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32. “Ar-¥Ar AGESOF LAVASFROM THE SOUTHEAST GREENLAND MARGIN, ODP LEG 152,
AND THE ROCKALL PLATEAU, DSDP LEG 81*

Christopher W. Sinton?2 and Robert A. Duncan?

ABSTRACT

“OAr-*Ar incremental heating experiments were performed on volcanic rocks recovered by drilling during Ocean Drilling
Program Leg 152, southeast Greenland Margin (63°N), and Deep Sea Drilling Project Leg 81, southwest Rockall Plateau
(56°N). Both of these legs drilled into thick sections of submerged lava flows, known as seaward-dipping reflector sequences,
that are part of the Tertiary North Atlantic Volcanic Province (NAVP). Results show that subaerial volcanism began at the
southeast Greenland Margin as early as@IMa with the eruption of continentally contaminated lavas. After an apparent hia-
tus, volcanism continued with the subaerial eruption of noncontaminated, mid-ocean-ridge basalt (MORB) -like lavas. A sill or
flow was emplaced at 52 Ma into the sediments overlying the basement lavas at the most seaward site (918). The MORB-like
lavas of the Rockall Plateau gave poor results, although the data suggest that they erup&iMa sihd may be contempo-
raneous with the compositionally similar oceanic lavas of Leg 152.

Compiled ages from the NAVP indicate that most of the lavas were erupted in two distinct magmatic episodes. The first
occurred prior to 60 Ma with volcanism at the southeast Greenland Margin, in West Greenland, and the northwest British Isles.
This early stage of widespread volcanism most likely records the arrival of the Iceland mantle plume. The second phase of
magmatism began about 57 Ma with voluminous basaltic eruptions centralized along the eventual line of continental separa-
tion. Magmatism at this stage was associated with continental breakup and asthenospheric upwelling with probable thermal
input from the mantle plume.

INTRODUCTION amination of the fossil assemblages of any inter-lava sediment layers
must be used to determine a more precise age of volcanism.
The early Tertiary opening of the North Atlantic Ocean was ac- The deepest penetration of the Varing Plateau lavas was in Hole

companied by voluminous, predominantly mafic, magmatism. The 642E (Leg 104) where 914 m of lavas (121 flows) and volcaniclastic
remnants of lavaflows and sills associated with this event, col lective- sediments were drilled. The lava sequence was divided into two dis-
ly known as the North Atlantic Volcanic Province (NAVP), are pre- tinct series, a re\_/ersely mqgnetlzed upper series compos_e_zq of subae-
served on Greenland, the Faeroe Islands, northwestern Britain and rially erupted, mld-ocean-rldg_e basalt_(MORB_) -like thole_utlc lavas
Ireland, and on the submerged margins of the North Atlantic. The and a lower, normally magnetized series of mixed basaltic and pera-
submerged lavas were originaly imaged as wedges of seaward- luminous andesitic lavas (Eldholm, Thiede, Taylor, et al., 1987;
dipping reflector sequences (SDRS) that were correlated with sub- Scht')nhartlng and Abraham_sen, 198_9). The two series are separe_lted
aerial lava flows (Hinz, 1981). Identified SDRS have been sampled by a 13-m-thick horizon of finely laminated mudstones and volcani-
by drilling at the Vearing Plateau (Deep Sea Drilling Project [DSDP]clastic sediments. Although there is no reported fossil age for this
Leg 38 and Ocean Drilling Program [ODP] Leg 104), the southwestediment horlzqn, volcaniclastic sediments within the lower series la-
Rockall Plateau (DSDP Leg 81), and more recently from the south/2s contain a dlnoflqgellate cyst assemblage that Boult.er and Manum
east Greenland Margin (ODP Leg 152) (Fig. 1). These studies ha&989) correlated with nannoplankton Zone NP9. This stage coin-
confirmed that the North Atlantic SDRS are composed predominanf/des with the Paleocene/Eocene boundary (Berggren et al., 1985),
ly of subaerially erupted lava flows and tuffs. assigned an age of 55 Ma by the Berggren et al. (1995) time scale.
Precise crystallization ages of the North Atlantic SDRS are essefilowever, Boulter and Manum (1989) noted that the dinocyst assem-
tial to understanding the interplay of magmatism and continental riftPl2ge is similar to that seen in coal layers between the Plateau lavas
ing, as well as the history of formation of oceanic lithosphere in th&N the Isle of Mull, and these have been radiometrically dated at 60.0
early opening of the North Atlantic. Until now, age control on the* 0-5 Ma (average of four ages; Mussett, 1986). Thus, the dinocyst
SDRS has been determined primarily by interpretation of seaflogfformation may not place a precise absolute age on the lavas.
magnetic anomaly sequences and fossil ages from sediments overly- Altempts to radiometrically date the Vering Plateau lavas have
ing or between lava flows. Magnetic anomaly data (Talwani and EldProvided variable and imprecise data. K-Ar dating of DSDP Leg 38
holm, 1977) indicate that the Vering Plateau SDRS are at leaflVas gave ages ~46 Ma (Kharin et al., 1976), much younger than the
Anomaly 24R age (53-55.9 Ma, Berggren et al., 1995), consistent 0ldest overlying sediments. Rb-Sr isochrons of the lower lava series
with the early Eocene age of the sediments overlying the lavas (Tdfom Hole 642E are reported from two separate groups. LeHuray and
wani, Udintsev, et al., 1976; Eldholm, Thiede, Taylor, et al., 1987)Johnson (1989) used three unleached samples to produce an isochron
Because the biostratigraphic data can place only a minimum age &h57.8+ 1.0 Ma. Taylor and Morton (1989) used five leached sam-

the Varing Plateau lavas, radiometric dating of recovered lavas or eRles (three of which were used by LeHuray and Johnson, 1989) to
calculate a five-point Rb-Sr isochron of 639 Ma. The differing re-

sults from these two studies and the possibility that the linear array of

1Saunders, A.D., Larsen, H.C., and Wise, SW., J. (Eds), 1998. Proc. ODP, Sci. data represent a mixing line rather than an isochron casts doubt on the
Results,152: College Station, TX (Ocean Drilling Program). o ) accuracy and utility of the ages, although the results of LeHuray and

2College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, Johnson (1989) genera”y agree with the fossil a@ésggAr analy-
OR 97331, U.SA. : o2 -

3Present address: Graduate School of Oceanography, University of Rhode Island, SIS of the Hole 642E lavasisin progr.ess.and should proylde more pre-
Narragansett, Rl 02882, U.S.A. csinton@gsosund.gso.uri.edu cise age constraints on the magmatic history of the Vgring Plateau.
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Figure 1. Map of the North Atlantic region. Shown are w 2 <
subaerial lava outcrops of the North Atlantic Volcanic v g -
Province (in black), seaward-dipping reflector s — N
sequences (in gray) (Eldholm and Grue, 1995; Larsen /L @o‘* North Sea
and Jakobsdéttir, 1988; White and McKenzie, 1989), 7 & > Site 555#
magnetic anomaly lineations, and DSDP and ODP ¥ sites /
drilling sites. Previous drill sites on the Vgring margin 552-554 /
(Legs 38 and 104) and southwest Rockall Plateau (Leg
81) are shown as open circles. The filled circles are thé&0’
sites from ODP Leg 152. The inset shows detail of the \ ‘,\
Leg 152 sites. 30

The SDRS of the southern Rockall Plateaw/Hatton Bank, which
lies to the west of the British Isles, were sampled at three sites (553,
554, and 555) during DSDP Leg 81. The lavas at these sites are all
consistently MORB-like in composition (Harrison and Merriman,
1984; Macintyre and Hamilton, 1984). The age of thelavasis at |least
late Paleocene/early Eocene based on the fossil age of the overlying
sediments (Roberts, Schnitker, et. a., 1984) and identification of oce-
anic magnetic anomalies (Vogt and Avery, 1974). A more direct
method of dating the lavas was attempted by interpreting the di-
noflagellate cyst assemblages in sediments intercalated with lava
flows at Site 555. These sediments, like those associated with the

The age determinations indicate that subaerial volcanism at the
southeast Greenland Margin began no later tha®8®BMa and per-
sisted at least until a small flow or sill penetrated Eocene marine sed-
iments at 52 Ma. A significant hiatus is evident between the initial
eruption of continentally contaminated lavas and the later eruption of
lavas with more oceanic affinities. The age determinations from the
Rockall Plateau/Leg 81 samples are poorly constrained, yet suggest
an eruption age of 568 Ma.

SAMPLE DESCRIPTIONS

Varing lavas, are correlated to Zone NP9 (Brown and Downie, 1984).
K-Ar dating of the DSDP Leg 81 lavas gave a range of ages, although Leg 152 drilled into the volcanic basement of the southeast

two from Site 555, which yielded 52431.7 Ma and 54.% 2.0 Ma,
are the most reliable according to Macintyre and Hamilton (1984).
The results from previous drilling of the North Atlantic SDRS in-

Greenland Margin at three sites along a transect close to 63°N (Lar-
sen, Saunders, Clift, et al., 1994) (Fig. 1). Two sites (915 and 917)
were drilled on the landward, feather-edge of the SDRS. Here, the

dicate a minimum age of late Paleocene/early Eocene for the lavastisement is overlain by sediments that are probably late Paleocene-
the SDRS from the eastern margin of the North Atlantic. Because trearly Eocene age (Larsen, Saunders, Clift, et al., 1994). Only 10 m of
complete volcanic succession was not penetrated at any of these sited$)RB-like tholeiitic basalt was drilled in Hole 915A, but drilling at
the maximum age of the SDRS is unknown, as is the total duration okarby Hole 917A penetrated a succession of subaerial lavas and rare
volcanism that produced the SDRS. ODP Leg 152 drilled the landuffs (779 m; 92 flow units) and into steeply inclined, low-grade
ward feather-edge of the SDRS at the southeast Greenland Margimgetamorphic sediments.
penetrating the lowermost portion of the volcanic stratigraphy at one The volcanic stratigraphy of Hole 917A was divided into three se-
of the sites, thus allowing the possibility of determining the age ofies: a lower series of basalts and rare picrites, a middle series of more
initial volcanism at this part of the western North Atlantic Margin. evolved basalts and rare dacites and ash tuffs, and an upper series of
Here, we present results froffAr-*Ar incremental heating ex- thin olivine basaltic and picritic flows. Geochemical and petrograph-
periments on lavas recovered during ODP Leg 152 and DSDP Ldg data for the lower and middle series lavas indicate that they have
81. The Rockall Plateau is a few hundred kilometers to the south &een variably contaminated by the continental crust and/or litho-
the margin conjugate to the southeast Greenland Margin, and it #pheric mantle (Fitton et al., this volume; Demant, this volume). The
possible that the Tertiary lavas from these two regions are complepper series shows evidence of only minor addition from the crust
mentary. The purpose of this project was to constrain the age and dli-arsen, Saunders, Clift, et al., 1994; Fitton et al., this volume). The
ration of volcanism that formed the southern North Atlantic SDRSboundary between the upper and middle series is marked by a sand-

388



“OAr-3%Ar AGESOF LAVAS

stone unit (67 cm) whereas the middle to lower series boundary is tuff is obviously altered: the matrix is heavily weathered, and the pla-

based on a change in lava compositions. gioclase crystals are cloudy and variable in composition (Demant,
In Hole 918D, located about 80 km seaward of Site 917, 122 m of this volume). On the other hand, the Unit 35D (Sample 152-917A-
subaerial lavaflows (18 flow units) was cored. The lavas are all uni- 24R-1, 810 cm) tuff unit still contains vitric glass shards, and the

formly aphyric tholeiitic basalts with MORB-like compositions plagioclase crystals from this layer are clear and have a consistent
(Larsen, Saunders, Clift, et al., 1994). A 12-m-thick alkalic sill or andesine composition (Demant, this volume). A dacite flow (Unit 55;
flow lies within the early Eocene sediments 9 m above the basement Sample 152-917A-52R-1, 489 cm) near the base of the middle se-
lavas and is the youngest volcanic unit drilled. All of the Leg 152 la- ries was analyzed because it was the best crystallized of the recovered
vas are reversely magnetized and had been assigned to magnetic dacites. The two plagioclase-phyric lavas from the Site 917 lower se-
Anomaly 24R or older (Larsen and Jakobsdottir, 1988; Larsen, Sauries (Units 60 and 68; Samples 152-917A-55R-4 dm, and 64R-
ders, CIift, et al., 1994) Lavas from the southwest Rockall Platea, 29-35 cm) and Site 915 (Unit 3; Sample 152-915A-24R-2848
were recovered during Leg 81 at Sites 553, 554, and 555. All arem) have 2- to 5-mm plagioclase phenocrysts containing abundant
aphyric tholeiitic basalts geochemically similar to MORB (Roberts,10- to 20-um melt inclusions. The stratigraphically lowest analyzed
Schnitker, et. al, 1984). Sites 553 and 554 are located on the westesamples from Site 917 (Units 82 and 84; Samples 152-917A-83R-2,
flank of the Rockall Plateau in the Edoras Basin, whereas Site 555149 3-118 cm, and 88R-8, 460 cm) come from thick (15 m and 45
more landward, between the Hatton Bank and the Edoras Bank. Sitg, respectively) aphyric olivine basalt flows. The Site 918 sill (Sec-
553 basalts were subaerially erupted and are reversely magnetizéidn 152-918D-94R-2) is a very fresh, holocrystalline rock with rela-
Site 554 lavas are normally magnetized and were erupted under sheely high K;O (0.57%).
low submarine conditions. Site 555 samples are reversely magnetized Samples from Leg 81 (Rockall Plateau) were examined in thin
and were erupted in a shallow submarine environment (Robertsection, and selection was based on texture and degree of alteration.
Schnitker, et al., 1984). All are aphyric tholeiitic basalts with <0.10%®!. Brief petrograph-
Samples for®Ar-3°Ar radiometric analysis were selected from ic descriptions and $O content of the analyzed samples are listed in
each of the Leg 152 sites (Table 1). Where possible, selected sampleble 1.
were the freshest, free of vesicles and cracks, highest in prim@ry K
and the best crystallized. Because of the lg® lénd fine-grained to
glassy groundmass of the Site 917A upper series lavas, they are poor ANALYTICAL METHODS
candidates for dating. This problem is exacerbated by the extensive
zeolite-facies alteration of these rocks (Demant, this volume). Simi- Both whole-rock minicores, drilled from the freshest part of the
lar problems were encountered with the basement lavas from Hokample, and feldspar separates were analyz&Aby°Ar incremen-
918D. The one lava unit from Site 915 is also low gKalthough  tal heating methods. Feldspars from the two ash tuffs were hand-
it is relatively fresh compared with the other low&Klavas from Leg  picked after crushing. To obtain phenocryst and groundmass plagio-
152. clase separates from the basalts, samples were crushed and sieved to
The lavas from the middle and lower series of Hole 917A are ger8.1-0.5 mm, concentrated using a Franz magnetic separator, and
erally the freshest and have the highegD iKontents of all the Leg checked for purity under a binocular microscope. The plagioclase
152 lavas. The Unit 35B (Sample 152-917A-23R-3;38cm) ash  separates were briefly washed with 5% HF to remove surficial alter-

Table 1. Samples from the southeast Greenland Margin analyzed by “Ar-°Ar incremental heating experiments.

Core, section, K,0
interval (cm) Unit Series Description (%) Material
152-915A-
24R-2, 78-84 3 Plag-px-ol basalt 0.21 Phenocryst plagioclase, plagioclase-free groundmass
25R-1, 9-12 3 Plag-px-ol basalt 0.15 Whole rock
152-917A-
17R-4, 68-73 24 Upper Aphyric ol basalt 0.16 Whole rock, groundmass plagioclase
23R-1, 31-36 34B Middle  Aphyric basalt 0.4 Whole rock
23R-3, 35-39 35B Middle  Tuff ? Feldspar
24R-1, 8-10 35D Middle  Tuff ? Feldspar
40R-4, 15-20 52 Middle  Aphyric basalt 0.39-0.69  Wholerock
52R-1, 46-49 55 Middle  Plag-px decite 2.89 Whole rock
55R-4, 4-9 60 Lower Ol-plag-px basalt 0.12 Phenocryst, groundmass plagioclase
64R-2, 29-35 68 Lower Ol-plag basalt 0.29 Phenocryst, groundmass plagioclase
69R-2, 48-53 71 Lower  Aphyricol basalt 0.49 Groundmass plagioclase
83R-2, 113-118 82 Lower Ophitic ol diabase 0.25 Whole rock
88R-8, 46-50 84 Lower Ophitic ol diabase 0.29 Whole rock
152-918D-
94R-2, 42-47 1 Plag-cpx basalt 0.57 Whole rock
106R-2, 15-19 11B Aphyric basalt 0.07 Whole rock, groundmass plagioclase
110R-4, 67-71 14 Aphyric basalt 0.09 Whole rock, groundmass plagioclase
81-553A-
46-3, 116-123 Aphyric basalt 0.06 Whole rock
49-3, 65-72 Aphyric basalt 0.06 Whole rock
81-554A-
7-3,77-85 Aphyric basalt 0.19 Whole rock
7-4,11-18 Aphyric basalt 0.15-0.16 Whole rock
14-1, 33-40 Aphyric basalt 0.36 Whole rock
81-555-
69-3, 121-129 Aphyric basalt 0.04-0.11  Wholerock
90-2, 102-109 Aphyric basalt 0.07 Whole rock
95-2, 16-23 Aphyric diabase 0.09 Whole rock
96-2, 30-37 Aphyric diabase 0.09 Whole rock

Notes: K,O values reported for each unit are from Larsen, Saunders, Clift, et a. (1994), Harrison and Merriman (1984), Joron et al. (1984), and Richardson et a. (1984). Mineral
abbreviations: plag = plagioclase; px = pyroxene; ol = olivine; and cpx = clinopyroxene. ? = undetermined.
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ation. The groundmass (composed of clinopyroxene, plagioclase, and
Fe-Ti oxides) from acoarsely crushed (0.3-0.1 mm) fraction of Sam-
ple 152-915A-24R-2, 78—-84 cm, was separated from the nonmagnet-
ic phenocrysts in an effort to avoid inclusion-bearing plagioclase
phenocrysts. All samples were ultrasonically washed in distilled wa-
ter and dried. Mineral separates, wrapped in high-purity Cu foil, and
the whole-rock minicores were then sealed in evacuated quartz tubes
andirradiated for 6 hr at 1 MW power in the Oregon State University
TRIGA reactor. The neutron flux was monitored by samples of the
biotite standard FCT-3 (27.55 + 0.12 Ma; Lanphere et a., 1990)
placed at regular interval s between the samples. Calculated errors for
Jwere between 1% and 1.5%.

Ar isotopic compositions were determined using the MAP 215-50
and AEl MS-10S mass spectrometers at Oregon State University us-
ing standard methods (Duncan and Hargraves, 1990; Duncan and
Hogan, 1994). Samples were incrementally heated either by radio-
frequency induction heating (MS-10S) or in a low-blank, double-
vacuum resistance furnace (MAP 215-50). After corrections for
background, isotopic interferences, and massfractionation, an agefor
each heating step was cal culated. The data for each sample were then
reduced as age spectra (step age vs. percentage *°Ar released). Heat-
ing step ages were integrated for plateau ages if they formed awell-
defined succession of contiguous steps that are concordant within 26
error and comprised at least 50% of the °Ar released from the sam-
ple. We calculated plateau agesin two ways (Table 2). Thefirst fol-
lows the method of Dalrymple et a. (1987), in which step ages are
weighted by the inverse of the variance. In this way, the calculated
mean more closely reflects the more precisely determined step ages.
A more conservative method weights each step by the proportion of
thetotal 3°Ar released in that step. In thediscussion, we usetheresults
from thefirst method. However, there was no statistical difference (at
the 20 confidence level) of the ages determined by these two meth-
ods.

The age of each step was cal culated under the assumption that the
origina argon composition was atmospheric (“°Ar/*6Ar = 295.5).
However, it is possible that the magmas did not completely equili-
brate with the atmosphere upon crystallization. For each ©Ar-3°Ar
sampl e, isochronswere calculated, in which alinear correlation of the
step isotopic compositions (*Ar/4Ar vs. °Ar/*°Ar) provide an age
(related to the slope of theregression line) and aninitial isotopic com-
position (from the 6Ar/“°Ar intercept). Weighted linear regressions
were fitted to the data from the steps included in the age plateau, ex-

cept where noted. Replicates of Sample 917A-23R-1, 31-36 cm,
were analyzed by both mass spectrometers to examine the reproduc-
ibility of the analyses and ensure that there are no systematic differ-
ences between the two instruments. The plateau and isochron ages
from both samples are nearly identical and well within the 20 stan-
dard deviation.

RESULTS

Conventional K-Ar or “Ar-3°Ar total fusion ages may be inaccu-
rate because of the effects of post-crystallization alteration (radiogen-
ic “%Ar loss) and/or incomplete equilibration of the rock with an at-
mospheric Ar composition at crystallization (“exce$®r). “©Ar-
Ar incremental heating methods allow internal checks on assump-
tions of closed system behavior and initial atmospheric Ar composi-
tion through age spectrum (plateau) and isotope correlation diagrams.
If a sample yields concordant plateau and isochron ages and a near-
atmospheric intercept, such ages are likely to represent reliable crys-
tallization ages (Lanphere and Dalrymple, 1978). A sample that con-
tains excess radiogentéAr may yield an age plateau that is older
than external constraints allow, yet have a younger isochron age and
an elevated®Ar/36Ar. In this case, the isochron age may be geologi-
cally meaningful, while the plateau is not. Other samples fail to pro-
vide a reliable plateau or isochron age for geological and analytical
reasons.

Southeast Greenland Margin
Hole 917A

The results of the incremental heating experiments on lavas from
Site 917A yield variable results, as expected from petrographic and
compositional data. From the upper series, an aphyric olivine basalt
flow (Unit 24; Sample 152-917A-17R-4, 683 cm) was considered
the best sample for analysis based on thin-section observations. How-
ever, an analysis of the groundmass plagioclase from this unit yielded
no age plateau and an isochron (using the linearly arrayed data
points) with an age (29.4 Ma) too young given the fossil and magnet-
ic age constraints (Fig. 2). Fortunately, the analyses from the middle
and lower series lavas were much more successful.

Five samples from the middle and lower series provided concor-
dant plateau and isochron ages and near-atmospheric initial Ar com-

Table 2. ©Ar-Ar plateau and isochron age calculations from the southeast Greenland Margin, ODP Leg 152.

Core, section, Plateau age Plateau age S9Ar Isochron age “OArPAr  SUMS
interval (cm) Material by /62 (Ma) by %%°Ar (Ma) (% of total) (Ma) N intercept £ 10 (N-2)
152-917A-
23R-1A, 31-36 Basalt 60.1+0.8 60.6 2.3 99 594+24 8 319434 2753
152-917A-
23R-1A, 31-36 Basalt 608+ 1.0 60.9 24 81 606+ 1.8 4 297.2+7.2 0.2
152-917A-
24R-1, 8-10 Feldspar from tuff 62.2+04 62.3+1.4 100 62314 16 299.7+21 3755
152-917A-
40R-4, 15-20 Basalt 60.7 £1.2 61.3+20 51 60.3+4.2 6 291.0+16.8 452.0
152-917A-
52R-1, 46-49 Dacite 614+ 0.6 61.6+1.4 96 61012 8 300.0+0.8 7.4
152-917A-
69R-2, 48-53 Groundmass plagioclase 60.4+0.7 60.6+1.8 97 60.3+1.6 7 301.3+33 426
152-917A-
83R-2, 113-118 Basalt 682+ 16 68.2+22 72 633+12 4 4132+322 0.6
152-917A-
88R-8, 46-50 Basalt 64.1+22 64.4+3.8 82 63310 5 319.1+7.6 1.0
152-918D-
94R-2, 42-47 Basalt 51.9+0.8 51.9+19 97 519+12 7 2948+ 0.8 51

Notes: Samples 152-917A-23R-1A, 31-36 cm, and 152-917A-23R-1B, 31-36 cm, are replicate analyses, the latter measured on the AEI MS-10S and the former on the MAP 215-50.
Errors for both step age plateaus and isochrons are reported to 20. Ages are corrected for 3Ar decay; half-life = 35.1 days. A, = 0.581 x 10720 yr™; Ay = 4.962 x 10 0yr®. N =

number of steps used in the isochron calculation.
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Figure 2. Step age spectra and isotope correlation diagrams from 4°Ar-3°Ar incremental heating experiments for Site 917 samples. The thickness of the bar for
each step age in the age spectrum indicates the 20 analytical uncertainty in age.
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Figure 2 (continued).
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positions (Table 1). The plateau agesrange from 60.1 to 62.2 Ma, but 0
al ages lie within 20 analytical error. Other anayzed samples

showed disturbed age spectra. The whole-rock analyses from the two E‘
stratigraphically oldest samples (holocrystalline, aphyric olivine ba-

salts) that were analyzed (Units 82 and 84; Samples 152-917A-83R- ———— o
2, 113-118 cm, and 88R-8, 46-50 cm) show evidence of excess ra
diogenic “Ar (Fig. 2). Both give coherent step age plateaus of 68.2 + 200 2\ 60.4 + 1.0
1.6 Ma and 64.1 + 2.2 Ma, respectively (Table 1). However, the 62.2+ 0.4
saddle-shaped age spectrain which there are higher ages for the first
and last few heating steps is a pattern often seen in rocks that contain
excess °Ar (Lanphere and Dalrymple, 1976). Thisconclusion is sup-
ported by the high initial “°Ar/*¢Ar derived from the isotope correla-
tion diagrams. The isochrons give identical ages (63.3 + 2.0 and 63.3
+ 2.4 Ma, respectively) that are concordant with the more precise
ages from the middle series tuff and lavas.

Another mechanism for producing a disturbed age spectrum is a
loss of radiogenic “°Ar or an addition of K due to dteration. Thisis
demonstrated by the plagioclase crystals from the Unit 35B (Sample
152-917A-23R-3, 35-39 cm) ash tuff (Fig. 2), which show step ages
that gradually increase with increasing temperature steps, approach-
ing, but not reaching, the age derived from the vitric tuff (Unit 35D;
Sample 152-917A-24R-1, 1-10 cm). The dlightly younger age of
feldspar separates from Sample 152-917A-69R-2, 48-53 cm, (Fig. 800
could be due to a small amount of radiogétAc loss from alteration Hole917A
(evident in the lowest temperature step from the age spectrum).

Sample 152-917A-40R-4, £30 cm, shows a general decrease ir e b b b P B n
step ages with increasing temperature. Such a pattern can be ascr
to recoil of**Ar during irradiation. We picked the middle three steps 0 5 10 15 0 25 30
to calculate a plateau age. These three points are so tightly grou M go (Wt %)
on the correlation diagram that they do not form a linear trend, sc
regression was fitted to these and two other near-colinear points. 1
resulting isochron is concordant with the plateau age.

The Lower and Middles Series lavas appear to have erupted wi
out a significant time break either shortly prior to or after magneti
Chron C27n (Larsen, Saunders, Clift, et al., 1994), which sugge:! ) . ) K
that the measured age range (62—60 Ma) is greater than the true demo.nsm'.n.g the inconsistency between the calculated ages and strai-
od of eruption. In addition, the apparently reliable radiometric ag(graphlc position.
from Site 917 are not entirely consistent with stratigraphic position
(i.e., the oldest measured ages are not from the lowermost sample$}he single crystal ages from the altered tuffs reported by Werner et
(Fig. 3). The question arises, then, which if any of the ages represers (this volume) may also be lower than the actual crystallization
an accurate age of crystallization? The vitric ash flow tuff feldsparages. Our analyses of the petrographically fresh tuff feldspars from
(Unit 35D, Sample 152-917A-24R-1, 8-10 cm) and the dacite (UniBample 152-917A-24R-1, 8-10 cm, do not indi¢&e loss, so we
55, Sample 152-917A-52R-1, 46-49 cm) are the freshest and hagenclude that this sample better represents the actual crystallization
the highest KO content (and are therefore the least susceptible to thege. However, Werner et al. (this volume) report at least two single
effects of minor®Ar loss or gain). Given these observations, thesecrystal ages from this tuff that are anomalously old (70.2 and 67.0
two samples would appear to give the best crystallization ages.  Ma). Although they suggest that these crystals are xenocrysts, this is

The two feldspar analyses from the vitric tuff yielded the most denot consistent with the homogeneous compositions of the feldspars
tailed age spectra. However, these ages (62.2 = 0.4 and 62.7 + QBlemant et al., this volume). It is more likely that some crystals have
Ma) are significantly older than the 60.3—60.8 Ma age range reportedriable amounts of exce¥ér, especially considering the evidence
by Werner et al. (this volume) for feldspars from three ash tuffs (infor crustal melting in the genesis of the Lower and Middle Series (Fit-
cluding the 24R-1 interval) in the Middle Series. In comparing theon et al., this volume; Fram et al., this volume). Upon closer inspec-
two data sets, we need to recognize some differences in the analytitiain of our results from two replicate analyses of this sample, there is
techniques. The ages reported in Werner et al. (this volume) are basadtle evidence for a high temperature exé¥sscomponent. Spe-
on laser total fusion of single crystals, whereas we used incrementfically, both analyses show slightly younger age plateaus in the
heating of multicrystal samples. The advantage of the single crystidwer temperature steps (60.4 + 0.6 and 61.3 + 0.5 Ma) than in the
technique is that it may identify the presence of two or more age popigh temperature steps (63.8 £ 0.5 and 63.0 £ 0.5 Ma), and one of the
ulations of crystals in the analyzed sample (such that the resulting agerrelation diagrams shows two distinct isochrons formed by the two
is a mix between the crystallization ages of the different populationsyroups of step ages (Fig. 2). Therefore, we cannot preclude the pos-
However, it cannot distinguish the effects of varidbde loss or ex-  sibility that our “bulk” plateau ages for the vitric tuff feldspars are
cessPAr. The advantage of the incremental heating technique is thalightly older than the actual age of crystallization, due to a small
several ages are determined for a given sample so that the sevarainponent of exces%Ar released at higher temperatures, and so the
sources of°Ar within the sample (atmospheric, radiogenic, and ex-analysis of the dacite (which shows a single, unambiguous plateau)
cess) can be examined and the possibility of radiog&idoss or  may at this time provide our most accurate crystallization and erup-
addition can be evaluated. tion age (61.4 + 0.6 Ma). It is significant that this age is concordant

We have shown that the incremental heating results from the alvith the low temperature age plateaus from the vitric tuff feldspar
tered tuff feldspars from Unit 35B (Sample 152-917A-23R-3, 35-3%nalyses. This age is also concordant with the 60.7 + )42 age
cm) are consistent with diffusivAr loss. This suggests that some (relative to 27.55 Ma, FCT-3) for plagioclase from a dike exposed

8
S

Depth (mbsf)
a

Figure 3. A plot of the MgO contents of whole-rock samples from Hole
917A (from shipboard X-ray fluorescence) and their corresponding strati-
graphic positions. Note the dramatic compositional change between the
Upper Series and Middle Series. “°Ar-3°Ar plateau ages are shown (in Ma),
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just landward of Site 917, which has been geochemically linked with liable age information has been obtained from the basement lavas at
the Site 917 Lower and Middle Series (M. Storey, pers. comm.). Site 918.

The 61.4 + 0.6 Ma age for the Middle Series lavas, and their re-
versed magnetic polarity, is compatible with assignment to either the Rockall Plateau/Hatton Bank

beginning part of the long Chron C26R or the very youngest part dflole 555

Chron C27R (Berggren et al., 1995). This earliest volcanism at the .
southeast Greenland Margin is approximately contemporaneous with WO of the whole-rock analyses from Hole 555 gave reliable but
the initiation of volcanic activity in West Greenland (Storey et al., inimprecise ages (Table 3). Sample 81-555-69-3,-129 cm, re-
press; Chalmers et al., 1993) and the British Isles (Pearson et /€aled a good four-step plateau age of §7163 Ma and a concor-

1996). dant but imprecise isochron age of 54 &0 Ma. Sample 81-555-90-
2,102-109 cm, gave similar results (plateau 57 3.6 Ma; isochron
Hole 915A 56.0+ 5.4 Ma) but less a precise plateau age due to much higher con-

centrations of atmospherfAr (Fig. 6).

Two samples from the one unweathered lava flow unit (Unit 3) o}é
Hole 915A were analyzed. Plagioclase phenocrysts from Samp ole 553A
152-915A-24R-2, 7834 cm, yielded a disturbed step age spectra
with anomalously old ages (Fig. 4). The old step ages could be dueég
magmatic*®Ar released from the melt inclusions in the plagioclase,

coupled with the low KO content (and therefore low radiogenic . -
o : of 55.0% 2.2 Ma. An isochron made from a regression of four of the
Ar) of the crystals. Because of the low radiogéfde, even small roughly linearly aligned data points gave an age of 56.% Ma, al-

amounts of exces®Ar can affect the calculated age. This |nterpreta-£hough the initialPAr/3Ar intercept (216. 33.0) is well below the

tion assumes that the melt inclusions did not re-equilibrate with aatmospheric ratio, due to the analytical artifact of decreasing age with

mospheric Ar and retained a magmatic Ar composition. increasing temperature. These ages may be approximately correct

Similar patterns are seen in the analyses of inclusion-bearing pla- - ; ;
gioclases from Hole 917A (Units 60 and 68; Samples 152_917A:§1|ven the age of the intercalated sediments at Site 555 but cannot be

55R-4, 49 cm, and 64R-2, 2885 cm). The age spectra from all these considered reliable without further corroboration. Sample 81-553A-

9-3, 6572 cm, gave discordant plateau and isochron ages 0£68.5
samples do not show the saddle shape that the whole-rock sampﬁgi Ma and 38.4 9.6 Ma, respectively.

from the base of the Hole 917A lower series display. Rather, the spec-
tra show discontinuous step ages that do not form a coherent age q'—ﬂile 554A
teau. This difference could be due to the variable release of Ar from

the meltinclusions throughout the step heating. Anisochron c_alculat- The whole-rock analyses from Hole 554A demonstrated very dis-
ed from the Sample 152-915A-24R-2, 78-84 imotope correlation  yrhed age spectra and no isochron information. The steady decrease
diagram gives a poorly constrained age that is within the range ey the step ages with increasing temperature is probably due to the ef-
pected from the lavas (55#414.0 Ma). However, the scatter in the fect of®Ar and¥Ar recoil and redistribution during irradiation. In a
data points used in the linear regression resulted in a high Uncerta'rﬂMe-grained, multimineralic matri®2Ar can be expelled from higher
for the calculated age. The pher_locryst-free groundr_nass from Samq{ezo‘ lower temperature sites into adjacent lows®Khigher tem-
152-915A-24R-2, 78-84 cm, did not show any evidence of excessarature sites (arf@Ar from higher to lower CaO sites). This will re-

Ar, but a coherent age plateau was not generated. The linear arngyit in an age spectrum that displays progressively younger ages with

of the data on a correlation diagram is dispersed and does not give @§greasing temperature, such as that seen in Sample 81-554A-7-4,
isochron. Similarly discordant results were obtained from a wholej1-18 cm (Fig. 6).

rock analysis of Sample 152-915A-25R-1, 9-12 cm (Fig. 3).

Hole 918D DISCUSSION
Southeast Greenland Margin

The whole-rock analyses from Hole 553A show disturbed age
ectra (Fig. 6). Sample 81-553A-46-3, 4183 cm, had one large
step containing about 70% of the tot#ir released that has an age

A whole-rock analysis of the Hole 918D sill (Unit 1; Sample 152-
918D-94R-2, 4247 cm) gave excellent results (Table 2) with identi-  The results from thé&Ar-°Ar incremental heating experiments
cal plateau and isochron ages (51.9.8 Ma and 51.2 1.2 Ma).  show that initial volcanism at the studied portion of the southeast
However, no meaningful results were derived from the whole-rocksreenland Margin began by-632 Ma with the eruption of continen-
and groundmass plagioclase analyses of the two deeper basementddly contaminated lavas and tuffs. However, because no reliable ages
vas that were analyzed. The whole-rock analysis of Unit 11B (Sanwere obtained from the Site 917 upper series lavas, the Site 915 lavas,
ple 152-918D-106R-2, £39 cm) displayed scattered step ages thabr the Site 918 basement lavas, the complete magmatic history of the
reflect an exces¥Ar component (Fig. 5). The groundmass plagio- area must be constrained indirectly. The@®1 Ma age of initial vol-
clase from this sample contained large proportions of atmospher@anism places a maximum age on these intermediate lavas, whereas
“Ar, leading to imprecise ages (plateau age of 4@ Ma and an the 52 Ma age sill at Site 918 is a minimum. What is unknown is
apparent isochron age of 333.9 Ma). However, these ages are too whether or not magmatism was continuous between 62 and 52 Ma or
young given the constraint placed by the age of the overlying sill, anidl there were significant breaks in volcanism. The sediment horizon
the young ages could be due to the effects of alteration. that separates the Site 917 middle series and upper series represents

Analyses of whole-rock and groundmass plagioclase from Unia hiatus, but of unknown duration. The change from evolved, conti-
14 (Sample 152-918D-110R-4,67L cm) yield scattered age spectra nentally contaminated basalts and dacites to slightly contaminated,
(Fig. 5). The whole-rock analysis does not yield a coherent age plaiore “oceanic” olivine basalts and picrites (Fitton et al., this volume)
teau, though a combined total fusion (TF) age (%4178 Ma) gives  also suggests a significant discontinuity. Such a change in volcanism
an age that is plausible given the age of the overlying sill. Thenay have required a dramatic change in the configuration of the man-
groundmass plagioclase did not yield a coherent plateau either, ale melting environment and magmatic plumbing system. However,
though the second step, which had ~45% of the ®Aalreleased, without precise ages for the Site 917 upper series lavas, the duration
has an age of 52:62.0 Ma. Isochrons from both the whole-rock and of the hiatus remains unknown.
groundmass plagioclase can be made from steps that fall in a linear The Sites 915 and 918 basement lavas have MORB-like compo-
array. However, the resulting ages are too young. In summary, no reitions with no evidence of crustal contamination (Fitton et al., this
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Figure 4. Step age spectra and isotope correlation diagrams from 4°Ar-3°Ar incremental heating experiments for Site 915 samples. The thickness of the bar for
each step age in the age spectrum indicates the 20 analytical uncertainty in age.
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Figure 5. Step age spectra and isotope correlation diagrams from 4°Ar-3°Ar incremental heating experiments for Site 918 samples. The thickness of the bar for

each step age in the age spectrum indicates the 20 analytical uncertainty in age.
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Table 3. ©Ar-*Ar plateau and isochron age calculations from the Hatton Bank, DSDP L eg 81.

Core, section, Plateau age Plateau age 39Ar Isochron age 4OAr/3Ar SUMs/

interval (cm) Material by 1/0?(Ma) by %*°Ar (Ma) (% of total) (Ma) N intercept + 10 (N-2)
81-555-69-3, 121-129 Basalt 576+13 581+24 82 51.6+9.0 4 365.2+10.8 2.8
81-555-90-2, 102-109 Basalt 571+56 56.7+11.3 88 56.0+54 3 300.2+9.7 0.5

Notes: Errors for both step age plateaus and isochrons are reported to 20. Ages are corrected for 3’Ar decay; half-life = 35.1 days. A, = 0.581 x 1070yr; A; = 4.962 x 101 0yr% N =

number of steps used in the isochron calculation.

volume). If these reversely magnetized lavas represent the main part
of the SDRS, they may have erupted within Chron 24R (Larsen,
Saunders, Clift, et a., 1994; 53-56 Ma, Berggren et al., 1995), as
long as 5 m.y. after the eruption of the Site 917 lower and middle se-
ries lavas. The last magmatic event in this part of the southeast
Greenland Margin was the formation of the Site 918 sill at 52 Ma.
This age is consistent with the early Eocene age (55-51 Ma) of the
surrounding sediments (Larsen, Saunders, Clift, et al., 1994). The
sill, therefore, places a minimum on the age of submergence.

Rockall Plateau/Hatton Bank

The Leg 81 samples all show disturbed spectra and imprecise
ages. Taken together, the results from the two Site 555 lavas and the
large age step from one of the Site 553 samples indicate a general
eruption age of 55-58 Ma for the southwest Rockall Plateau lavas.
These ages are dlightly older than the K-Ar ages (52.3 + 1.7 Ma and
54.5 + 2.0 Ma) reported by Macintyre and Hamilton (1984). As pre-
viously mentioned, the Rockall Plateau lavas have MORB-like com-
positions (Harrison and Merriman, 1984; Macintyre and Hamilton,
1984), similar to the Sites 915 and 918 lavas, and can be grouped as
an oceanic series. Because we have been unable to obtain reliable ra-
diometric agesfrom the Leg 152 oceanic series, wetentatively assign
these lavas to the period 58-57 Ma based on the compositional sim-
ilarities to the Rockall lavas.

North Atlantic Volcanism

The new radiometric ages can be used to better assess the timing
of volcanic events associated with the opening of the North Atlantic.
Inthefollowing section, the new ages are compared to published ages
for other NAVP localities. However, one should bear in mind some
potential problems with such a comparison. First, there is a notable
lack of reliable radiometric ages for many of the localities. Many of
the K-Ar ages show awide range as aresult of ateration and excess
“Ar (e.g., Noble et a., 1988). Comparison of the radiometric agesto
age estimates derived from fossil assemblages can be problematic.
The numerical age assigned to a specific fossil zone depends on the
time scale that is used. In addition, some of the fossil ages are based
on dinoflagellate assemblages correlated to calcareous nannoplank-
ton (NP) zones, which are then in turn correlated to an absolute age
scale. Thischain of correlations can add significant uncertainty to the
accuracy of the age estimate. In this section, the Berggren et al.
(1995) time scaleis used.

The 61-62 Ma initial age of volcanism for the southeast Green-
land Margin is equivalent to the fossil ages derived from sediments
between the stratigraphically oldest lavasin West Greenland (Larsen
eta., 1992) (Fig. 7). Initial volcanism in West Greenland was char-
acterized by the eruption of picritic lavas (the Vaigat Formation;
Larsen et a., 1992). A nannoplankton assemblage in sediments near
the base of the Vaigat Formation corresponds to Zone NP3 (Fig. 7;

ince (Isles of Mull, Muck, and Eigg) are 60-62 Ma (Musset et al.,
1988; Pearson et al., 1996). Thus, initial NAVP volcanism occurred
in at least three widespread regions (and maybe more) prior to 60 Ma.

Continental breakup and active plate separation in the North At-
lantic occurred well after the initial pulse of magmatism. Seafloor
spreading is recorded to have begun by Anomaly 24R5G3a,
Berggren et al., 1995) and thus postdates the initial volcanic episode
by about 45 m.y. Continental breakup occurred simultaneously with
magmatism that was centralized along the present margins of the
North Atlantic. SDRS lavas associated with this event include the
oceanic series from Leg 152, the Leg 81 (Rockall Plateau) lavas, and
the Hole 642E (Varing Plateau) lavas. Subaerially exposed lavas on
East Greenland also erupted during the second magmatic episode.
The Scoresby Sund area lavas have been radiometrically dated by
4Ar-2Ar incremental heating methods at 56.74.3 Ma (2 error)
(Hansen et al., 1993). The most reliable K-Ar ages from the lavas
near Kangerlussuagq indicate an eruption age €546/a (Noble et
al., 1988). To the north of Kangerlussuaq between 73° and 74°N, la-
vas from the lower part of the volcanic stratigraphy hé&e-Ar
ages of 5857 Ma (Upton et al., 1995).

A compilation of the new radiometric ages presented here, pub-
lished NAVP lava ages, and fossil ages of ash layers in sediments in
the North Sea (Knox and Morton, 1988; Morton et al., 1988) indicate
that the bulk of the province is the product of two distinct pulses of
magmatism, one occurring prior to 60 Ma and the other beginning
around 57 Ma (Fig. 7). Although there are reported radiometric ages
for intrusions formed during the interval between the two pulses
(Mussett et al., 1988), their total volume is relatively minor.

In a pre-drift reconstruction of the North Atlantic (e.g., White,
1992), the initial eruptions occurred up to 2000 km apart. The syn-
chronous formation of the lavas requires a mechanism that induces si-
multaneous volcanism over a wide area and can produce the high
temperature, picritic melts that are observed in West Greenland and
in the Site 917 lower series. In addition to being broadly distributed,
these early volcanic rocks were erupted in different tectonic settings:
West Greenland was adjacent to the opening northern Labrador Sea
(Chalmers, 1991), southeast Greenland was situated in a previously
stable cratonic region (Bridgewater et al., 1976), and the British lavas
were erupted into Mesozoic rift basins (Thompson and Gibson,
1991). The widespread initial volcanism from at least these three lo-
calities may have been the result of the arrival of the Iceland mantle
plume.

A plume impact model (Richards et al., 1989) is one of several
geodynamic models for the NAVP that features a central role for the
Iceland mantle plume. In this model, the arrival of the Iceland plume
head at the base of the lithosphere resulted in widespread volcanism.
Another model (White and McKenzie, 1989) proposes that volcan-
ism was promoted by lithospheric thinning, which allowed upwelling
and decompression melting of asthenosphere previously heated by
the “incubated” mantle plume. According to the latter model, the ear-
liest widespread volcanism in West Greenland and the British Isles is
attributed to localized rifting when the mantle plume arrived. How-

Perch-Nielsen, 1973; Jurgensen and Mikkelsen, 1974, as cited @ver, if volcanism at 6261 Ma were driven by localized lithospheric
Larsen et al., 1992). Dinoflagellate assemblages in sediments assoektension, it is improbable that an area in a previously formed exten-
ated with the lowest lithostratigraphic member of the Vaigat Formasional environment (West Greenland) would experience volcanism at
tion are interpreted to range in age from latest early Paleocene to etire same time as an area of thick, Archean crust (southeast Green-

ly late Paleocene (681 Ma; Larsen et al., 1992). Radiometfi&r-

land). We would anticipate that the thick crust would require a sub-

3Ar ages of some of the earliest lavas from the British Tertiary Provstantial period to thin sufficiently to allow asthenospheric upwelling
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Figure 6. Step age spectra and isotope correlation diagrams from “°Ar-2Ar incremental heating experiments for DSDP Leg 81. The thickness of the bar for each

step age in the age spectrum indicates the 20 analytical uncertainty in age.
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Figure 6 (continued).

and melting. Therefore, the plume incubation model is not consistemjppears to be widespread in the NAVP, and it is probable that the

with widespread, pre-rift initial volcanism. A third model asserts thabulk of the province was formed during two distinct magmatic epi-

a steady-state Iceland mantle plume existed prior to 62 Ma and thatddes. The 6362 Ma initial age of volcanism for the southeast

the differences in the timing of volcanism (i.e., earlier volcanism inGreenland Margin is similar to the age of the older lavas on West

West Greenland relative to East Greenland) are caused by plate m®reenland and northwest Britain. We associate this early stage of

tion over the hot spot (Lawver and Miiller, 1994). This is inconsistenvidespread volcanism with the arrival of the Iceland mantle plume.

with widespread (at least 2000 km broad) volcanic centers-&162 The later lavas of the SDRS and East Greenland began to erupt at

Ma if the Iceland plume was similar to its present size. about 57 Ma during plate separation and are the result of lithospheric
The initial magmatic pulse was limited by the thick continentalthinning and creation of oceanic lithosphere from upwelling of anom-

lithosphere, which could have acted as a cap at 62 Ma and preventadusly hot asthenospheric mantle.

initially larger extents of partial melting and volcanism (e.g., Fram

and Lesher, 1993). It was not until continental separation allowed up-

welling of the mantle (much of it part of the hot plume head) that the ACKNOWLEDGMENTS
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This second phase of magmatism was more extensive than the initial We thank M. Storey, M. Coffin, and A. Saunders for helpful re-

pulse and was centralized along the present margins of the North Atiews. Funding was provided by the JOI U.S. Science Advisory

lantic. Committee.
White (1992) suggested that the northwest-southeast line between
West Greenland and northern Britain indicated that the initial plume REFERENCES

had the form of a rising sheet. The new data support a general north- )
west-southeast trend of initial volcanism, but if the plume were &erggren, W.A., Kent, D.V,, Flynn, J.J., and Van Couvering, J.A., 1985. Cen-
sheet of rising mantle, it was thick and irregularly shaped. Withouée ozoic geochronologyeol. Soc. Am. Bullg6:14071418.

. . L e ] . rggren, W.A,, Kent, D.V., Swisher, C.C., lll, and Aubry, M.-P., 1995. A
information about the timing of the initial volcanism in other parts of revised Cenozoic geochronology and chronostratigralsh@erggren,

the NAVP, an analysis of the shape and extent of the initial plume ,, o Kent, D.V., and Hardenbol, J. (Eds3eochronology, Time Scales
cannot be determined. and Global Stratigraphic Correlation: A Unified Temporal Framework
for an Historical GeologySpec. Publ.—Soc. Econ. Paleontol. Mineral.,
54,
CONCLUSIONS Boulter, M.C., and Manum, S.B., 1989. The Brito-Arctic igneous province
flora around the Paleocene/Eocene boundarkldholm, O., Thiede, J.,
Volcanism at the southeast Greenland Margin began b$%51 ;I‘gylor, £, aIF;,Proc. ?%‘g@gg'- Resultd04: College Station, TX
Ma with the eruption of continentally contaminated lavas. After an_ (©¢€an Drilling Program), :
apparent hiatus, volcanism resumed with the eruption of lavas with 99Water, D., Keto, L., McGregor, V.R., and Myers, J.S., 1976. Archaean

L L . . gneiss complex of Greenland.Escher, A., and Watt, W.S. (Ed$Geol-
negligible crustal contamination and a more MORB-like composi- ogy of GreenlandCopenhagen (Geol. Surv. Greenland)- 2R

tion. Similar oceanic lavas from the southwest Rockall Plateaug own, s., and Downie, C., 1984. Dinoflagellate cyst biostratigraphy of late
which are just south of the conjugate margin to southeast Greenland, pajeocene and early Eocene sediments from Holes 552, 553A, and 555,
gave imprecise ages of 558 Ma. The apparent hiatus in volcanism Leg 81, Deep Sea Drilling Program (Rockall PlatetuRoberts, D.G.,

400



Schnitker, D., et a., Init. Repts. DSDP, 81: Washington (U.S. Govt. Print-
ing Office), 565-579.

Chalmers, JA., 1991. New evidence on the structure of the Labrador Sea/
Greenland continental margin. J. Geol. Soc. London, 148:899-908.

Dagley, P, and Mussett, A. E., 1986. Paleomagnetism and radiometric dating
of the British Tertiary Igneous province: Muck and Eigg. Geophys. J. R.
Astron. Soc., 85:221-242.

Dalrymple, GB., Clague, D.A., Vallier, T.L., and Menard, H.W., 1987. “°Ar/
S9Ar age, petrology, and tectonic significance of some seamounts in the
Gulf of Alaska. In Kesating, B.H., Fryer, P, Batiza, R., and Boehlert, GW.
(Eds.), Seamounts, Islands and Atolls. Geophys. Monogr., Am. Geophys.
Union, 43:297-315.

Duncan, R.A., and Hargraves, R.B., 1990. “°Ar/3°Ar geochronology of base-
ment rocks from the Mascarene Plateau, the Chagos Bank, and the
Maldives Ridge. In Duncan, R. A., Backman, J., Peterson, L.C., et d.,
Proc. ODP, <ci. Results, 115: College Station, TX (Ocean Drilling Pro-
gram), 43-51.

Duncan, R.A., and Hogan, L.G, 1994. Radiometric dating of young MORB
using the “°Ar-3%Ar incremental heating method. Geophys. Res. Lett.,
21:1927-1930.

Eldholm, O., and Grue, K., 1995. North Atlantic volcanic margins: dimen-
sions and production rates. J. Geophys. Res., 99:2955-2968.

Eldholm, O., Thiede, J., Taylor, E., et a., 1987. Proc. ODP, Init. Repts., 104:
College Station, TX (Ocean Drilling Program).

Fram, M.S,, and Lesher, C.E., 1993. Geochemica constraints on mantle
melting during creation of the North Atlantic basin. Nature, 363:712-
715.

Hansen, H., Rex, D.C., Guise, PG, and Brooks, C.K., 1993. “°Ar/*°Ar ages
on Tertiary East Greenland basalts from the Scoresby Sund area. Eos,
74:625.

Harrison, R.K., and Merriman, R.J., 1984. Petrology, mineralogy, and chem-
istry of basaltic rocks: Leg 81. In Roberts, D.G,, Schnitker, D., et al., Init.
Repts. DSDP, 81: Washington (U.S. Govt. Printing Office), 743-774.

Hinz, K., 1981. A hypothesis on terrestrial catastrophes: wedges of very
thick oceanward dipping layers benesth passive margins: their origin and
paleoenvironmental significance. Geol. Jahrb., E22:3-28.

Joron, J.L., Bougault, H., Maury, R.C., Bohn, M., and Desprairies, A., 1984.
Strongly depleted tholeiites from the Rockall Plateau margin, North
Atlantic: geochemistry and mineralogy. In Roberts, D.G, Schnitker, D.,
et a., Init. Repts. DSDP, 81: Washington (U.S. Govt. Printing Office),
783-794.

“OAr-3%Ar AGESOF LAVAS

Lawver, L.A., and Miller, R.D., 1994. Iceland hotspot traGeology,
22:311314.

LeHuray, A.P., and Johnson, E.S., 1989. Rb-Sr systematics of Site 642 volca-
nic rocks and alteration minerals. Eldholm, O., Thiede, J., Taylor, E.,
et al.,Proc. ODP, Sci. Results, 104: College Station, TX (Ocean Drilling
Program), 437448.

Macintyre, R.M., and Hamilton, P.J., 1984. Isotopic geochemistry of lavas
from Sites 553 and 558 Roberts, D.G., Schnitker, D., et ahit. Repts.

DSDP, 81: Washington (U.S. Govt. Printing Office), 7#781.

Morton, A.C., Evans, D., Harland, R., King, C., and Ritchie, D.K., 1988.
Volcanic ash in a cored borehole W of the Shetland Islands: evidence for
Selandian (late Paleocene) volcanism in the Faeroes regidforton,

A.C., and Parson, L.M. (EdsBarly Tertiary Vol canism and the Opening
of the NE Atlantic. Geol. Soc. Spec. Publ. London, 2889.

Mussett, A.E., 1986%°Ar-%Ar step-heating ages of the Tertiary igneous
rocks of Mull, ScotlandJ. Geol. Soc. London, 143:887896.

Mussett, A.E., Dagley, P., and Skelhorn, R.R., 1988. Time and duration of
activity in the British Tertiary Igneous Provinde Morton, A.C., and
Parson, L.M. (Eds.Early Tertiary Volcanism and the Opening of the NE
Atlantic. Geol. Soc. Spec. Publ. London, 3348.

Noble, R.H., Macintyre, R.M., and Brown, P.E., 1988. Age constraints on
Atlantic evolution: timing of magmatic activity along the E Greenland
continental marginkn Morton, A.C., and Parson, L.M. (EdsBarly Ter-
tiary Volcanism and the Opening of the North Atlantic. Geol. Soc. Spec.
Publ. London, 204214.

Pearson, D.G., Emeleus, C.H., and Kelley, S.P., 1996. Pféaigé’Ar age
for the initiation of Palaeogene volcanism in the Inner Hebrides and its
regional significancel. Geol. Soc. London, 153:815-818.

Perch-Nielsen, K., 1973. Danian and Campanian/Maastrichtian coccoliths in
a volcanic province, West Greenlamill. Geol. Soc. Den., 22:79-82.

Richards, M.A., Duncan, R.A., and Courtillot, V.E., 1989. Flood basalts and
hot-spot tracks: plume heads and teé#tsence, 246:103-107.

Richardson, C., Oakley, P.J., and Cann, J.R., 1984. Trace and major element
chemistry of basalts from Leg 8th Roberts, D.G., Schnitker, D., et al.,
Init. Repts. DSDP, 81: Washington (U.S. Govt. Printing Office), 795
806.

Roberts, D.G., Schnitker, D., et al., 1984t. Repts. DSDP, 81: Washington
(U.S. Govt. Printing Office).

Schénharting, G., and Abrahamsen, N., 1989. Paleomagnetism of the volca-
nic sequence in Hole 642E, ODP Leg 104, Vgring Plateau, and correla-
tion with early Tertiary basalts in the North Atlantlo. Eldholm, O.,

Jurgensen, T., and Mikkelsen, N., 1974. Coccoliths from volcanic sediments Thiede, J., Taylor, E., et aProc. ODP, ci. Results, 104: College Sta-

(Danian) in Nugssuaq, West GreenlaBdll. Geol. Soc. Den., 23:225
230.

Kharin, G.N., Udintsev, G.B., Bogatikov, O.A., Dmitriev, J.l., Raschka, H.,
Kreuzer, H., Mohr, M., Harre, W., and Eckhardt, F.J., 1976. K/Ar age of
the basalts of Norwegian-Greenland Sea, DSDP Le¢n3Balwani, M.,
Udintsev, G., et allnit. Repts. DSDP, 38: Washington (U.S. Govt. Print-

ing Office), 755759.

Knox, R.W., and Morton, A.C., 1988. The record of early Tertiary N Atlantic
volcanism in sediments of the North Sea BalinMorton, A.C., and

Parson, L.M. (Eds.)Early Tertiary Volcanism and the Opening of the
Northeast Atlantic. Geol. Soc. Spec. Publ. London, 39:4079.

Lanphere, M.A., and Dalrymple, G.B., 1976. |dentification of exé&&sby
the °Ar/®°Ar age spectrum techniquEarth Planet. Sci. Lett., 32:14F
148.

————,1978. The use dPAr/*Ar data in evaluation of disturbed K-Ar

systemsln Zartman, R.E. (Ed.ghort Papers of the Fourth International

Conference, Geochronology, Isotope Geology. Open-File Rep.—U.S.

Geol. Surv., 78-701:24243.

Lanphere, M.A., Dalrymple, G.B., Fleck, R.J., and Pringle, M.S., 1990. Inter-
calibration of mineral standards for K-Ar afAr-3°Ar age measure-

ments.Eos, 71:1658.

tion, TX (Ocean Drilling Program), 93920.
Storey, M., Duncan, R.A., Pedersen, A.K., Larsen, L.M., and Larsen, H.C., in
pressAAr-3%Ar geochronology of the West Greenland Tertiary volcanic
province.
Talwani, M., and Eldholm, O., 1977. Evolution of the Norwegian-Greenland
Sea.Geol. Soc. Am. Bull., 88:969-999.
Talwani, M., Udintsev, G, et al., 197Bit. Repts. DSDP, 38: Washington
(U.S. Govt. Printing Office).
Taylor, P.N., and Morton, A.C., 1989. Sr, Nd, and Pb isotope geochemistry of
the upper and lower volcanic series at Site 64ZEldholm, O., Thiede,
J., Taylor, E., et alProc. ODP, ci. Results, 104: College Station, TX
(Ocean Drilling Program), 42935.
Thompson, R.N., and Gibson, S.A., 1991. Subcontinental mantle plumes,
hotspots and pre-existing thinspatsGeol. Soc. London, 147:973-977.
Upton, B.G.J., Emeleus, C.H., Rex, D.C., and Thirlwall, M.F., 1995. Early
Tertiary magmatism in NE Greenlandl.Geol. Soc. London, 152:959
964.
Vogt, P.R. and Avery, O.E., 1974. Detailed magnetic surveys in the northeast
Atlantic and Labrador Sed. Geophys. Res., 79:363-389.
White, R.S., 1992. Magmatism during and after continental bredk§io-
rey, B.C., Alabaster, T., and Pankhurst, R.J. (Ed&matism and the

Larsen, H.C., and Jakobsdéttir, S., 1988. Distribution, crustal properties and Causes of Continental Breakup. Geol. Soc. Spec. Publ. Londor;15.
significance of seaward-dipping sub-basement reflectors off East GreeWhite, R.S., and McKenzie, D., 1989. Magmatism at rift zones: the genera-

land.In Morton, A.C., and Parson, L.M. (EdsEgrly Tertiary Volcanism

and the Opening of the Northeast Atlantic. Geol. Soc. Spec. Publ. Lon-

don, 39:95114.
Larsen, H.C., Saunders, A.D., Clift, P.D., et al., 199dbc. ODP, Init.
Repts., 152: College Station, TX (Ocean Drilling Program).

tion of volcanic continental margins and flood basadlt§&eophys. Res.,
94:7685-7729.

Larsen, L.M., Pedersen, A.K., Pedersen, GK., and Piasecki, S., 1992. Timing
and duration of Early Tertiary volcanism in the North Atlantic: new evi- L .
dence from West Greenlandn Storey, B.C., Alabaster, T., and Dateofinitial receipt: 31 July 1995
Pankhurst, R.J. (Eds)agmatism and the Causes of Continental Break- Date of acceptance: 23 May 1996
up. Geol. Soc. Spec. Publ. London, 68:3233. Ms152SR-234

401



C.W. SINTON, R.A. DUNCAN

SDRS
S o
3E 5 5
5 ke
50-13 % g S (%83
51 {12 ol O ks 5 £
23| & % o % §<
52 - gl= g 2 o
S £
8 O T
53 {11 g 2" % LS g wW s
54110 2] & g
2 O
-—-25n GJ o \77\
2
5748 & |
53 MM26n| 85 "
6 i ISR u
59 A g
5 -
60 _—
4 = 2!
611 mmom| g ”
Q
62 - 3 % D
63 - 28n| T
64 2 3

D Radiometric age D Fossil age

Figure 7. Compilation of new radiometric ages presented in this paper and published ages from West Greenland (Larsen et al., 1992), East Greenland (Noble ¢
al., 1988; Hansen et al., 1993; Upton et al., 1995), northwest Britain (Dagley and Mussett, 1986; Mussett, 1986), the Varing Plateau (Boulter and Manum,
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