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Abstract

Ž .During the ARCTIC ’91 expedition aboard RV Polarstern ARK VIIIr3 to the Central Arctic Ocean, a box corer
sample on the Gakkel Ridge at 878N and 608E yielded a layer of sand-sized, dark brown volcanic glass shards at the surface
of the sediment core. These shards have been investigated by petrographic, mineralogical, geochemical and radiogenic
isotope methods. The nearly vesicle-free and aphyric glass shards bear only minute microphenocrysts of magnesiochromite

Ž .and olivine Fo . Most glasses are fresh, although some show signs of incipient low-temperature alteration. From their88 – 89

shapes and sizes, the glass shards most likely formed by spalling of glassy rinds of a nearby volcanic outcrop.
Geochemically, the glasses are relatively unfractionated tholeiites with E-MORB trace element compositions. Thus, they are

w xquite similar to the previously investigated ARK IVr3-11-370-5 basalts from 868N 1 .
The Nd and Sr isotopic ratios of PS 2167-2 glasses are significantly lower than for ARK IVr3-11-370-5 basalts and

suggest an isotopically heterogeneous mantle source of Gakkel Ridge MORB between 868 and 878N. The positive D-8r4 Pb
Ž . 87 86 Ž .value ;16 and high Srr Sr ratio 0.70270 , found for PS 2167-2 glasses are similar to that of ARK IVr3-11-370-5

basalts and show the influence of the DUPAL isotopic anomaly in the high Arctic mantle. These results argue against the
presence of an ‘anti-DUPAL anomaly’ in the mantle below the North Pole region and simple models of whole-mantle
convection. q 1997 Elsevier Science B.V.
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1. Introduction

Ž .The Gakkel Ridge Fig. 1 , situated in the Eurasian
Basin of the Arctic Ocean, is one of the least known
active mid-oceanic ridges of the world. The ridge is
the northern continuation of the Mid-Atlantic Ridge,
separating the Eurasian from the Amerasian Plate. It
is ca. 1800 km long, extending from 828N 28W to

) Corresponding author. Fax: q49 431 880 4376. E-mail:
muehe@gpi.uni-kiel.de

808N 1258E, and has formed since the Paleocene
Ž w x.magnetic anomalies 25r24 2,3 . Due to the prox-

w ximity of the pole of rotation at 688N 1378E 4 , the
Gakkel Ridge has one of the slowest spreading rates

Ž w x.of all mid-oceanic ridges 0.8–1.5 cmryr; 5 , and
shows high relief intensity and rift valley depths of

w xmore than 5000 m 6–9 . To date, perennial sea ice
coverage of the Arctic Ocean has restricted hard rock
sampling of the Gakkel Ridge to RV Polarstern

w xcruise ARK IVr3 in 1987 8 . The rocks recovered
Žfrom the southern slope of the rift valley ca. 308E
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.longitude are primitive basalts of early Quaternary
Ž w x.age i.e., perhaps less than 1 Ma old 10,1 .

w xDuring the ARCTIC ’91 expedition in 1991 11 ,
RV Polarstern crossed the Gakkel Ridge at 608E.
The box corer PS 2167-2, located 4425 mbsl in the
rift valley at 868 56.1X N and 598 4.5X E, recovered 42
cm of siliciclastic greyish-brown sandy to silty clay.
These sediments were covered by a 1–2 mm thick
layer of sand-sized dark brown volcanic glass shards.
Neither in downcore sediments of station PS 2167-2,
nor in any of the 50 other sediment sampling stations

Žof the ARCTIC ’91 expedition including the four
stations next to PS 2167-2 sampled higher above the

.ridge was such a volcanic glass shard layer found.
Results of petrographic, geochemical and radio-

genic isotope investigations of these glass shards are

presented in this paper. Since these glasses constitute
only the second sample of volcanic origin from the
entire Gakkel Ridge, the data may improve our
knowledge of magmatism at the world’s least-studied
mid-oceanic ridge and on the composition and dy-
namics of the mantle below the northern polar re-
gion.

2. Regional setting

Ž XThe location of PS 2167-2 868 56.1 N and 598
X .4.5 E, 4425 mbsl is close to the major change in

axial linearity of the Gakkel Ridge at its northern-
Ž .most trend Fig. 1 . The regional half-spreading rate

is between 0.5 and 0.6 cmryr and it shows no

ŽFig. 1. Bathymetric sketch map of the Eurasian Arctic Ocean showing the Gakkel Ridge sampling areas of cruises ARK IVr3 KAL
. Ž .11-370-5 and ARK VIIIr3 PS 2167-2 . Water depths in kilometres. The distance between the two sampling locations is ca. 270 km.
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w xspreading obliquity 9 . The depth difference be-
tween the rift valley shoulder and floor is amongst

Ž .the highest of the entire Gakkel Ridge 3400 m .
This is due to the elevated feature at a distance of
about 20 km on the southern ridge shoulder reaching

Ž w x.1100 mbsl cf, 11,12 , that marks the locus of a
major change in axial linearity of the ridge. The

w xmaximum slope inclination is 118 11 , resembling
Ž . w xthe values 8–128 given by Bohrmann 7 at the

Ž .308E ridge crossing during cruise ARK IVr3 1986 .
w x w xFrom the cruise ARK IVr3 13 and ODEN ’91 14

findings, it can be inferred that bottom water temper-
ature is close to y18C and the water current direc-
tion is parallel to the ridge axis. The PS 2167-2 glass
shards were recovered at the north-facing foot of the
southern ridge shoulder within the central rift valley,
at 608E longitude, within about 1 km of the rift axis.
The site is elevated 75 m above the deepest portion

Ž .of the regional valley floor 4500 m , and it is
located 273 km east of where ARK IVr3 basalts
Ž . w xKAL 11-370-5 have been recovered 10,1 .

3. Methods

A 0.5 cm section of the surface sediment was
freeze dried, weighed and wet-sieved through a 63
mm sieve. The remaining )63 mm material was
split by sieving into various grain size classes and
examined under a binocular microscope. Only glass

Žshards showing no alteration i.e., coatings of clay
.minerals, etc. were separated by hand picking and

ultrasonically cleaned in a mixture of distilled water
and alcohol prior to analysis. Polished thin slides
were prepared for microscopic and microprobe anal-
yses of glass and mineral inclusions. Microprobe
analyses were carried out with a 4-spectrometer

Ž .Camebax microprobe Cameca and microprobe data
w xwas produced using techniques described in 10 .

Major element analyses of 14 individual glass shards
Ž .were determined. Usually 10 analyses range 1–20

were performed for each shard and their average as
well as standard deviations were calculated.

For determinations of trace element concentra-
Žtions two aliquot samples denoted PS 2167-2-a and

.PS 2167-2-b were separately digested and analysed
by inductively-coupled plasma mass-spectrometry.

w xThe techniques used are described in 1,15 . Sr, Nd
and Pb isotopic compositions were determined at the

Ž .Open University, Milton Keynes P. Van Calsteren .
w xAnalytical procedures are described in 1 .

For photo-documentation, scanning electron mi-
Ž .croscopy SEM was performed on a Cambridge

Instruments CS 24 device of both Geomar and the
Geological Department of the University of Kiel.
Both instruments were equipped with an energy-dis-

Ž .persive X-ray analyser EDX . Samples were sput-
tered with gold prior to analysis.

4. Results and discussion

4.1. Petrography, mineralogy and geochemistry

Ž .More than 90% of the sand-sized )63 mm
material consists of dark brown glass shards. A
minor amount is mostly composed of planktonic

w xforaminifers and other biogenic detritus 11 . Neither
volcanic rock fragments nor separate mineral grains
were observed.

The -63 mm fraction was found to consist only
of a minor amount of glassy material, mainly pro-
duced from breakage during sieving. The uppermost
few millimetres of the sediment surface consist of
55.6% sand-sized material. In the )63 mm fraction
the following gravimetric grain size distribution was
observed: )1000 mm: 0.4%, 1000–500 mm: 5.4%,
250–500 mm: 47.5%, 125–250 mm: 32%, 63–125
mm: 14.7%. Thus, 80% of the glassy material occurs
in the 125–500 mm grain size classes. The median
grain size is about 250 mm.

In general, the glass shards display angular sur-
faces. Four different types can be distinguished. The

Žmost common are blocky and platy shards Fig. 2a
.and b, respectively . Cuspate and strand-like types

are very rare. Most shards display no vesicles, but a
Ž .few show circular vesicles -1 vol.%; Fig. 2b

whose diameters do not exceed 70 mm.
Thin section study by transmitted light mi-

croscopy reveals that most shards are pure glass and
do not show any crystal or signs of incipient devitri-
fication. Only two of all shards investigated display

Žminute crystals of octahedral brown spinel -50
. Ž .mm and of equant to skeletal olivines -100 mm .
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Fig. 2. SEM pictures of the two different types of fresh glass
Ž .shards occurring in sample PS 2167-2. a Blocky, angular and

vesicle-free type of glass shard, making up most of the glass
Ž .particles of sample PS 2167-2. b Platy-type glass shard. Note

Ž .small vesicles -100 mm on surface of shard.

Most glass shards studied under the binocular
microscope appear fresh and are virtually unaltered.
Occasionally, on surfaces of a few shards, whitish to
greyish thin coatings typical of incipient smectite
formation are observed.

4.2. Spinels

Three different spinel crystals were analysed by
Ž .microprobe Table 1 . Cr O contents in spinels vary2 3

from 32 wt% to 36 wt% and are negatively corre-
Ž .lated with Al O contents 30–26 wt%, respectively .2 3

Ž .Crr CrqAl is in the range of 0.42–0.47. Both,
) Ž . Ž .FeO 18–19 wt% and MgO 15.4–16 wt% show

only little variation. Spinels are classified as magne-
w xsiochromites or chromium spinels 16 .

Fe3qrFe2y ratios were recalculated based on
Žstoichiometry and are in the range 0.33–0.45 Table

. Ž 2y.1 . Mgr MgqFe exhibits very little variation
Ž .0.69–0.71 . No significant chemical variation is
seen in core and rim analyses of single crystals. The
absence of zonation may be the result of low degrees
of fractional crystallization of host lava andror due
to the absence of magma mixing or wall rock assimi-

w xlation 17 .
w xSpinels from samples ARK IVr3-11-370-5 10

Ž . Ž .are higher in Crr CrqAl 0.48–0.50 , and this is
probably due to slightly higher degrees of partial

w xmelting of their mantle source 18 .

Table 1
Ž .Spinel analyses wt% , from sample PS 2167-2 glass shards

Grain No.

1 2 3

Core Rim Core Core

Oxides
SiO 0 0 0 02

TiO 0.68 0.73 0.74 0.892

Al O 30.03 29.26 28.45 26.622 3

Fe O 4.91 5.12 5.39 6.132 3

FeO 14.47 14.15 13.19 13.64
MgO 15.94 16 16.03 15.41
MnO 0.17 0.14 0.11 0.16
CaO 0 0 0 0
Na O 0 0 0 02

K O 0 0 0 02

Cr O 32.41 33.17 33.77 36.062 3

NiO 0.41 0.08 0.8 0.17
Total 99.02 98.65 98.48 99.08
Oxygens 4 4 4 4

Cations
Si 0 0 0 0
Ti 0.02 0.02 0.02 0.02
Al 1.06 1.04 1.02 0.96

3qFe 0.11 0.12 0.12 0.14
2qFe 0.32 0.31 0.29 0.31

Mg 0.71 0.72 0.72 0.7
Mn 0 0 0 0
Ca 0 0 0 0
Na 0 0 0
K 0 0 0 0
Cr 0.77 0.79 0.81 0.87
Ni 0.01 0 0.02 0
sum 3 3 3 3

Ž .Crr CrqAl 0.42 0.43 0.44 0.48
2qŽ .Mgr MgqFe 0.69 0.70 0.71 0.69
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4.3. OliÕines

Microprobe analyses of two individual olivine
crystals are given in Table 2. Both olivines display

Ž .fairly uniform forsterite contents Fo , ap-88 – 89

proaching mantle peridotite olivine compositions
Ž . w xFo 18 . NiO varies between 0.2 and 0.5 wt%.88 – 91

CaO is ca. 0.3 wt% and MnO values are ca. 0.2
wt%. As for spinels, no significant variation is seen
between core and rim analyses of a single olivine
crystal.

For comparison, olivines from sample ARK
IVr3-11-370-5 display somewhat lower forsterite

Ž .contents Fo .85 – 87

4.4. Major elements

Two representative major element analyses of
Ž .glass shards analyses A and B are given in Table 3.

Analysis A represents the major element chemistry
Ž .seen in the majority 12 of the 14 glass shards

analysed by microprobe, whereas B represents the
major element chemistry of the remaining two glass
shards analysed. Totals for analyses were generally
in the range of 97–99 wt%, probably due to a certain

Ž .amount of volatile phases H O, CO , etc. present2 2

in the glasses.
In terms of its MgO, Na O and K O contents,2 2

analysis A represents the most primitive and analysis
B the most evolved major element chemistry of all

analyses performed. However, analysis B values can
be derived from analysis A values by fractionation of

Ž .only 1–2% olivine Fo and Ca-rich plagio-88 – 89

clase.
All PS 2167-2 glasses are hypersthene-normative

Ž .olivine tholeiites Table 3 , as are the ARK IVr3-
11-370-5 rocks. Applying the TAS classification

w xscheme of 19 the PS 2167-2 glasses plot in the
low-K subalkaline tholeiite field.

With regard to their major element chemistry, the
PS 2167-2 glasses are fairly primitive MORB with
MgO contents of nearly 9 wt%, which is quite

w xsimilar to ARK IVr3-11-370-5 basalts 1 . Both,
ARK IVr3-11-370-5 and PS 2167-2 samples show

Ž .high Na O contents )3 wt% . This is consistent2
w xwith Klein and Langmuir’s 20 model, which claims

Žthese lavas were erupted at extreme depth )4400
.m water depth and at the ultra slow spreading rate

Ž .of the Gakkel Ridge 1 cmryr .

4.5. Trace elements

Results of trace element analyses are given in
Table 4. In order to control analytical precision two

Ž .aliquot samples PS 2167-2-a and PS 2167-2-b were
measured. The primitive character of the PS 2167-2
glasses as seen in their major elements and their
mineralogical record is also expressed in high Ni and

Ž .Cr concentrations 165 mgrg and 300 mgrg . Man-
tle-incompatible elements are enriched and are com-

Table 2
Ž .Olivine analyses wt% , from sample PS 2167-2 glass shards

Oxides Grain No.

1 2

Rim Rim Core Core Core Core Core Core Rim Rim

SiO 40.85 40.92 40.39 40.23 40.07 40.39 40.14 40.11 40.67 40.362

TiO 0 0 0 0 0 0 0 0 0 02

Al O 0 0 0 0 0 0 0 0 0 02 3

FeO 11.88 10.98 10.81 10.97 11.7 11.80 11.78 11.88 11.94 11.91
MgO 47.70 48.43 48.21 48.01 47.63 47.83 47.83 47.70 47.58 47.82
MnO 0.20 0.17 0.18 0.13 0.22 0.19 0.23 0.20 0.19 0.22
CaO 0.28 0.24 0.32 0.30 0.30 0.30 0.28 0.28 0.31 0.31
Na O 0 0 0 0 0 0 0 0 0 02

K O 0 0 0 0 0 0 0 0 0 02

NiO 0.27 0.35 0.20 0.17 0.34 0.23 0.45 0.39 0.49 0.31
sum 101.18 101.09 100.11 99.81 100.26 100.74 100.71 100.56 101.18 100.93
Fo 89 89 89 89 88 88 88 88 87 88
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Table 3
Ž .Representative major element analyses wt% of sample PS 2167-2

glass shards a and CIPW normative minerals
bOxides A B STD

SiO 49.67 49.87 1%2

TiO 1.41 1.64 3%2

Al O 15.04 15.03 3%2 3
cFeO 8.41 8.86 2%

MgO 8.77 7.69 1%
MnO 0.15 0.15 20%
CaO 11.33 11.00 1%
Na O 3.16 3.36 3%2

K O 0.27 0.35 4%2

Sum 98.21 97.95

Ž .CIPW norm wt%
or 1.61 2.09
ab 26.97 28.74
an 26.28 25.17
hy en 9.09 0.53

fs 0 0.32
di wo 12.70 12.53

en 10.97 7.39
fs 0 4.51

ol fo 1.38 8.02
fa 0 5.39

mt 0.92 2.17
hm 7.37 0
il 2.70 3.15
Sum 99.99 100.00

a Analysis A represents the most primitive, analysis B the most
Ž .evolved chemistry of all analyses a109 . 14 individual glass

shards were subjected to microprobe analyses. Between 4 and 20
analyses were carried out on each individual shard.
b Ž .Standard deviations STD were calculated for analyses of indi-

Ž .vidual grains ns12 for A, ns2 for B . Only highest STD
values are given.
c FeO calculated as 85% Fe3q for CIPW norms.

w xparable to E-MORB 21 . Chondrite-normalized rare
Ž . Ž .earth element REE patterns Fig. 3 are nearly

parallel to those of basalt samples 11-370-5 of 868N
but concentrations of REE are higher for sample PS

Ž .2167-2. Light rare earth element LREE enrichment
Ž .of sample PS 2167-2 is indicated by the LarSm N

Ž .ratio of 1.09, which is slightly higher 1.03 than the
w xsamples 11-370-5 1 . Similarly, the ratio of heavy

Ž .REE GdrYb is higher for sample PS 2167-2N
Ž . Ž .1.33 than for 11-370-5 1.31 . The comparably

Ž .high GdrYb ratio of both Gakkel Ridge samplesN

indicates the possible presence of garnet in their
Ž w x.mantle sources see also 1 .

In general, most mantle incompatible element
Ž .concentrations except for Ba and Nb are higher in

sample PS 2167-2 than in sample 11-370-5. This
Ž .could be due to: 1 slightly lower degrees of partial

melting of a similar mantle source for PS 2167-2
Ž .than for 11-370-5 or 2 the source of PS 2167-2

Table 4
Ž . aTrace elements mgrg and isotopic ratios

PS 2167-2-a PS 2167-2-b

Li 4.99 5.03
Sc 33.6 36.5
V 272 280
Cr 271 325
Co 42.0 42.0
Ni 167 164
Cu 65.1 63.8
Zn 62.6 62.5
Ga 16.3 16.2
Rb 3.25 3.18
Sr 222 220
Y 29.2 28.9
Zr 116 116
Nb 6.41 6.35
Ba 43.1 43.0
La 6.39 6.45
Ce 16.4 16.5
Pr 2.53 2.55
Nd 12.3 12.3
Sm 3.76 3.73
Eu 1.35 1.37
Gd 4.47 4.48
Tb 0.797 0.792
Dy 4.96 5.00
Ho 1.05 1.06
Er 3.02 3.05
Tm 0.427 0.429
Yb 2.78 2.78
Lu 0.412 0.417
Hf 2.94 2.94
Ta 0.405 0.407
Pb 0.842 0.868
Th 0.440 0.443
U 0.203 0.207
87 86 Ž .Srr Sr 0.70270 2
143 144 Ž .Ndr Nd 0.512996 21
206 204 Ž .Pbr Pb 18.085 19
207 204 Ž .Pbr Pb 15.422 17
208 204 Ž .Pbr Pb 37.652 58
D-Sr 27
D-7r4 y2.94
D-8r4 16.02

a Analyst: P. Van Calsteren at the Open University, Milton Keynes.
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basalts is slightly more enriched in incompatible
elements than the mantle source of 11-370-5. Based

Ž .on the lower Crr CrqAl ratios found in spinels of
the PS 2167-2 than in 11-370-5 glasses, an origin

w xwith a slightly lower degree of partial melting 18 is
indicated. However, different mantle sources are
suggested by the isotopic data.

4.6. Sr, Nd, and Pb isotopic ratios

Sr, Nd, and Pb isotopic ratios of PS 2167-2 glass
shards are also given in Table 4. Especially the Nd,
but also the Sr isotopic ratios of PS 2167-2 glass

Ž .shards 0.512996 and 0.70270, respectively are sig-
nificantly lower than for ARK IVr3-11-370-5 basalt

Ž Ž .samples 0.513154 and 0.70284 sample 3 , respec-
. Ž .tively from 868N Fig. 4 . These differences mark a

clear change in the isotopic composition of the Arc-
tic mantle between 868 and 878N and suggest the
Arctic mantle to be heterogeneous over this distance.

In a recent paper investigating the radiogenic
isotope composition of the high latitude North At-

w xlantic mantle, Mertz and Haase 22 point out that
between 348N and ‘‘at least 868N’’ MORB samples
fall into the ‘‘radiogenic Sr group’’ suggested by

w xSchilling and co-workers 23 . The isotopic composi-
tion of sample PS 2167-2 suggests that basalts be-

w xlonging to the ‘‘radiogenic Sr group’’ 23 do not
occur north of 868 in the Arctic.

w xFig. 3. Chondrite-normalized 21 rare earth element diagram.
ŽSample PS 2167-2 the averages of analyses given in Table 4 are

.used is an E-MORB. Although displaying a similar pattern to
w xsample ARK IVr3-3, which is also an E-MORB 1 , sample PS

2167-2 has higher rare earth element concentrations. N-MORB
w xand E-MORB patterns 30,21 are added for comparison.

Fig. 4. 143Ndr 144 Nd versus 87Srr 86 Sr compared to ratios of
w xsamples 1 and 3 from ARK IVr3-11-370-5 1 , and Pacific,

ŽIndian and Kolbeinsey Ridge MORB data for fields are taken
.from the literature . Compared to ARK IVr3-11-370-5 basalts,

sample PS 2167-2 displays more radiogenic 143Ndr 144 Nd and
less radiogenic 87Srr 86 Sr ratios, respectively.

A D-8r4 Pb value for PS 2167-2 glasses of 16.02
has been calculated according to the procedure of

w xHart 24 and is also given in Table 4. A positive
D-8r4 Pb value and fairly high 87Srr 86 Sr values are
indicative of the influence of the DUPAL isotopic

w xanomaly in MORB 25 . The D-8r4 Pb value for PS
2167-2 is slightly lower but still in the range of
values found for the ARK IVr3 basalts. Therefore,

w xthese results strengthen previous arguments 1 that
the DUPAL-tainted Gakkel Ridge basalts do not
support the hypothesis of a polar ‘anti-DUPAL
anomaly’ that might develop as a result of a whole-
mantle convection, caused by equatorial upwelling of
enriched material from the lower mantle and polar

w xdownwelling 24 .

4.7. Origin of glass shards

Ocean-floor basalt origin is indicated by the
Ž .chemical composition Tables 3 and 4 of the glass
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shards. A single eruption origin is inferred from the
physical and chemical homogeneity of the glass
shards.

The grain size and shape of the glass shards are
thought to be controlled by the processes involved in
the ‘‘spalling of glassy crusts of pillows of sheet
lavas during cooling contraction of the flow interior

w xor expansion of growing pillow tubes’’ 26 . The
Ž .rarity of vesicles Fig. 2b , which is caused by high

hydrostatic pressure, preventing magma degassing,
suggests that the glass shards were most likely formed
in more than 4000 m water depth, well below the

Ž w x.VFD volatile fragmentation depth; 26 and the
Žcritical pressure of seawater about 3200 m water

.depth .
The absence of signs of wear and scratching on

the shards and the lack of detrital compounds ex-
clude reworking processes for the material. Consider-
ing that four nearby sampling stations, higher up the
ridge shoulder, did not contain any glass shards, it is
most likely that the site of eruption of the PS 2167-2
shards was very close.

There was no film of terrigenous or biogenic mud
observed on the shards. Taking into account the

Ž .currently slow sedimentation rates -1 cmrky en-
w xcountered at the Gakkel Ridge 27–29 , the deposi-

tion of the shard layer cannot be older than a few
tens, at most a few hundreds, of years. Assuming
higher sedimentation rates due to sediment focusing

w xin the central rift valley 28 , the age of deposition
could be even younger. The very low degree of
alteration seen on only a small number of glass
shards also supports the idea that they are only a few
tens or hundreds of years old.

5. Conclusions

The following conclusions were reached as a
result of this study:
1. The glass shards from station PS 2167-2 comprise

the first finding of fresh volcanic material from
the Arctic Ocean floor. Its occurrence in the deep
valley floor of the Gakkel Ridge proves recent
volcanic activity at the world’s most northerly
and slowest spreading mid-ocean ridge.

2. According to grain size, shape, mineral content,

and its primitive basaltic major element chem-
istry, the PS 2167-2 glasses most likely originate
from spalling of glassy pillow rinds or the chilled
margins of sheet flow MORB lavas that erupted
near site PS 2167-2.

3. The high percentage of fresh volcanic glass is
evidence that the shards are of Recent age, proba-
bly not older than a few hundred years.

4. An origin from a single tholeiitic eruption at the
Gakkel Ridge is inferred from the major element
chemistry of individual shards. Geochemically,
the PS 2167-2 glasses are E-MORB, similar to
the ARK IVr3-11-370-5 basalts, but with some-
what higher concentrations for most trace ele-
ments.

5. The distinctly lower Nd and Sr isotopic ratios of
PS 2167-2 glasses in comparison to those of ARK
IVr3-11-370-5 basalts indicate mantle hetero-
geneity and a change in the isotopic composition
of the Arctic mantle between 868N and 878N.

6. With a positive D-8r4 Pb value of ;16 and
87 86 Ž .high Srr Sr 0.70270 , the PS 2167-2 glasses

show the influence of the DUPAL isotopic
anomaly in their mantle source. These results

w xsupport previous arguments 1 against the pres-
ence of an ‘anti-DUPAL anomaly’ in the mantle

w xbelow the North Pole region and Hart’s 24
model of whole-mantle convection.
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