

ples have a negative slope between Tb and Lu, implying the presence
of residual garnet in the mantle source during the pre-breakup (Lower

and Middle Series) and breakup (Upper Series) stages. By contrast,
the post-breakup lava flows (Sites 915 and 918) have flat HREE pat-

terns implying an absence of residual garnet.

The Sc contents of basaltic lavas from Sites 915 and 918 are un-
usually high and support the HREE evidence for shallow melting.
The only other basaltic rocks in the North Atlantic region with such
high Sc contents are the lavas from Hatton Bank (Fig. 12; data from
Brodie and Fitton, this volume; Larsen, Fitton, and Fram, this vol-
ume). It is significant that Hatton Bank occupies a similar position to
the Leg 152 transect on the conjugate North Atlantic margin (Fig. 1).

The sill from Site 918 has much higher concentrations of incom-
patible elements than any of the breakup and post-breakup lavas and

cients (D). must be the product of smaller degrees of melting. It was emplaced
later than the lavas, probably from a nearby off-axis volcano. Its low

MgO content and position on Figure 12 are consistent with its deri-

D Dy, vation by small degrees of melting of garnet Iherzolite followed by
— crystallization of olivine, plagioclase, and augite. Scandium is com-
Olivine 016 0.01 patible in calcic pyroxene at low pressure,(® 2.5, Gallahan and
Orthopyroxene 0.33 0.03 - . T
Clinopyroxene 051 0.1234 () Nielsen, 1992), so fractional crystallization vectors for assemblages
Garnet 227 0.4 (b) including augite would be much steeper than the ones shown.

The values are from Ulmer (1989), except for (a), which is from MANTLE SOURCES
Hart and Dunn (1993), and (b), which is a little higher than Ulmer’s
value (0.32) but at the lower end of the range-0.4) measured by One of the major objectives of Leg 152 was to investigate the na-
Green et al. (1989). Ulmer's (1989) partition coefficients for py-ture of the mantle source for the SDRS at 63°N in order to determine
roxenes and garnet were determined at 2.8 GPa and are therefore wpether the compositional and thermal effects of the Iceland plume
propriate to mantle melting. Values ofP-iavidhayve not been deter- were coupled or decoupled at the time of continental breakup (Lars-
mined for Sc and Zr, and the effects of residual spinel have been ig- en, Saunders, Clift, et al., 1994, Fitton et al., 1994). The present-day
nored. Mantle phase proportions are taken from McKenzie and thermal anomaly, as expressed in water depth and major-element
O’Nions (1991), and the proportions of phases entering the melt a@mposition of dredged basalt, extends down the Reykjanes Ridge as
from Johnson et al. (1990). Source concentrations of 7.5 ppm Zr arfdr south as 50°N (Klein and Langmuir, 1987), but the chemical and
12 ppm Sc, appropriate to moderately depleted mantle (McKenziisotopic anomaly can only be detected as far south as 60°N (Schill-
and O’Nions, 1995), were assumed. The resulting melting curves aieg, 1973; Schilling et al., 1983b; Hart et al., 1973). These effects re-
sensitive to uncertainties in these parameters but serve to illustrate ttect the steady-state condition of the Iceland plume today. The ques-
variation in melting conditions with time. tion to be addressed by Leg 152 was whether the plume was similarly
The Site 917 Lower and Upper Series compositions clustezoned at the time of breakup. A more extensive compositional anom-
around the garnet Iherzolite melting curve and imply about1®% aly, with only a very thin carapace of heated ambient MORB mantle,
melting with only small amounts of subsequent crystallization. Theswould support the hypothesis that breakup was triggered by the im-
values are close to those (4¥%2%) deduced by Fram et al. (this vol- pact, on the base of the lithosphere, of a start-up plume head originat-
ume) for the Upper Series magmas. Points to the left of the garnetg at the core-mantle boundary (cf. Richards et al., 1989; Griffiths
Iherzolite curve are consistent with accumulation of olivine phenoand Campbell, 1990). On the other hand, an extensive thermal anom-
crysts. The arrows radiate from a point at 3 ppm Sc, 0 ppm Zr, araly with a smaller, concentric, chemical and isotopic anomaly, as at
represent the effects of fractional crystallization of olivine (contain-present, would be difficult to reconcile with this impact model. Such
ing a small amount of Sc) and plagioclase. The five points around thethermal and compositional structure could support the hypothesis
upper arrow are from the group of flows close to the base of the Uphat the plume had been incubating beneath East Greenland for some
per Series (Units 25, 26, 27, 31A, and 31B) with slightly higher intime before breakup (cf. White and McKenzie, 1989; Kent et al.,
compatible-element concentrations in relation to their MgO contents.992). It would also be consistent with an origin of the plume at the
The post-breakup lava flows (Sites 915 and 918) have higher 70 km discontinuity since such a plume could simultaneously tap
contents consistent with their derivation by H®#% melting of a  mantle from below this level, to provide the compositionally anoma-
shallower, spinel Iherzolite source, followed by 2888% crystalli-  lous center, and above it to provide the thermally anomalous carapace
zation of olivine and plagioclase. If the source was more depleted iof MORB-source mantle.
Zr than the 7.5 ppm assumed, the required degree of melting would Samples from Site 917 Upper Series and from Sites 915 and 918
be lower. However, the conclusion that the degree of melting becanage depleted in the more incompatible elements (Fig. 5) and in LREE
larger, and the depth of melt segregation shallower, as breakup precempared with HREE (Fig. 7), implying that their mantle source was
ceeded is well constrained by the composition of the volcanic rocksimilarly, or more, depleted. Depletion in some incompatible ele-
(cf. Fram et al., this volume). A similar conclusion was reached bynents (Rb, Th, Nb, Ta) is also apparent in the low-Nb/Zr group of the
Fram and Lesher (1993) for the North Atlantic Tertiary igneous provSite 917 Lower Series but not in the high-Nb/Zr group (Fig. 4). On
ince as a whole, and by Thirlwall et al. (1994) for the Tertiary volcasimple compositional criteria, therefore, it looks as though two dis-
nic rocks of northeast Greenland. Both studies exploited the behavitinct mantle sources, one depleted and one less depleted, were in-
of the heavy REE (HREE) to estimate the relative proportions of meltolved in the formation of the SDRS at 63°N. However, these cannot
derived from garnet Iherzolite and spinel lherzolite. HREE are relabe simply equated, respectively, with MORB mantle and Icelandic
tively insensitive to the effects of crustal contamination and sourcenantle. Strongly LREE-depleted basalt, with REE patterns similar to
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Leg 152

Hatton Bank

garnet

0%

spinel

552

Figure 12. Variation of Sc and Zr in volcanic rocks from
Leg 152 and Hatton Bank (Brodie and Fitton, this vol-
0 ume). Equilibrium melting curves, with percentage of
melt, for garnet and spinel lherzolite are shown for ref-
erence. Arrows represent the effect of fractional crystal-
lization of olivine and plagioclase. Variation among the
553-555 Leg 152 samples reflects atemporal increase in degree
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Figure 13. Nb/Y and Zr/Y variation in basalt from the neovolcanic zones of
Iceland, compared with primitive mantle (+; McDonough and Sun, 1995),
and typical N-MORB. The parallel lines mark the limits of the Iceland data.
The Iceland samples cover the whole compositional range, from depleted
picrite to alkali basalt, and were mostly analyzed by XRF in Edinburgh. Ice-
land data sources: western (including Reykjanes Peninsula), eastern, and
northern rift zones: BSH and JGF (unpubl. data); Snaefellsnes Peninsula:
Hardarson (1993); Vestmannaeyjar: Hardarson (1993) and Furman et d.
(1991); Krafla: Nicholson (1990); Theistareykir: L. Slater and JGF (unpubl.
data). N-MORB data sources. see Figure 15.

those from basalt erupted at normal segments of mid-ocean ridges
(N-MORB), occurs in the neovolcanic zone of Iceland (Schilling et
al., 1983a). Furthermore, contamination of magma of N-MORB
composition with continental crust could produce LREE-enriched
hybrid magmas with patterns resembling Icelandic basalt. A more
subtle approach is required to distinguish magmas from N-MORB
and | celandic mantle sources.

The approach adopted here exploits the unusua behavior of Nb
during the mantle melting processes responsible for the depletion of
the N-MORB mantle reservoir. The abundance of most elements in
the N-MORB source can be estimated through asimple mass-balance
model in which average continental crust is subtracted from primitive

L of mantle melting, and decrease in depth of melt segre-
60 80 gation. The Hatton Bank samples have extreme concen-
trations of Sc, comparable with the post-breakup lavas
from Sites 915 and 918.

crust and N-MORB-source mantle can reproduce the Nb concentra-
tion in primitive mantle. The missing Nb is probably stored in sub-
ducted oceanic crust and ultimately recycled through some mantle
plumes (Saunders et al., 1988). One effect of this process is that N-
MORSB is more depleted in Nb, with respect to other incompatible el-
ements, than are even the most depleted Icelandic basalts. Further-
more, contamination of N-MORB magmas with continental crust can
never produce hybrids resembling Icelandic basalts in their Nb con-
tents.

Depletion of N-MORB in Nb, compared with Icelandic basalts
and primitive mantle, is illustrated in Figure 13. The Iceland data
cover the whole range of Icelandic basalt, from the most enriched off-
axis alkaline basalts from Snaefellsjokull (Hardarson, 1993) to the
most depleted picrites from the Reykjanes Peninsula, and include
samples collected from the whole of the neovolcanic zone. Most of
the Icelandic samples used in the construction of this diagram were
analyzed by XRF in Edinburgh. The N-MORB data are from samples
from 58-59°N on the Reykjanes Ridge (R.N. Taylor, M.F. Thirl-
wall, and B.J. Murton, unpubl. data), the Pacific Ocean (ADS, un-
publ. data), and average N-MORB compositions (Hofmann, 1988;
Sun and McDonough, 1989). The Icelandic data form a remarkably
linear array on this plot with upper and lower bounds defined by

log(Nb/Y) = 1.92 log(Zr/Y)- 1.176 (upper bound) Q)
and
log(Nb/Y) = 1.92 log(Zr/Y)- 1.740 (lower bound). 2)

Primitive mantle (McDonough and Sun, 1995) plots within these
bounds, and all the N-MORB data plot below the lower bound. The
diagram is insensitive to fractional crystallization of olivine and pla-
gioclase, typical of low-pressure evolution of primitive tholeiitic
magmas, since crystal-liquid partition coefficients for Nb, Zr, and Y
are close to zero in these phases (Pearce and Norry, 1979). Removal
of augite, which has a significant partition coefficient for Y (Pearce
and Norry, 1979), from more evolved tholeiitic magmas would drive
the residual liquid away from the array at a shallower angle (at con-
stant Nb/Zr). The data used in the construction of Figure 13, howev-
er, are all from basalt samples in which the effects of augite crystalli-
zation are insignificant. All the variation among Icelandic basalt due
to differences in degree and depth of partial melting, including

mantle (e.g., McKenzie and O’Nions, 1991). This procedure fails tgource depletion through melt extraction, are contained within the
account for the low abundance of Nb in the N-MORB source, howlinear array. The diagram seems to provide a useful discriminant be-
ever, because both continental crust and N-MORB are depleted in Nfyeen basalt samples with N-MORB and depleted Icelandic mantle
with respect to other incompatible elements; both have lower Nb/L&OUrces.

than does primitive mantle, for example (Rudnick and Fountain,

The Leg 152 data are plotted on the Nb/Y vs. Zr/Y diagram in Fig-

1995; McDonough and Sun, 1995). Thus no mixture of continentalire 14, along with data from the East Iceland Tertiary basalt pile
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(BSH and JGF, unpubl. data). It is clear from this diagram that most 10
of the samples from Site 917 plot below the lower bound of the Ice-
land field, intheregion occupied by N-MORB (Fig. 13). The Site 917
Middle Series and some of the Lower Series samplesfall on alinear
trend toward the sample of Archaean gneiss (324721; Table 4). The
identification of sampleswith an N-M ORB mantle sourceis not com-
plicated by assimilation of continental crust because this drives the 1
magma away from the Iceland array. It is possible, on this plot, for a
contaminated basalt with a depleted Icelandic mantle source to plot
with N-MORB, but the resulting hybrid could be readily identified on
other chemical criteria such as LREE enrichment. Thisis clearly not

A

e / o Gneiss 324721

Az[ﬂDEgj

Nb/Y

the case with the Site 917 Upper Series samples (Fig. 7). The six A918 Sl
high-Nb/Zr samples from the Site 917 Lower Series, and the Site 918 0.1 W15 & 918 lavas
sill, plot in the enriched part of the Iceland array (i.e., to the upper 0917 US
right of the primitive mantle composition), mostly within thefield de- 0917 MS
fined by Tertiary basalt from East Iceland. The two samples with A917 LS
slightly higher Nb/Zr (Fig. 9) from the lower part of the Lower Series
plot just within the Iceland array. Basaltic lava samples from Sites ol Y T
915 and 918 plot in the depleted part of the Iceland array. 0.01
Comparison plotsfor data from previous North Atlantic ODP and 1 10 100
DSDP legs are given in Figure 15, with the N-MORB analyses used
in Figure 13 for reference. Only the basalts from Hatton Bank, from ZrlY

the outer edge of the SDRS (Fig. 1), are truly N-MORB-like, as was
noted by Joron et al. (1984) and_ Merriman et al. (;988)' The Varit Figure 14. Nb/Y and Zr/Y variation in Leg 152 volcanic rock samples, com-
Plateau basalts are transitional in character (cf. Viereck et al., 19¢ pared with basalt from the East Iceland Tertiary lava successions (gray sym-

and the more evolved lavas from the Vering Plateau Lower Seri bols; BSH and JGF, unpubl. data). Parallel lines defining the upper and lower
show a similar crustal contamination trend to.the Le_g .152 data (Fi poyngs of the Iceland array (from Fig. 13), and the composition of primitive
14). The basalt samples from Leg 49 plot entirely within the Icelar oo (+), are shown for reference. The Middle Series and some Lower
array. They were collected along a mantle flow line at 63°N, midwe gyjec m’plﬁfa“ on amixing line between uncontaminated basalt and the

between Iceland and the outer_limit of the compositional effects | .4 Archaean gneiss (sample 324721; Table 4). Thislineis straight because
the Iceland plume. They range in age from 2.3 Ma, close to the cr y . pacait and gneiss have the same Nb/Zr.

of the Reykjanes Ridge at Site 409, to about 35 Ma at Site 407 (Wo...
etal., 1979).

Data from other parts of the North Atlantic Tertiary igneous prov- ANDb = log(Nb/Y)—- log(Nb/Y)g, . 3)
ince are shown in Figure 16. The West Greenland picrites plot mostly
below the Iceland array. This is an important observation becausg, sample plotting on the reference line would hawb = 0, one
like the Leg 152 and Hatton Bank lavas, the West Greenland picritegith 10 times the Nb content of a point on the reference line with the
were erupted on the outer edge of the province (Fig. 1). Analyses @hme zr/Y would hav&Nb = +1, and one with one tenth the Nb
basalt samples from northeast Greenland, Scoresby Sund, and #thtent would havANb =-1. The upper bound of the Iceland field
lower formation of the Faeroes stray across the lower bound of tI‘(tEq_ 1) hag\Nb = +0.564. Thus, positive valuesAiflb suggest an
Iceland array, but not into the field occupied by N-MORB. Some oficejandic mantle source and negative values an N-MORB mantle
the upper basalts on the Faeroes are N-MORB-like in compositiogource.ANb is a mantle source characteristic and is insensitive to
(Gariépy et al., 1983) but these account for only a small proportion gfartial melting, source depletion through melt extraction, and to the
the lava pile. Data from the Faeroes lower basalt formation (Fig. 1&ffects of low pressure fractional crystallization of olivine and pla-
define a trend oblique to the Iceland array at constant Nb/Zr. A googlioclase. Figure 17 shows the variationfb with relative strati-
pOSitiVe correlation between Zr/Y and indices of differentiation in th%raphic position, asin Figures—ﬂ), and shows C|ear|y the transition
Faeroes data led Bernstein (1994) to suggest that the magmas diffgsm N-MORB mantle (negativANb) to Icelandic mantle (positive
entiated through crystallization of a garnet-bearing cumulus assemNb) sources between the top of the succession at Site 917 and the
blage at lower crustal or upper mantle depths. Kerr and Thompsafingle flow recovered from Site 915. Periodic incursions of magma
(1995), however, have challenged this conclusion and show that thith an Icelandic mantle source during the eruption of the Lower Se-
observed variation in Zr/Y could be caused by fractional crystallizaries at Site 917 are also seen in this plot. Some of the scatter in the
tion of olivine, plagioclase, and augite. data from Site 918 is due to the mobility of Y (Larsen, Fitton,

The data plotted in Figure 14 suggest that the source for the basgljley, and Kystol, this volume), but this is not sufficient to detract

samples collected during Leg 152 changed with time from N-MORBrom the conclusion that these lavas had a depleted Icelandic mantle
mantle (Site 917) to depleted Icelandic mantle (Sites 915 and 918gyrce.

Basaltic magma with an undepleted Icelandic source was, however,

available during eruption of the Lower Series and is represented most

clearly by the six high-Nb/Zr samples (Fig. 9). A useful way to ex- CONCLUSIONS
press the temporal variation in the mantle source is to calculate the
excess or deficiency in Nb, using the lower bound of the Iceland array
as a reference line. From Equation 1, the Nb/Y that a sample with
given Zr/Y would have if it were on the reference line is given by

Volcanic rock samples recovered during Leg 152 encompass the
tPansition from continental flood basalt volcanism to the develop-
ment of thick oceanic crust. Magma parental to the earliest volcanic
rocks (Site 917, Lower Series) was stored in reservoirs where it
log(Nb/Y)g. = 1.92 log(Zr/Y)~ 1.740. evolved through a combination of fractional crystallization and as-
similation of continental crust, culminating in the eruption of Middle
The deviation, in log units of Nb from this reference liA8ll), is Series dacite lavas and welded tuff. The oldest Lower Series lavas
given by were contaminated with material with high Ba/Zr, Sr/Zr, and La/Th,
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Figure 15. Nb/Y and Zr/Y variation in N-MORB and
in volcanic rocks from previous North Atlantic DSDP

and ODP legs. The parallél lines defining the upper
o and lower bounds of the Iceland array (from Fig. 13),
and the composition of primitive mantle (+), are
shown for reference. Data sources: Reykjanes Ridge
N-MORB: R.N. Taylor, M.F. Thirlwall, and B.J. Mur-
ton (unpublished); Pacific N-MORB: ADS (unpub-
lished, Nb calculated from Ta [x16]); average N-
MORB: Hofmann (1988) and Sun and McDonough

10 (1989); Hatton Bank: Brodie and Fitton (this volume);

Leg 49: Tarney et al. (1979); Varing Plateau: Parson et

al. (1989) and Viereck et al. (1989).

Figure 16. Nb/Y and Zr/Y variation in basatic lavas
from parts of the North Atlantic Tertiary igneous prov-
ince. The paralléel lines defining the upper and lower
bounds of the Iceland array (from Fig. 13), and the
composition of primitive mantle (+), are shown for
reference. Data sources: Scoresby Sund: Larsen et al.
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consistent with lithospheric mantle or lower crustal granulite. The
later volcanic rocks, however, appear to have been contaminated with
upper crustal gneisses (Fitton et al., this volume). The magma reser-
voirs appear, therefore, to have moved to shallower levelsin the crust
with time. A similar shallowing of magma reservairs has been sug-
gested, on the basis of phase relations, by Fram and Lesher (1997) for
the East Greenland Tertiary flood basalt province. The variation in
the nature of the crustal contaminant with timeisalso very similar to
that inferred for the Scottish Tertiary igneous province by Dickin et
a. (1984) and Morrison et al. (1985).

(1989); NE Greenland: JGF and B.G.J. Upton (unpub-
10 lished; representative analyses in Upton et al., 1984,
and Thirlwall et a., 1994); West Greenland: Holm et
al. (1993); Faeroes: Hald and Waagstein (1984).

The Middle Series evolved rocks are overlain by athin sediment
horizon that marks a pronounced shift in the character of magmatism.
Theoverlying Upper Seriesiscomposed entirely of olivinebasalt and
picrite flows representing near-primary liquids with up to 18 wt%
MgO (Thy et a., this volume). There is no evidence for long-term
storage and differentiation of the magma, nor do the rocks show
much evidence of interaction with the continental crust. It seemslike-
ly that the magmaforming the Upper Serieswas erupted rapidly from
mantle depths, through a series of fissures formed at the time of final
breakup of the devel oping continental margin. A close coincidencein
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Figure 17. Stratigraphic variation of ANb in Leg 152 volcanic rock samples.
ANDb isthe deviation, in log units, of Nb from the lower bound of the Iceland
array (Fig. 13) and is a mantle source characteristic insensitive to partial
melting, depletion through melt extraction, and to the effects of low pressure
fractional crystallization of olivine and plagioclase. Positive values of ANb
suggest an Icelandic mantle source, and negative values an N-MORB mantle
source.

time between the eruption of picrite magma and the onset of seafloor
spreading in East and West Greenland has been noted by Larsen et al.
(1992).

No core was recovered from the stratigraphic interval between the
top of the volcanic rocks at Site 917, and Site 915, 8 km farther off-
shore. The thickness of unsampled succession has been estimated
from seismic data to be between 100 and 200 m (Larsen, Saunders,
Clift, et al., 1994). Within this interval the character of volcanism
changed again. The Site 915 basalt is virtually identical inits chemi-
cal composition to basalt recovered from Site 918, 70 km farther off-
shore and close to the center of the SDRS. A thin dike (Unit 39) in-
truding the Middle Series at Site 917 is very similar in composition
to basalt from Sites 915 and 918 (Larsen, Fitton, and Fram, this vol-
ume). Basalt from Sites 915 and 918 has a very restricted composi-
tion (6.8-8.4 wt% MgO, 50.8-51.4 wt% SiO,, both calculated on a
volatile-free basis) suggesting that, by the time these lava flows were
erupted, the SDRS had evolved toward the re-establishment of per-
manent magmareservoirs, thistimein denser basaltic crust in an oce-
anic spreading environment. As with mid-ocean ridges, the later
SDRS magmareservoirs appear to have imposed adensity filter tore-
strict the range of erupted magma compositions (Fitton et al., 1995).

The transition from continental to oceanic volcanism recorded
during Leg 152 isthefirst to be described from a continental margin.
However, Francis et a. (1983) described a virtualy identical se-
quence from the Proterozoic Cape Smith fold belt of northern

These give way to a series of picritic basalts (the lower Chukotat
Group) erupted rapidly through a conduit system dominated by frac-
tures rather than magma reservoirs. The picrites are overlain by a se-
quence of basalts whose “compositional homogeneity ... implies the
presence of large magma reservoirs, within or along the base of an
oceanic crust, which buffered the compositions of the magmas rising
from the underlying mantle.” The whole sequence is time-transgres-
sive into the Cape Smith basin and remarkably reminiscent of the Leg
152 transect. Francis et al. (1983) speculate that their volcanic se-
quence was erupted on a developing continental margin.

As breakup proceeded from continental rifting to ocean crust for-
mation, mantle melting extended to shallower depths. Lavas erupted
during the rifting phase (Site 917) have low Sc contents, consistent
with a garnet Iherzolite source. After breakup (Sites 915 and 918) the
Sc content increased markedly, implying that the magma segregated
from a shallower, spinel Iherzolite source. The Sc contents measured
in the post-breakup basalts are unusually high and comparable with
the highest values found in N-MORB (Klein and Langmuir, 1987).
Within the North Atlantic igneous province, only the basalts from the
SDRS at Sites 915 and 918 and on Hatton Bank have such high Sc
contents (Brodie and Fitton, this volume; Larsen, Fitton, and Fram,
this volume). The thickness of these SDRS implies large melt vol-
umes, while the high Sc contents require that melting extended to un-
usually shallow levels. This combination of large degrees of melting
at shallow depths may be a characteristic feature of SDRS erupted on
the edge of the plume.

Langmuir et al. (1992) have evaluated the effects of the geometry
of the melt region beneath spreading centers on the average degree
and depth of melting and show that the largest-degree, shallowest
melts should be produced by “active” upwelling. This occurs where
partially molten mantle upwells faster than the rate of plate separation
through, for example, melt-induced buoyancy, because all the mantle
contributing partial melt is able to melt to the maximum degree at the
shallowest level. Melting is more likely to occur by equilibrium than
by fractional processes in this situation, hence the choice of equilib-
rium melting in the construction of Figure 12. Enhanced convection
and consequent large-degree melting was proposed by Mutter et al.
(1988) to explain thick volcanic sequences erupted soon after the ini-
tiation of seafloor spreading. These authors argue that enhanced con-
vection is caused by the strong thermal contrast between the astheno-
sphere and the cooler steep edges of the pre-existing continental
lithosphere. Active upwelling of the Iceland plume (e.g., Ribe et al.,
1995), however, provides a much more likely mechanism for en-
hanced convection in the case of the Greenland continental margin.
The data presented here support the notion of some form of enhanced
convective mantle upwelling soon after continental breakup.

At least two mantle components were involved in the generation
of the primary magmas responsible for the volcanic sequence sam-
pled during Leg 152. Most of the earliest volcanic rocks (Site 917)
had an N-MORB mantle source, although a few basalt flows toward
the top of the Lower Series had an undepleted Icelandic mantle
source. During the time interval represented by the short unsampled
sequence (16200 m) between the Upper Series olivine basalt and
picrite flows, and the basalt lava flow at Site 915, the magma source
changed from N-MORB mantle to depleted Icelandic mantle, and re-
mained the same at Site 918. This transition coincided with the shal-
lowing of mantle melting noted above. Basaltic lava flows sampled
on Hatton Bank, closer to the outer edge of the SDRS, show the same
evidence for shallow melting (Fig. 12) but had an N-MORB mantle
source (Fig. 15).

These observations on the nature of the mantle source have impli-
cations for our understanding of the thermal and compositional struc-
ture of the Iceland plume at the time of its earliest magmatic expres-
sion. Basalt generated in the outer edge of the plume (sampled on

Québec. Here a sequence of continental flood basalts (the Povunghiatton Bank) had an N-MORB mantle source, and the Leg 152 ba-
tuk basalts) is related to continental rifting and shows evidence faalts show a temporal transition from N-MORB to Icelandic mantle
storage, evolution, and contamination in crustal magma reservoirsources. Basalt erupted on the Vgring Plateau, closer to the inferred



plume axis, is transitional between N-MORB and Icelandic basalt.
The Iceland plume was therefore zoned, much as it is today, with a
core of compositionally and thermally anomal ous mantle surrounded
by athick carapace of anomalously hot but compositionally normal
N-MORB mantle. This observation is difficult to reconcile with the
impact of a large plume head originating solely at the core/mantle
boundary (Richardset al., 1989; Griffiths and Campbell, 1990). Such
aplumewould not have had timeto heat its surroundings appreciably
during its brief passage through the upper mantle and could have had,
at most, only a very thin carapace of anomalously hot, N-MORB-
source mantle. However, the apparently synchronous onset of mag-
matism at about 62 Ma across much of the North Atlantic igneous
province (e.g., Saunderset a ., in press) does suggest the initiation of
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to explain the timing and compositional variation of magmatism inGriffiths, R.W., and Campbell, I.H., 1990. Stirring and structure in mantle

the North Atlantic igneous province. Decompression of the outer part starting plumesEarth Planet. Sci. Lett., 99:66-78.

of the plume head during continental breakup along the Leg 15Hald, N., and Waagstein, R., 1984. Lithology and chemistry of a 2-km

transect caused the N-MORB mantle in the outer part to melt first, Sequence of Lower Tertiary tholeiitic lavas drilled on Suduroy, Faeroe

followed by Icelandic mantle spreading out from the inner part. Pre- 'Slands (Lopra-1)in Berthelsen, O., Noe-Nygaard, A., and Rasmussen,

. : . _J. (Eds.),The Deep Drilling Project 1980-81 in the Faeroe Islands. Ann.
vious melt extraction closer to the plume axis may account for deple Soc. Sci. Faeroensis, 1984-H8,

tlo_n of the Icelandic mantle source of the pOSt'breakup basalt lavq'%rdarson, B.S., 1993. Alkalic rocks in Iceland with special reference to the
(Sites 915 and 918). Magma generated from Icelandic mantle was gpaefelisjskull volcanic system [Ph.D. dissert.]. Edinburgh Univ., UK.
available from early in the sequence to supply the high-Nb/Zr lavagart, S.R., and Dunn, T., 1993. Experimental CPX/melt partitioning of 24
in the Lower Series at Site 917. This, together with the apparently trace element<ontrib. Mineral. Petrol., 113:1-8.

abrupt transition from N-MORB-like basalt (Upper Series, Site 917Hart, S.R., Schilling, J.-G., and Powell, J.L., 1973. Basalts from Iceland and
to depleted Icelandic basalt (Site 915), suggests that the interface be-along the Reykjanes Ridge: Sr isotope geochemisature, 246:104

tween the two mantle sources was sharp rather than gradational. 107. ) ) o . )
Hofmann, A.W., 1988. Chemical differentiation of the Earth: the relationship

between mantle, continental crust, and oceanic daasth Planet. Sci.
Lett., 90:297314.
Holm, P.M., 1988. Nd, Sr and Pb isotope geochemistry of the Lower Lavas,
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