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ABSTRACT

Results of 40Ar–39Ar Ar dating constr ain the age of the subm erged volcanic succession, part  of the seawar d-dip ping r eflector
sequence of the  Southeast Gr eenland  volcanic rift ed margin, r ecovered du r ing Leg 163. At the  63°N dri lling tra nsect, the  fully
normally  magnetized volcanic units at Holes 989B (Unit 1) and 990A (Units 1  and 2) are  dated at 57.1 ± 1.3 Ma  and 55.6 ± 0.6
Ma, respectively. This cor re lates with  a common magnetochro n, C25n. The underlying, reverse ly magnetized lavas at  Hole
990A (Units 3–13) yield an avera ge age of 55.8 ± 0.7 Ma a nd may corr elate with C 25r. The argon data, however, are a lso con-
sistent with  eru ption of  the  lavas at Site  990 during the very earli est portion  of C24. If so, the normally  polarized units have to
be cor r elated to a cryptochron ( e.g., C24r-11 at ~55.57 Ma). The lavas at Holes 989B and 9 90A have typical oceanic composi-
tions, implying that final plate separa tion between Greenland and nor thwest Eur ope took place at ~56 Ma. The age for Ho le
989B lava is younger than expected from the seismic interpr etations, posing questions about  the stru ctur al evolution of the mar-
gin. An age of 49.6 ± 0.2 Ma f or t he basaltic lava at Site 9 88 (~66°N) points to the  impor tance of postbr eakup tholeiitic magma-
tism at the r ifted ma rgin.

Together  with  results from L eg 152, a vir tually complete time  frame  for ~12 m.y. of pr e-, syn-, and postbr eakup volcanism
during ri fted margin evolution in  Southeast Gr eenland can n ow be assembled. This time fr ame includes continental type volca-
nism at ~6 1–60 Ma, synbr eakup volcanism beginning at ~57 M a, and postbr eakup volcanism at ~49.6 Ma. These discr ete time
windows coincide with distin ct periods of tholeiitic m agmatism f r om the onshor e East Gr eenland Tertiary Ig neous Pro vince
and is consistent with  discrete ma ntle-melting events trig gered by plume arrival (~ 61–60 Ma) under ce ntral Gree nland, conti-
nental breakup (~57–54 Ma), and passage of the plume axis beneath the  East Gr eenland r ifted margin after br eakup (~50–49
Ma), r espectively.
INTRODUCTION

Pr ecise chr onology of lar ge continental flood basalt provinces is
pivotal in assessing mantle-melting systema tics, volcanic  product iv-
ity, and lithosphere dynamics o f continental rift ing and even tua
bre akup. The cata str ophic eru ption of many continental flood basa
provinces in less than a fe w million years, sometimes linked to mass-
extinction events through Earth’s history, for example, is taken as
evidence of the arrival of a mantle plume at the base of the litho-
sphere (Duncan and Richards, 1991; Hofmann et al., 1997; Renne
and Basu, 1991; Storey et al., 1995).

During the Ocean Drilling Program (ODP) Legs 152 and 163, we
sampled the early Tertiary volcanic succession forming the seaward-
dipping reflector sequence (SDRS), which erupted onto the South-
east Greenland volcanic rifted margin during the breakup of Green-
land from northwest Europe (Duncan, Larsen, Allan, et al., 1996;
Larsen and Saunders, 1998; Larsen et al., 1994; Saunders et al.,
1998). Two transects were originally designed to sample the volca-
nic succession at ~560 km (63°N) and ~220 km (66°N) south of the
Greenland-Iceland-Faeroes ridge, the presumed axis of the ancestral
Iceland mantle plume (~68°N) (Fig. 1). The transect at 63°N was
drilled during Leg 152 and comprises a virtually complete section of
prebreakup sediments, volcanics (SDRS), and overlying postbreak-
up sediments (Larsen and Saunders, 1998; Larsen, Saunders, Clift,
et al., 1994; Saunders et al., 1998). 
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The purpose of Leg 163 was to drill into the SDRS and the
underlying continental basement at the transect at 66°N, in addition to
complementary sampling at the 63°N transect. However, because of
technical and meteorological difficulties, sampling at the 66°N
transect remained limited (Duncan, Larsen, Allan, et al., 1996). Here
we present the results of 14 40Ar–39Ar incremental heating experi-
ments on whole rock and plagioclase from samples recovered at the
63°N and the 66°N transect during Leg 163. Including the results of a
parallel paleomagnetic study (Duncan, Larsen, Allan, et al., 1996;
Hooper et al., Chap. 10, this volume) and the results of Leg 152 geo-
chronology and magnetic stratigraphy (Jolley, 1998; Larsen and Saun-
ders, 1998; Larsen, Saunders, Clift, et al., 1994; Sinton and Duncan,
1998; Vandamme and Ali, 1998; Werner et al., 1998), a virtually com-
plete time frame for pre-, syn-, and postbreakup volcanism for the
Southeast Greenland volcanic rifted margin (63°Ν–66°N) is dis-
cussed.

SUMMARY OF LEG 152 RESULTS

During Leg 152, six sites were drilled on a transect at ~63°N across
the Southeast Greenland volcanic rifted margin (Larsen, Saunders,
Clift, et al., 1994) (Fig. 2). Volcanic basement material was recovered
at three of these sites; the most inland hole (Hole 917A) penetrated
~779 m of lava from the featheredge of the SDRS, and the more sea-
ward holes (Holes 915A and 918D), placed within the main SDRS se-
ries, penetrated ~20 and ~110 m of lavas, respectively. The lava suc-
cession at Hole 917A has been subdivided into a Lower, Middle, and
Upper Series on the basis of flow morphology, petrography, and
geochemistry (Larsen, Saunders, Clift, et al., 1994). The Lower and
Middle Series tend to consist of thick flows (>10 m) that display
evolved basaltic to andesitic compositions with high Ce/Y, elevated
87Sr/86Sr, and/or low 143Nd/144Nd relative to Bulk Earth, pointing to
substantial crustal contamination and fractional crystallization in large
53
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Figure 1. Map showing the distribution of seaward-dipping reflector sequences, onshore flood basalts, layered gabbro intrusions, and oceanic drill sites in the
northeast Atlantic. The age of the oceanic crust is portrayed by its seafloor magnetic anomalies (e.g., A24). Also shown is the Caledonian front. FIGR = Faeroe-
Iceland-Greenland ridge (hot spot track); JMFZ = Jan Mayen Fracture Zone. Modified after Larsen and Saunders (1998).
magma reservoirs at depth (Fitton et al., 1998a; Fitton et al., 1998b;
Larsen, Saunders, Clift, et al., 1994; Saunders et al., 1998). We refer
in the following to these lavas as continental type. The Upper Series,
which is physically separated from the underlying Middle Series by
a 70-cm-thick sandstone, records a marked change in the general
eruption style from the thick flows in the Lower and Middle Series to
thinner pahoehoe flows (Larsen, Saunders, Clift, et al., 1994). The la-
vas of the Upper Series are primitive olivine accumulative picrites
and basalts, some originating from true high-MgO liquids, showing
light rare earth element (REE) depletion and other compositional
54
characters close to oceanic basalts (Fitton et al., 1998a; Fitton et al.,
1998b; Larsen, Saunders, Clift, et al., 1994; Thy et al., 1998). In the
following, these lavas are referred to as transitional-to-oceanic type.
The more seawardly occurring lavas recovered at Holes 915A and
918D have restricted basaltic compositions with 6.8–8.4 wt% MgO
and trace element compositions similar to light REE-depleted basalts
in Iceland (Fitton et al., 1998b) and mid-ocean ridge basalts. We refer
to these basalts as oceanic type. Many of the basalts from Holes 915A
and 917A show isotopic evidence for slight crustal contamination,
but the basalts at Hole 918D are unmodified by continental crust and
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Figure 2. A. Location of drill sites visited during Legs 152 (Sites 914–919) and 163 (Sites 989 and 990) along the transect at 63°N shown in a shallow crustal
seismic section, located on the Southeast Greenland continental shelf. B. Details of the inner drill sites located ~41–55 km off the coastline. The volcanic units
of the seaward-dipping reflector sequences are subdivided by series. LS = Lower Series, MS = Middle Series, US = Upper Series. See text for explanations.
Modified after Larsen and Saunders (1998). 
have isotopic compositions akin to the most depleted basalts in Ice-
land (Fitton et al., 1998a). Although the degree of crustal contamina-
tion decreases drastically from the Lower and Middle Series to the
Upper Series at Site 917, and decreases further at Site 915, it is evi-
dent that the basalts at these two sites erupted through continental
crust (Fitton et al., 1998a; Larsen and Saunders, 1998; Saunders et al.,
1998), which is consistent with the seismic crustal structure at this
transect (Larsen et al., 1998). The temporal change in the amount of
crustal contamination is accompanied by changes in trace element ra-
tios that are sensitive to the mean depth and degree of mantle melting,
but relatively insensitive to contamination. For example, a secular de-
crease in Zr/Sc and Hf/Lu from the Lower and Middle Series (conti-
nental type), through the Upper Series (transitional-to-oceanic type)
to the lavas at Sites 915 and 918 (oceanic type) point to a decrease in
the mean depth of mantle melting accompanied by an increase in the
degree of melting related to the thinning and stretching of the conti-
nental lithosphere during continental breakup (Fitton et al., 1998b;
Fram et al., 1998).

The age of the volcanic succession drilled during Leg 152 is con-
strained from radiometric 40Ar–39Ar dating, paleomagnetic data, and
palynological data. The results of 40Ar–39Ar geochronology for sam-
ples seemingly uncontaminated with excess 40Ar yield virtually indis-
tinguishable ages between 61.4 ± 1.0 and 60.1 ± 0.2 Ma for six lavas
and tuffs of the Lower and Middle Series, although two other samples
of the Middle Series gave outlying ages of 62.4 ± 0.5 and 62.9 ± 0.4
Ma (Sinton and Duncan, 1998; Werner et al., 1998) (all previously
published argon ages are adjusted to 27.84 Ma for the FCT-3 biotite
monitor to be consistent with ages reported here and the time scale of
Berggren et al., 1995). The lavas of the Lower and Middle Series are
reversely magnetized but include two magnetic excursions to low
negative or positive inclinations that are interpreted as cryptochrons,
pointing to correlation with C26r (60.9–57.9 Ma), consistent with the
majority of the argon ages (Larsen and Saunders, 1998; Vandamme
and Ali, 1998). Reliable radiometric ages were not obtained for the
reversely magnetized lavas of the Upper Series at Holes 917A, 915A,
or 918D. The ages of these lavas, however, are constrained by (1) the
age of the sediments overlying Site 918 dated to C23r (52.4–51.7 Ma)
from palynological data (Jolley, 1998), (2) a concordant 40Ar–39Ar
age of 52.5 ± 0.8 Ma for a trace element–enriched sill crosscutting the
overlying sediments at Site 918 (Sinton and Duncan, 1998), and (3)
the recognition of spreading Anomaly C24n.3n (53.3–52.9 Ma) <~50
km seaward of Site 918 (Larsen and Saunders, 1998). This proves
that the main SDRS lavas represented by the Upper Series at Sites
917, 915, and 918 are of C24r age or older (i.e., older than ~53 Ma).

One of the main goals of Leg 163 was to return to the transect at
63°N to retrieve additional material of the volcanic succession to
complement the results of Leg 152. Site 990 was designed to recover
material from the stratigraphic section between Hole 915A and the
Upper Series of Hole 917A (Fig. 2) aiming, among other things, to
obtain suitable material for 40Ar–39Ar dating. Site 989, the most west-
erly site at the 63°N transect, was planned to be drilled down to the
most landward volcanics within the featheredge of the SDRS and to
reach the basement underlying the volcanics. According to the seis-
mic stratigraphic interpretation (Fig. 2), the lava succession at Site
989 predates the Lower Series at Site 917 and, potentially, could rep-
resent the oldest volcanics at the 63°N transect.
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SAMPLES AND ANALYSIS

The sampled lava flows at 63°N (Holes 989B and 990A) and
66°N (Hole 988A) are typical tholeiitic basalts with plagioclase, aug-
ite, glass/mesostasis (now replaced), Fe-Ti oxides, and occasional
olivine in the groundmass (Duncan, Larsen, Allan, et al., 1996). Phe-
nocrysts, when present, are either plagioclase alone or plagioclase,
augite, and olivine. Samples for dating were selected from the mas-
sive, least altered, least vesiculated, and best crystallized (coarsest
grain size) parts of the volcanic units, avoiding secondary veins when
possible. Because of the low to moderate content of K2O (0.24–0.47
wt%), which mainly resides in the groundmass, and given the fine- to
very fine-grained nature of the sampled volcanic units, we have pri-
marily dated whole-rock minicores (0.5–0.7 g). In total, 12 minicores
and two plagioclase separates were analyzed. The plagioclase sepa-
rates were prepared by crushing, sieving (100–500 µm fraction),
cleaning in a deionized pure-water concentration using a magnetic
Frantz separator, and, finally, by microscopic verification of the pu-
rity.

Ages were obtained by 40Ar–39Ar incremental heating experi-
ments carried out at Oregon State University, using an AEI MS-10
mass spectrometer for the whole-rock minicores, and a MAP 215-50
mass spectrometer for plagioclase (Duncan, 1991; Duncan and Har-
graves, 1990; Sinton and Duncan, 1998). Samples and the FCT-3 bi-
otite monitor were wrapped in Cu foil, stacked in a quartz tube, evac-
uated, and irradiated with fast neutrons for 6 hr in the core of the
TRIGA reactor at Oregon State University. Ages are reported relative
to 27.84 ± 0.12 Ma for the FCT-3 biotite, which allows direct com-
parison of radiometric ages with the time scale of Berggren et al.
(1995). The measured argon isotopes (40Ar, 39Ar, 38Ar, 37Ar, and 36Ar)
were corrected for interfering nuclear reactions on Ca, K, and Cl
(McDougall and Harrison, 1988) and for mass fractionation. Appar-
ent ages for each temperature step (50°–200°C intervals) were calcu-
lated assuming an initial atmospheric 40Ar/36Ar value of 295.5, and
reported uncertainty (1σ) includes analytical uncertainty and the un-
certainty in the age of the monitor. Apparent plateau ages are defined
when three or more consecutive step ages agree within analytical un-
certainty (1σ) and contain a minimum of 50% of the 39Ar released be-
tween 600°–1400°C. Apparent plateau ages are the average of step
ages weighted by the inverse of their variance (1σ). The inverse iso-
tope correlation diagram (36Ar/40Ar vs. 39Ar/40Ar), fitted by least-
squares regression, is used to assess the origin of 40Ar in a sample
(Roddick, 1978). In the ideal case, where the isochron age calculated
using plateau steps agrees with the apparent plateau age and the 36Ar/
40Ar intercept is within 1σ uncertainty of the atmospheric ratio (40Ar/
36Ar = 295.5), the apparent plateau age is considered a true cooling
age. The goodness of fit (MSWD, or SUMS/[N–2] where N = number
of steps) indicates if the scatter about the regression line is solely an-
alytical (e.g., SUMS/[N–2] <2.5) or implies geological disturbance of
the measured argon isotopes (McDougall and Harrison, 1988).

Paleomagnetic data have been obtained for all the drilled flow
units. Shipboard paleomagnetic measurements were given in the Leg
163 Initial Reports volume (Duncan, Larsen, Allan, et al., 1996).
These results have later been confirmed by shore-based measure-
ments, including analysis of natural remanent magnetization, mag-
netic susceptibility, and anisotropy of magnetic susceptibility, sum-
marized in a data report (Hooper et al., Chap. 10, this volume). The
measured argon ages are calibrated to the magnetostratigraphy of
Berggren et al. (1995). We also discuss possible correlations with
cryptochrons, which are short magnetic excursions (tiny wiggles) in
otherwise reversely magnetized magnetochrons identified in fast-
spreading ocean basins (Cande and Kent, 1992, 1995). 
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RESULTS

Hole 988A

Two volcanic units were recovered at this site, of which only Unit
1 is suitable for radiometric dating (Duncan, Larsen, Allan, et al.,
1996). Unit 1, a ~20-m-thick plagioclase-pyroxene-olivine-phyric
basaltic lava flow with reverse magnetic polarity, has the highest K2O
content (0.41–0.47 wt%) and is the freshest volcanic unit sampled
during Leg 163. The dating results of three whole rocks and one pla-
gioclase separate yielded identical plateau ages within error (Table 1;
Fig. 3). The weighted average of 49.6 ± 0.2 Ma is taken as the best
estimate of age and uncertainty and is correlative with eruption dur-
ing C22r (50.8–49.7 Ma).

Hole 989B

The two volcanic units with normal magnetic polarity recovered
at this site include an unusually thick (>69 m) compound flow (Unit
1) and the upper portion of the underlying flow (Unit 2) (Duncan,
Larsen, Allan, et al., 1996). Two whole-rock samples from the mas-
sive, very fine-grained, aphyric lava of Unit 1 with low potassium
content (0.24–0.29 wt% K2O) yielded indistinguishable plateau ages
within error (Table 1; Fig. 3); the weighted average age is 57.1 ± 1.3
Ma. Dating of the massive, sparsely to moderately plagioclase-phyric
Unit 2 failed because of a lack in a consistent plateau. The normal
magnetic polarity of these lavas (Hooper et al., Chap. 10, this vol-
ume) implies correlation with C26n (57.9–57.6 Ma) or C25n (56.4–
55.9 Ma). 

Hole 990A

The 13 igneous flow units recovered at this site record a magnetic
reversal from the reversely magnetized flow Units 3–13, at the base
of the core, to normal magnetization, within the uppermost two flow
units (Units 1 and 2) (Duncan, Larsen, Allan, et al., 1996; Hooper et
al., Chap. 10, this volume). Two whole-rock samples from the mod-
erately potassic (0.34–0.42 wt% K2O), plagioclase-pyroxene-oliv-
ine-phyric basalt of Unit 1 yielded identical plateau ages within error
(Table 1; Fig. 3) with a weighted average of 55.6 ± 0.6 Ma. This age

Table 1. 40Ar–39Ar incremental heating ages for basalt and plagioclase.

Notes: Ages are reported relative to biotite monitor FCT-3 (27.84 ± 0.12 Ma), which is
calibrated against hornblende Mmhb-1 (520.4 Ma; Samson and Alexander, 1987).
Plateau ages are the mean of concordant step ages (N = number of steps), weighted
by the inverse of their variances. Calculations use the following decay and reactor
interference constants: λε = 0.581 × 10–10 yr–1, λß = 4.963 × 10–10 yr–1; (36Ar/37Ar)Ca
= 0.000264, (39Ar/37Ar)Ca = 0.000673, (40Ar/39Ar)Ca = 0.01. PL = plagioclase sepa-
rate, WR = whole rock.

Plateau Isochron

Sample Number

39Ar
(%)

Age ± 1σ
(Ma)

Age ± 1σ
(Ma) 

Intercept ± 1σ Sum/
(N–2) N

163-988A-
3R-2, 70-76 PL 80 49.4 ± 0.3 47.5 ± 1.8 349.7 ± 18.5 1.25 6
3R-3, 17-22 WR 100 49.4 ± 0.5 49.8 ± 1.2 295.4 ± 3.6 1.76 6 
3R-3, 17-22 WR 74 51.1 ± 1.0 50.0 ± 2.2 302.7 ± 9.5 0.51 4
3R-3, 17-22 WR 96 49.7 ± 0.3 47.3 ± 1.6 325.5 ± 11.3 1.56 5

163-989B-
4R-2, 102-10 WR 100 57.1 ± 1.4 54.1 ± 1.2 297.4 ± 1.2  0.96 6
5R-2, 28-33 WR 89 57.1 ± 3.8 57.9 ± 3.8 296.9 ± 2.6 1.17 5
11R-1, 138-143 WR No plateau developed (recoil release pattern)

163-990A-
3R-1, 56-60 WR 100 56.2 ± 1.3 54.8 ± 2.2 297.4 ± 2.6 1.00 6
7R-2, 50-56 WR  90 55.4 ± 0.7 55.1 ± 0.7 283.4 ± 6.9 0.68 5
16R-3, 88-91 WR No plateau developed (recoil release pattern)
16R-4, 7-11 WR 82 56.0 ± 0.9 55.0 ± 1.0 296.6 ± 1.6 0.29 5
17R-3, 104-109 WR 79 55.5 ± 2.2 54.8 ± 2.3 296.0 ± 1.8 0.48 4
17R-4, 24-28 PL No plateau 

developed
56.1 ± 2.9 362.0 ± 27.0 1.85 6

19R-5, 21-26 WR 65 55.2 ± 1.4 57.1 ± 1.7 293.6 ± 3.0 1.70 4
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Figure 3. Representative results of 40Ar–39Ar incremental heating experiments. Shown are the age spectra and inverse isochron correlation diagram. See text and
Table 1 for analytical details and further results.
is consistent with eruption during C25n (56.4–55.9 Ma). We note the
next normally magnetized time intervals on either side of C25n,
namely C24n.3n (53.3–52.9 Ma) and C26n (57.9–57.6 Ma), both de-
viate by >1 m.y. from the age range permitted by the 1σ analytical
uncertainty. Alternatively, however, it is possible that the normally
magnetized lavas formed during a cryptochron that reflects a short
excursion to normal polarization within a reversely magnetized mag-
netochron (Cande and Kent, 1992). Cryptochrons are plenty in C24r
(e.g., C24r-11 at 55.574–55.565 Ma) (Cande and Kent, 1995). If
these minor excursions in the magnetic field can really result in a
complete change of the polarity with high inclination and high inten-
sity, which is the case for the normally magnetized lavas in Units 1
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and 2 of Hole 990A (Duncan, Larsen, Allan, et al., 1996; Hooper et
al., Chap. 10, this volume), then the correlation of these lavas with
one of the earliest cryptochrons in C24r (e.g., C24r-11) is an equal al-
ternative to C25n. We note that the 9000-yr-long C24r-11 (Cande and
Kent, 1995) easily permits the emplacement of two lava flows with
an apparent average eruption frequency of ~670 yr (Larsen and Saun-
ders, 1998). It is also noticeable that correlation with C24r-11 would
fit the radiometric data strikingly well, although this precision really
is beyond the resolution of argon dating in early Tertiary rocks.

For the underlying, reversely magnetized aphyric to highly ol-
ivine or plagioclase-augite-olivine phyric lava succession, four
whole rocks and one plagioclase separate were analyzed from mod-
erately potassic (0.33–0.41 wt% K2O) samples. The isochron age for
the plagioclase separate (plateau not developed) and three whole-
rock plateau ages (representing Units 4, 5, and 7) yielded identical
ages within error (Table 1; Fig. 3). The weighted average of 55.8 ±
0.6 Ma is taken as the best estimate of age and uncertainty for these
lavas. Their reverse magnetization and stratigraphic position suggest
correlation with C25r (57.6–56.4 Ma). Alternatively, if the normally
polarized Units 1 and 2 are correlated to cryptochron C24r-11, the re-
versely lava Units 3–13 could have erupted during the earliest portion
of C24r between 55.90–55.57 Ma, in good agreement with the radio-
metric data. The weighted average of all analyzed samples from Hole
990A is 55.7 ± 0.5 Ma, close to the boundary between C25 and C24
at 55.9 Ma.

DISCUSSION

Age and Lava Stratigraphy at 63°N

Figure 4 shows a revised interpretation of the lava stratigraphy at
63°N based on new constraints from 40Ar–39Ar dating, magneto-
stratigraphy, and geochemistry from Leg 163, in addition to the pre-
viously established lava stratigraphy for Leg 152 (summarized in fig.
5 of Larsen and Saunders, 1998). The oldest radiometrically dated
volcanic rocks are the ~61–60 Ma Lower and Middle Series conti-
nental type lavas at Site 917 (Sinton and Duncan, 1998; Werner et al.,
1998). The next-oldest dated rocks are the ~57–55 Ma lavas from
Holes 989B and 990A. The presence of normally polarized lava units
from Holes 989B and 990A, the only normally polarized lavas recov-
ered during Legs 152 and 163, and indistinguishable radiometric ages
within analytical error (57.1 ± 1.3 and 55.6 ± 0.6 Ma), strongly sug-
gest correlation with a common normal polarity interval, C25n (56.4–
55.9 Ma). In the results section we discussed the possible correlation
of the normally polarized lavas at Site 990 with cryptochron C24r-11,
but we note that this correlation is outside the 1σ age range for the
normally polarized lavas at Site 989. The correlation of the normally
polarized lavas at Sites 989 and 990 to a common magnetochron is
supported by their close compositional relation (both belong to the
oceanic type lavas) (Larsen et al., Chap. 7, this volume; Saunders et
al., Chap. 8, this volume) and their apparent identical magnetic prop-
erties (Duncan, Larsen, Allan, et al., 1996; Hooper et al., Chap. 10,
this volume). Admittedly, however, we can not strictly rule out the
possibility that the normally polarized lavas at Site 989 correlate with
C26n or C25n, whereas the normally polarized lavas at Site 990 cor-
relate with a cryptochron in C24r (e.g., C24r-11).

The Upper Series of Hole 917A unfortunately remains undated
because of a lack of suitable material (Sinton and Duncan, 1998) and
a lack of stratigraphic (Fig. 2) and major element compositional over-
lap with the presumed overlying lavas at Site 990A (Duncan, Larsen,
Allan, et al., 1996). Compositionally, the Upper Series belongs to the
transitional-to-oceanic type lavas (Fitton et al., 1998b; Saunders et
al., 1998) consistent with eruption prior to the oceanic type lavas at
Site 990A. Evidence from the geochemistry of the two lava succes-
sions, in particular the detailed trace element study of Fram et al.
(1998), shows that one of two interfingering geochemical groups
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within the upper portion of the Upper Series is continuous with the
lavas at Holes 915A and 918D, linked through temporal changes in
mantle-melting conditions. This inference suggests the lavas of the
Upper Series erupted shortly before those at Holes 915A/990A, most
likely during C25r (57.6–56.4 Ma). We thus agree with Larsen et al.
(1994), Sinton and Duncan (1998), and Larsen and Saunders (1998)
that there seems to be a major hiatus in volcanism between the Mid-
dle and Upper Series of Hole 917A. This view is supported by the
presence of a sedimentary unit at this level and a fundamental com-
positional change from continental type lavas in the Middle Series to
transitional-to-oceanic type basalts in the Upper Series (Fitton et al.,
1998b; Fram et al., 1998; Larsen, Saunders, Clift, et al., 1994; Saun-
ders et al., 1998).

The age (57.1 ± 1.3 Ma) and composition (oceanic type) of the la-
vas recovered from Hole 989B was unexpected and poses new ques-
tions about the structure and evolution of the rifted margin. The cur-
rent seismic interpretation suggests the lavas at Site 989 erupted prior
to the 61–60 Ma Lower and Middle Series at Site 917 (Larsen and
Duncan, 1996; Larsen and Saunders, 1998). If Hole 989B bottomed
shortly above what is interpreted as non-volcanic basement (Fig. 2)
(Larsen and Duncan, 1996), it implies a volcanic succession equiva-
lent to Hole 917A is missing below Hole 989B. One possible expla-
nation is that a steep paleo-relief (riftward-facing escarpment) at
~61–60 Ma prevented the emplacement of older continental type la-
vas at Site 989, located only ~5 km west of Site 917. Alternatively,
following Larsen and Saunders (1998), uplift and erosion may have
removed the older succession at Site 989 prior to the emplacement of
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the oceanic type lavas. This scenario would imply a feasible erosion
rate of ~0.12 mm/yr between 61 and 56 Ma. If so, the basalts at Site
989 may represent the occasional off-axis lava flow that unconform-
ably spilled over older, seaward-tilted and eroded lavas, consistent
with the likely correlation with the normally polarized lavas at the top
of Hole 990A.

Because the inferred non-volcanic basement below Hole 989B
was not drilled, it leaves open the possibility that the lava succession
beneath Hole 989B could be thicker than indicated by the current
seismic interpretation (Larsen et al., 1998; Larsen and Duncan,
1996). It is thus possible that the volcanic piles beneath each of the
Sites (Sites 989, 917, and 915/990), in fact, represent seawardly ro-
tated fault blocks of an originally correlative volcanic succession
analogous to the onland flood basalt province exposed to the north of
the drilling transect (Pedersen et al., 1997). This view is consistent
with the landward dip of the normal fault zone recognized between
Sites 917 and 915/990 (Fig. 2) (Larsen and Duncan, 1996; Larsen et
al., 1994). A similar landward downthrow of the lava pile beneath
Hole 989B may have taken place at the landward-dipping zone
marked “possible faulting” by Larsen and Duncan (1996). If so, the
faulting and seaward rotation of the upper crustal fault blocks took
place after the eruption of the lavas retrieved from Holes 989B and
990A. This could be analogous to the structure of the seawardly ro-
tated flood basalt province exposed on land (Nielsen and Brooks,
1981; Pedersen et al., 1997). Moreover, this interpretation is entirely
consistent with the crustal evolution model depicted in figure 6 of
Larsen et al. (1998). Their model invokes early seaward rotation of
continental crust during lithospheric thinning followed by flood vol-
canism and later seaward rotation and sagging during thermal relax-
ation of the margin. Following this tenet, the faulting of the volcanic
succession at the featheredge of the transect at 63°N would reflect
late rotation and sagging. At present we cannot, however, distinguish
between these alternative scenarios; a deepening of Hole 989B would
undoubtedly throw more light on this subject.

A Volcanic History for the Southeast
Greenland Rifted Margin

The previously established chronology for the volcanism associ-
ated with the breakup of the Southeast Greenland volcanic rifted mar-
gin (summary in Larsen and Saunders, 1998) is significantly extended
by the new argon ages from Leg 163. Our data, in particular, allow
more firm constraints to be placed on the timing of oceanic type vol-
canism erupted through attenuated continental crust immediately pri-
or to the onset of steady-state seafloor spreading and the timing of
postbreakup volcanism. In Figure 5 we have summarized available
results of 40Ar–39Ar dating and paleomagnetic data from Legs 152 and
163, which comprises a virtually complete time frame for ~12 m.y. of
pre-, syn-, and postbreakup volcanism.

Prebreakup volcanism is apparently restricted to a short time win-
dow at ~61–60 Ma (Sinton and Duncan, 1998; Werner et al., 1998)
and, most likely, is correlative with the earliest portion of C26r (Fig.
5) (see Larsen and Saunders, 1998, and summary above for further
details). This volcanic sequence, as sampled in the Lower and Middle
Series of Hole 917A, is at least 600 m thick, consists of crustally con-
taminated continental type basalts and dacites, and erupted through
thick continental lithosphere (Fitton et al., 1998a; Fitton et al., 1998b;
Larsen, Saunders, Clift, et al., 1994; Saunders et al., 1998).

Volcanism resumed at ~57 Ma. Following Larsen and Saunders
(1998) and the discussion above, the Upper Series at Hole 919A most
likely erupted first and was followed shortly after by the lavas at Sites
989 and 990. This period of volcanism, which can be correlated to
C25 (57.6–55.9 Ma) and records the transition from transitional-to-
oceanic type to oceanic type lava compositions, constrains the timing
of complete plate separation between Greenland and northwest Eu-
rope to ~56 Ma. Some of the oceanic-type lavas from Holes 989B,
990A, and 915A, however, still show evidence for slight crustal con-
tamination that most likely originate from fragments of continental
crust, or the edge of the continents (Saunders et al., Chap. 8, this vol-
ume; Larsen et al., Chap. 7, this volume). Following continental sep-
aration, the main SDRS of the Southeast Greenland margin was de-
veloped until the formation of steady-state oceanic crust was under
way in C24n.3n (53.3–52.9 Ma), the age of the most landward sea-
floor spreading anomaly along Southeast Greenland (Larsen and Ja-
kobsdóttir, 1988; Larsen and Saunders, 1998). 

The dating of Leg 163 material has also documented the occur-
rence of postbreakup basaltic magmatism at the Southeast Greenland
volcanic rifted margin. The one fresh lava flow drilled at the 66°N
transect (Hole 988A) is dated at 49.6 ± 0.2 Ma. This age is remark-
able since it postdates plate separation by ~6 m.y. and marine sedi-
mentation at Site 918 by ~2-3 m.y. (Ali and Vandamme, 1998; Jolley,
1998; Wei, 1998), despite the emplacement of this lava flow onto the
extended edge of the Greenland craton. The distance between Hole
988A and seafloor spreading anomaly 21 (~49 Ma) is ~150 km (H.C.
Larsen, pers. comm., 1997) and is a measure of the distance between
Hole 988A and the spreading ridge at the time of flow emplacement.
This sort of distance is occasionally seen for individual lava flows in
continental flood basalt provinces (Hooper, 1997; Pedersen et al.,
1997), but it would seem less likely in an oceanic setting. Below we
discuss alternative causes of postbreakup volcanism at the rifted mar-
gin.
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Correlation with the Onshore East Greenland
Tertiary Igneous Province

The time windows established for eruption of the SDRS of the
Southeast Greenland volcanic rifted margin coincide with distinct pe-
riods of basaltic magmatism in the Tertiary Igneous Province ex-
posed along the eastern coastline of Greenland between 63°Ν and
70°N. The onland rocks comprise a large continental flood basalt
province, numerous layered gabbro intrusions, a large sill complex,
and a coast-parallel basaltic dike complex (Brooks and Nielsen,
1982; Myers, 1980; Pedersen et al., 1997). Recent 40Ar–39Ar geochro-
nology has established three distinct magmatic periods for these
rocks (Fig. 5) (Hansen et al., 1995; Hirschmann et al., 1997; Storey
et al., 1996; Tegner et al., 1998a). Prebreakup magmatism of the Ter-
tiary Igneous Province includes a basaltic dike exposed on land im-
mediately landward of the drilling transect at 63°N dated at 60.7 ± 0.4
Ma (M. Storey/Danish Lithosphere Centre, unpubl. data), and crust-
ally contaminated lavas of the lower lava series erupted in the
Kangerlussuaq area (70°N) at ~60–59 Ma (Storey et al., 1996). Syn-
breakup lavas, sills, and some gabbro intrusions are the dominant on-
shore Tertiary rock types and formed between ~57 and ~54 Ma
(Hansen et al., 1995; Hirschmann et al., 1997; Storey et al., 1996;
Tegner et al., 1998a). Postbreakup tholeiitic magmatism, forming
several layered gabbro intrusions and rare lavas, apparently defines a
distinct time window at ~50–47 Ma (Tegner et al., 1998a).

Implications for Plume Models

Many researchers acknowledge a causal link between the mantle
plume residing beneath Southeast Iceland today and early Tertiary
volcanism along the borderlands of the northeast Atlantic. The
aseismic Greenland-Iceland-Faeroes ridge, for example, is the record
of persistent anomalous volcanic productivity of the plume axis (hot
spot track) through the Tertiary (Larsen and Jakobsdóttir, 1988). The
details of the timing, location, structure, and composition of the
plume in the early Tertiary, however, remain controversial. Some re-
searchers, for example, have assumed the axis of the ancestral Iceland
plume was centered under the incipient northeast Atlantic rift close to
the Kangerlussuaq area (Brooks, 1973; White and McKenzie, 1989),
whereas others suggest it was centered under central Greenland at the
time of breakup 57–54 m.y. ago and subsequently crossed the East
Greenland rifted margin in consequence of north-westward continen-
tal drift (Fig. 6) (Duncan and Richards, 1991; Lawver and Müller,
1994; Bernstein et al., 1998; Tegner et al., 1998a).

The evidence for distinct periods of pre- and postbreakup magma-
tism at the Southeast Greenland volcanic rifted margin, in particular
the abundant postbreakup tholeiitic magmatism at ~50–47 Ma on
land and at the 66°N drilling transect (this study; Tegner et al.,
1998a), supports the crossing of a focused plume tail ~5–8 m.y. after
continental breakup. The apparent absence of ~50–47 Ma tholeiitic
magmatism in the drilling transect at 63°N may indicate that this later
magmatic event is restricted to a ~400- to 500-km-wide geographic
zone (~66°–70°N) that coincides with the Greenland-Iceland-
Faeroes ridge (Fig. 1) (Larsen and Jakobsdóttir, 1988). This, together
with compositional evidence (e.g., elevated 3He/4He) from the on-
shore ~50–47 Ma layered gabbros (Bernstein et al., 1998), is con-
sistent with melting caused by focused mantle upwelling in a deep-
seated plume. We thus conclude, following Tegner et al. (1998) and
Larsen and Saunders (1998), that the seemingly episodic volcanic
history for the East Greenland volcanic rifted margin (onshore and
offshore) may reflect brief and distinct mantle-melting events trig-
gered by plume impact (~62–60 Ma) under central Greenland (Lar-
sen and Saunders, 1998; Saunders et al., 1997; Sinton and Duncan,
1998; Storey et al., 1998), continental breakup (~57–54 Ma), and
later passage of the plume axis beneath the East Greenland volcanic
rifted margin (~50–47 Ma). This scenario is consistent with
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geochemical evidence for declining mantle temperatures during
eruption at the onshore (57–54 Ma) flood basalt succession in east
Greenland (Tegner et al., 1998b).

CONCLUSIONS

Precise 40Ar–39Ar dating of igneous rocks recovered during Leg
163 shows that synbreakup volcanism at Sites 989 and 990 of the
Southeast Greenland volcanic rifted margin (63°N drilling transect)
occurred at 57.1 ± 1.3 and 55.7 ± 0.5 Ma, respectively, correlating,
most likely, with magnetochron C25 (57.6–55.9 Ma). Fully normally
polarized lavas with oceanic-type composition at the tops of these
two sites are inferred to correlate with C25n (56.4–55.9 Ma) and im-
ply that plate separation between Greenland and northwest Europe
took place at ~56 Ma. Dating of one lava flow at the 66°N drilling
transect to 49.6 ± 0.2 Ma (Hole 988A) confirms the occurrence of
postbreakup basaltic volcanism along this volcanic rifted margin.

A virtually complete time frame for ~12 m.y. of pre-, syn-, and
postbreakup basaltic magmatism at the Southeast Greenland volcanic
rifted margin can now be assembled from the combined results of
Legs 152 and 163. Tholeiitic magmatism at the rifted margin falls
grossly into three time periods, ~61–60, ~57–54, and ~49 Ma. This
time frame correlates with periods of extensive tholeiitic magmatism
recognized in onshore flood basalts, sills, dikes, and layered gabbros

25
25

31

31

Labrador Sea

A

ODP

B

SDRS

Offshore Basalt Flows

Spreading Ridge
36°44°52°60°68°

Magnetic Anomaly

Transform Fault

Caledonian Front

Plume Paleo-position

Onshore  Basalt Flows

A

CG
FZ

Greenland NorwayBaffin Island

Anomaly C24n

North
America

British
Isles

Faeroes

V
ø

r ing
m

a
rg

in

GSFZ

76°

68°

60°

52°

Figure 6. Plate reconstruction showing the North Atlantic region at the time
of continental breakup between Greenland and Europe at magnetochron
C24n (~53 Ma). Points A and B indicate the postulated paleo-positions of the
ancestral Iceland mantle plume at the time of breakup (from Duncan and
Richards, 1991; Lawver and Müller, 1994; Brooks, 1973; White and McKen-
zie, 1989, respectively). SDRS = seaward-dipping reflector sequence, JMFZ
= Jan Mayen Fracture Zone, and GSFZ = Greenland Svalbard Fracture Zone
(modified from Tegner et al., 1998a).



40Ar–39Ar CHRONOLOGY
of the East Greenland Tertiary Igneous Province and suggests that
distinct mantle-melting events were triggered, respectively, by plume
impact under central Greenland, continental breakup, and later cross-
ing of the plume axis beneath the East Greenland volcanic rifted mar-
gin in consequence of north-westward continental drift.
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