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Abstract Mohns Ridge lavas between 71 and 728309N
(¥360 km) have heterogeneous compositions varying
between alkali basalts and incompatible-element-deplet-
ed tholeiites. On a large scale there is a continuity of
incompatible element and isotopic compositions be-
tween the alkali basalts from the island Jan Mayen and
Mohns Ridge tholeiites. The variation in isotopes sug-
gests a heterogeneous mantle which appears to be tapped
preferentially by low degree melts (¥5%) close to Jan
Mayen but also shows its signature much further north
on Mohns Ridge. Three lava types with different incom-
patible element compositions [e.g. chondrite-normal-
ized (LaySm)N,1 to .2] occur in the area at 728N and
were generated from this heterogeneous mantle. The rel-
atively depleted tholeiitic melts were mixed with a small
degree melt from an enriched source. The elements Ba,
Rb and K of the enriched melt were probably buffered in
the mantle by residual amphibole or phlogopite. That
such a residual phase is stable in this region of oceanic
mantle suggests both high water contents and low mantle
temperatures, at odds with a hotspot origin for Jan
Mayen. Instead we suggest that the melting may be in-
duced by the lowered solidus temperature of a “wet”
mantle. Mohns MORB (mid ocean ridge basalt) and Jan
Mayen area alkali basalts have high contents of Ba and
Rb compared to other incompatible elements (e.g. Bay
La .10). These ratios reflect the signature of the mantle
source. Ratios of CeyPb and RbyCs are normal MORB
mantle ratios of 25 and 80, respectively, thus the enrich-

ments of Ba and Rb are not indicative of a sedimentary
component added to the mantle source but were probably
generated by the influence of a metasomatizing fluid, as
supported by the presence of hydrous phases during the
petrogenesis of the alkali basalts. Geophysical and
petrological models suggest that Jan Mayen is not the
product of hotspot activity above a mantle plume, and
suggest instead that it owes its existence to the unique
juxtaposition of a continental fragment, a fracture zone
and a spreading axis in this part of the North Atlantic.

Introduction

While the geophysical processes at oceanic spreading
centres are relatively well understood (Ahern and Tur-
cotte 1978; Phipps Morgan 1987) fine-scaled studies of
on- and off-axis basalts have shown that they are geo-
chemically much more variable than previously thought
(Bougault et al. 1988; Dosso et al. 1991; Castillo and
Batiza 1989; Shirey et al. 1987). The causes for the gen-
eration of ridge magmas more enriched than “normal”
depleted MORB (mid ocean ridge basalt) is still debated
and various processes have been proposed. Enrichments
in incompatible elements can in many cases be explained
by variations in the proportions of melts extracted from
different depths in the melt zone (Galer and O’Nions
1986; Plank and Langmuir 1992). The variation in iso-
topic composition can be attributed either to melting of
a small scale heterogeneous mantle (Zindler et al. 1984)
or to the influence of an enriched mantle plume
(Schilling et al. 1983; Dosso et al. 1991). It is still un-
clear how large the compositional range of “normal”
MORB is.

There is also no consensus on how exactly a plume
may be recognized i.e. whether only by geophysical or
also by geochemical means. The best plume indicators
are probably an age-progressive volcanic chain and a
positive bathymetric and geoid anomaly (Sleep 1990).
Recent high-resolution seismic tomography studies have
given the first indications of low velocity regions (5hot
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mantle+melt?) associated with some suspected plumes
like Iceland or GoughyTristan da Cunha (Zhang and Tan-
imoto 1993). Several authors have taken to suggesting
incipient plume influx wherever MORB with a relatively
enriched signature (e.g.87Sry86Sr.0.703, chondrite nor-
malized (LaySm)N.1) appears, although there may be
no accompanying geophysical signature (Schilling et al.
1983; Dosso et al. 1991).

The Norwegian–Greenland Sea is one of the best-
studied areas of the Earth’s oceans and many bathymet-
ric, geophysical and geochemical data exist for this re-
gion. Nevertheless, questions such as the origin of the
volcanic island Jan Mayen and its surrounding seafloor
have still not been convincingly answered. It has been
suggested that the island sits above a mantle plume (Mor-
gan 1981; Schilling et al. 1983). The lack of geophysical
evidence for a plume has led other authors to doubt this
hypothesis, and they have suggested the combination of a
southwards propagating rift from the Mohns Ridge north
of the Western Jan Mayen Fracture Zone (WJMFZ) with
the proximity of the fracture zone as being the reason for
the volcanism (Sylvester 1975; Imsland 1980; Saemu-
ndsson 1986).

In this study we investigate the chemistry of MORB
from a restricted area on the Mohns Ridge in order to
understand the melting processes and the distribution of
the sources involved. We discuss the origin of the volcan-
ism around Jan Mayen and compare it to the neighbour-
ing spreading axes. We also review the evidence for and
against a Jan Mayen plume.

Geological setting

North of the Western Jan Mayen Fracture Zone (WJMFZ), a small
topographic ridge parallels the fracture zone which develops into
an approximately 60 km wide bank opposite the island Jan Mayen
(Fig. 1), the so-called Jan Mayen Platform (Neumann and Schilling
1984). The Jan Mayen Platform was probably generated at a north-
wards propagating spreading axis (Haase and Devey 1994). This
Platform spreading centre has a strike parallel to Kolbeinsey
Ridge, while Mohns Ridge north of about 718309N strikes in a
more easterly direction. The spreading direction on the Platform
spreading centre is parallel to the WJMFZ, i.e. WNW–ESE as
indicated by fault plane solutions (Havskov and Atakan 1991).
Fault plane solutions on Mohns Ridge north of 728N suggest a
more northerly plate movement approximately paralleling the
Greenland Fracture Zone (Savostin and Karasik 1981; Havskov
and Atakan 1991). This contradicts the model of Dauteuil and
Brun (1993) who proposed a simple E–W spreading of Mohns
Ridge based on structural observations.

The spreading axis directly north of the WJMFZ has a depth of
about 1000 m, increasing northwards along Platform, Mohns and
Knipovich Ridges to more than 2500 m at 728N. Northern Mohns
and Knipovich Ridges thus reach depths comparable to the global
average axial depth of 2500 m of Parsons and Sclater (1977). Plat-
form Ridge has an average depth of 1000 m and Mohns Ridge of
approximately 2000 m (Fig. 1). The bulge of the Iceland Plateau is
probably generated by the large Iceland mantle plume (Bott 1985).
Although there may be a dynamic uplift or heat influence by the
Iceland plume, no geochemical influence of the plume north of
Iceland has been observed (Mertz et al. 1991).

The region south of the WJMFZ is dominated by the volcanic
island Jan Mayen, situated on the anomalously shallow Jan Mayen
Bank (,500 m deep, Fig. 1). South of the island, geophysical data
suggest the existence of a continental fragment, the so-called Jan
Mayen Ridge (Fig. 1, Myhre et al. 1984; Skogseid and Eldholm
1987), while there is no evidence for continental rocks underlying
the Jan Mayen volcanoes themselves. The continental fragment
formed a part of the Greenland margin at the onset of spreading
55 Ma ago and is covered in the east by sequences of seaward
dipping reflectors, i.e. possible volcanics erupted at 55 Ma (Skog-
seid and Eldholm 1987). With the northward propagation of the
Kolbeinsey Ridge some 43 Ma ago the fragment was split from the
Greenland margin and drifted to its present position (Nunns 1982).

Fig. 1 Bathymetric map of
the Norwegian–Greenland Sea
redrawn after Perry (1985)
with some isobaths and the
most important structures. The
two dotsdenote the sample
stations 66 and 95. Thesquare
shows the position of the
Mohns Ridge samples plotted
in Fig. 2
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Table 1 Locations of dredge
and sediment corer stations Number Start End Depth range

Latitude Longitude Latitude Longitude

21866 70830.509N 8853.359W 70830.869N 8852.729W 542–464 m
Jan Mayen Bank
23275 71857.149N 0842.469W 71858.209N 0843.769W 2671–2355 m
Mohns Ridge
23276-1 71858.359N 0836.479W 71859.429N 0835.899W 2684–2524 m
Mohns Ridge
23277-1 72802.39N 0836.99W 2697 m
Mohns Ridge
23280 72804.879N 0817.209W 72805.899N 0818.219W 3031–2640 m
Mohns Ridge
23288 72822.489N 1839.989E 72822.269N 1838.449E 2573–2401 m
Mohns Ridge
23291-2 72823.79N 1830.19E 3200 m
Mohns Ridge
23292 72824.289N 1844.929E 72823.919N 1842.799E 3080–2698 m
Mohns Ridge
428TVG 72824.59N 1840.99E 72824.49N 1842.09E 2759–2200 m
Mohns Ridge
23295 71808.909N 5854.859W 71809.299N 5853.749W 1879–1773 m
Platform Ridge

Fig. 2 Bathymetric map of a
part of Mohns Ridge redrawn
after Géli (1993). Dots mark
the sample stations which
come from two different
¥500 m high oblique volcanic
ridges within the en e`chelon
axial rift

Sampling and analytical methods

Sampling of the area was done during the cruise 7y3 of FS Meteor
in 1988 (Mohns Ridge) and during the ARK VIIy1 campaign of FS
Polarstern in summer 1990 (Jan Mayen area). Sample locations are
given in Table 1. In the text we will use the last two digits of the
sample numbers for identification, e.g. 23291 reduces to 91. Most
of the samples were obtained by dredging, although samples 91-2
and 77-1 are small pieces of basaltic glass from sediment box
corers. The samples from the Mohns spreading axis come from a
small area between 72 and 728309N where several samples were
taken on two volcanic edifices which form en echelon structures
along the axis (Fig. 2) (Ge´li 1993). The distance between these two
sampling locations is about 90 km.

The samples were crushed and, where possible, glass was used
for all analyses (denoted by “gl” behind the sample number). Glass
was handpicked under a binocular microscope to obtain pieces
with no visible signs of alteration. The crushed samples were
washed several times to remove seawater and reduced to powder in
an agate ball mill. The major elements were analysed with a
Philips 1400 XRF (X-ray fluorescence) machine using interna-
tional standards for calibration. Accuracy and precision can be
seen in Table 3. The mineral analyses and some glass analyses of
major elements were prepared using a Camebax microprobe at the
Mineralogical Institute in Kiel. Constant RbyCs ratios of about 80
(Table 5) in the samples suggest that alteration, which might have
affected the soluble elements, has not occurred.

Trace elements were analysed with a VG plasmaquad PQ-ICP-
MS (inductively coupled plasma-mass spectrometry) at the Geo-
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Table 2 Petrographic description of some representative samples with estimated volumes in vol.%. (Ph phenocrysts,xenoxenocrysts,
mphmicrophenocrysts,microlit microlites,variol variolites)

Sample no. Olivine Plagioclase Clinopyroxene Matrix Vesicles Remarks

23275 ,5% mph Glass1microlit. 5%
23276-1 5% mph 5% mph Glass1microlit. 10%
23288-3 Mph Ph, xeno, mph Glass1variol. 10%
23292-1 1% ph1mph 30% ph1mph 1% xeno Glass1microlit. ,5%
23292-2 2% ph1mph 10% ph1mph Glass1microlit. 20%
23295-3 Ph Ph Ph Tachylitic

21866-A 3% ph 2% ph Trachytic
21866-B 1% ph 5% ph 3% ph Tachylitic Amphibole xeno
21866-E 7% ph 20% ph 3% ph Intergranular 30%
21866-G 20% ph 30% ph 1% mph Tachylitic 5%
21866-H 6% ph 4% ph 15% ph Intergranular 40%

Table 3 Major element analyses measured by XRF of basalts from
the Mohns ridge and of the two international standards BIR and
BHVO-1. 428TVG from Neubourg (1990). Alkaline basalts (AB)

and trachybasalts (TB) from the Jan Mayen Bank. (CIPW norms
and Mg' calculated assuming FeO50.85 FeOT; wr whole rock,
gl glass)

Sample 23275 23276-2 23277-1 23280-4 23288-2 23288-3 23291-2 23292-1 23292-2 23295-3 428TVG
wr wr gl wr wr wr gl wr wr wr

SiO2 50.06 49.99 50.68 49.75 49.33 50.67 52.07 49.13 50.04 49.73 52.10
TiO2 1.115 1.063 1.268 1.084 1.138 1.150 1.050 0.760 1.137 1.823 1.72
Al2O3 15.24 15.61 14.96 15.25 15.08 15.47 15.14 20.59 15.29 15.55 14.59
Fe2O3

T 9.80 9.91 9.68 9.48 9.90 9.99 9.18 7.26 9.84 10.89 12.96
MnO 0.16 0.16 0.16 0.15 0.16 0.16 0.15 0.12 0.16 0.18 0.20
MgO 8.82 8.97 8.40 9.66 7.90 7.97 7.90 6.04 7.98 6.94 5.76
CaO 11.80 11.77 10.99 11.62 12.01 11.95 12.22 13.62 11.98 11.99 9.60
Na2O 2.20 2.22 2.35 2.22 2.35 2.35 2.11 2.12 2.39 2.45 2.66
K2O 0.309 0.295 0.547 0.330 0.333 0.320 0.240 0.090 0.306 0.820 0.66
P2O5 0.139 0.125 0.198 0.127 0.138 0.143 0.121 0.074 0.138 0.328 0.21

Sum 99.661 100.120 99.225 99.766 98.333 100.190 100.19 99.814 99.252 100.700 100.54
Mg ' 67.74 67.86 66.93 70.39 65.05 65.05 66.75 65.99 65.92 59.78 50.90

Sample 21866-A 21866-B 21866-D 21866-E 21866-F 21866-G 21866-H 21866-I BIR-1 BHVO-1 1s

Rock type AB TB AB AB AB AB TB AB (n512)
SiO2 46.25 47.79 46.86 46.19 45.10 46.92 46.55 46.97 47.31 49.71 0.16
TiO2 2.88 2.85 3.14 3.07 2.86 2.00 3.26 2.93 0.98 2.797 0.016
Al2O3 14.56 16.54 15.61 16.58 14.18 10.31 16.32 15.36 15.47 13.66 0.05
Fe2O3

T 11.87 11.53 13.65 12.82 12.90 10.32 12.63 12.65 11.41 12.37 0.08
MnO 0.19 0.21 0.21 0.20 0.20 0.16 0.19 0.20 0.17 0.17 0.00
MgO 9.09 5.14 5.12 5.25 9.93 14.31 4.58 6.92 9.51 7.20 0.02
CaO 10.70 9.21 10.26 10.11 11.04 12.87 10.10 9.81 13.36 11.46 0.04
Na2O 2.36 3.30 2.41 2.50 2.21 1.42 2.78 2.74 1.97 2.25 0.03
K2O 1.53 1.97 2.11 2.39 1.08 1.36 2.56 2.09 0.030 0.522 0.003
P2O5 0.50 0.89 0.58 0.54 0.55 0.39 0.64 0.56 0.030 0.272 0.003

Sum 100.05 99.57 100.08 99.82 100.12 100.17 99.77 100.26 100.21 100.41
Mg ' 64.08 50.94 46.63 48.82 64.20 76.36 45.79 55.67

CIPW norms
Orthoclase 9.03 11.63 12.45 14.11 6.37 8.02 15.11 12.33
Albite 16.97 26.33 20.37 16.56 15.62 9.15 17.20 19.16
Anorthite 24.59 24.48 25.52 26.94 25.55 17.71 24.47 23.42
Nepheline 1.61 0.85 2.48 1.66 1.54 3.41 2.17
Diopside 20.40 12.65 17.86 16.23 20.73 34.82 17.74 17.65
Hypersthene 0.16
Olivine 17.40 12.51 12.12 12.36 19.50 20.98 10.16 14.70
Magnetite 2.58 2.51 2.98 2.79 2.80 2.25 2.74 2.76
Ilmenite 5.48 5.42 5.97 5.84 5.44 3.80 6.20 5.57
Apatite 1.16 2.07 1.35 1.26 1.28 0.91 1.49 1.30

Sum 98.92 98.45 98.79 98.56 98.95 99.18 98.53 99.06
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Table 4 Major element analy-
ses of glasses measured by
electron microprobe (ND not
determined)

Sample 23275 23276-1 23288-2 23288-3 23292-1 23292-2 23295-3

SiO2 51.03 50.62 50.80 51.33 51.41 51.50 50.48
TiO2 1.11 1.10 1.11 1.06 1.15 1.07 1.94
Al2O3 15.11 16.49 14.82 15.01 14.52 14.52 14.29
FeOT 8.66 8.44 8.52 8.45 9.21 9.55 10.04
MnO 0.15 0.17 0.14 0.14 0.17 0.18 0.17
MgO 8.05 8.12 7.95 7.97 7.70 7.53 6.13
CaO 12.15 11.93 11.88 11.76 12.48 11.50 11.03
Na2O 2.21 2.12 2.38 2.63 2.32 2.53 2.17
K2O 0.36 0.32 0.37 0.36 0.16 0.25 1.07
P2O5 ND ND ND 0.32 ND 0.28 ND

Sum 98.81 98.31 97.95 99.03 99.10 98.90 97.31
Mg ' 66.11 66.89 66.21 66.44 63.70 62.34 56.17

On Fig. 3 major and minor elements of the tholeiitic
Mohns Ridge MORB are plotted against MgO and com-
pared to previously published data from the Mohns
Ridge and Jan Mayen Platform and Kolbeinsey Ridge.
Our data fit well with the published data on Mohns lavas,
but sample 428TVG plots at a lower MgO content. The
Mohns tholeiites generally have SiO2 contents above
50% which is higher than for Kolbeinsey lavas at a given
MgO value. Mohns Ridge MORB have lower CaO than
the primitive Kolbeinsey lavas and it appears that they
follow two distinct fractionation trends in CaO with in-
creasing CaO between 9.5 and 7.5% MgO (Fig. 3). Sam-
ple 80-4 is the most primitive of the high-CaO trend,
sample 77-1 is a primitive member of the low-CaO trend.
Kolbeinsey MORB follow a typical tholeiitic trend of
FeOT (total iron as FeO) enrichment, in contrast the
Mohns lavas show relatively constant FeOT between 10
and 7% MgO. Mohns MORB with more than 7% MgO
have higher TiO2 and Na2O than Kolbeinsey lavas at a
given MgO content. In the diagram of K2O versus MgO,
basalts from the Mohns and Jan Mayen Platform spread-
ing axis show a wide variation from low-K tholeiites to
alkali basalts with K2O of about 1% and cluster around
0.3 and 0.5%. Sample 91-2 belongs to the low-K tholeiite
group while 80-4 is intermediate and 77-1 has a high K2O
content of about 0.5%.

Figure 4 confirms that, with respect to the rare-earth
elements, three different MORB types occur in the study
area around 728N, and lavas with various LaySm are
present in one dredge (e.g. dredge 92). Most of the
Mohns samples show enrichment in light rare-earth ele-
ments (LaySmN.1). The most primitive tholeiite 80-4
belongs to this main group with a (LaySm)N of about 1.3,
while the most enriched lava 77-1 has a (LaySm)N of
2.17. Only lava 92-1 is light rare-earth element depleted
and is one of the tholeiites with the lowest incompatible
element contents in the published Mohns MORB suite.
The alkali basalt of the Jan Mayen Platform (Fig. 4) has
high enrichments of light rare earths with (LaySm)N
above 3 which is similar to the Jan Mayen alkali basalts.

logical Institute in Kiel after the method of Garbe-Schönberg
(1993). Measurements of international standards which were run
with the samples, and their long-term reproducibility, are given in
Table 2.

Accuracy of the major element analyses generally is within
(+)5% of the working values of Govindaraju (1994) recalculated
on a volatile free basis, while the precision of our analyses is better
than 2% (Table 3). Deviations from the working values of about
10% for Na2O and K2O and 50% for P2O5 occur for the low concen-
tration elements in standard BIR-1. Most of our trace element data
on standards lie within 10% of the working values of Govindaraju
(1994) and the ID SSMS analyses of Jochum et al. (1990). Mean
values of the international standards BIR-1 and BHVO-1 analysed
together with the samples are shown in Table 5. The ICP-MS rare-
earth elements and Y have in most cases slightly lower concentra-
tions than in the other two data sets. Larger deviations of about
10% from the other analyses exist for Ba and Th in the depleted
BIR-1, although Th is probably below the determination limit. The
reproducibility is generally better than 5% for the trace elements
with the exception of Cs and Th, which are 30% and 10%, respec-
tively.

Results

Sample petrography is described in Table 2. Lavas from
Mohns Ridge are mainly olivine and plagioclase phyric
and in most cases the crystals are smaller than 2 mm.
Only sample 92-1 shows plagioclase megacrysts (¥30
vol.%, up to 10 mm) and a few strongly resorbed phe-
nocrysts of clinopyroxene with composition
Wo44En50Fs6. The samples from the Jan Mayen Bank
(dredge 66) contain abundant large phenocrysts of
olivine, dark green Ti-augitic clinopyroxene and plagio-
clase. In sample 66-B, rounded phenocrysts of brown
amphibole also occur. These Jan Mayen Bank samples
are petrographically similar to the ankaramitic alkali
basalts and trachybasalts of the island Jan Mayen as de-
scribed by Imsland (1980). With the exception of the
nepheline-normative sample 95-3 from the Jan Mayen
Platform, all lavas recovered by us north of the WJMFZ
are hypersthene normative and thus classified as tholei-
ites. Sample 95-3 resembles the lavasfrom the Jan Mayen
Bank (66) and Jan Mayen petrographically and geochem-
ically (Tables 2 and 3). Signs of alteration were not ob-
served in the MORB glasses, while some of the alkaline
lavas from the Jan Mayen Bank contain thin coatings of
alteration phases in the vesicles.
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Fig. 3 SiO2, CaO, K2O, FeOT (total iron as FeO), TiO2, and Na2O
and MgO for tholeiites from the spreading axes of Mohns and
Kolbeinsey Ridges and from the Jan Mayen Platform. Note the two
different trends for CaO versus MgO which are outlined by the
f ields. The arrows on the plots of FeOT, CaO, Al2O3 and TiO2

show the effect of plagioclase accumulation between the glass and
the whole rock 23292-1.Open circlesare data from this paper.
Data from Schilling et al. (1983), Neumann and Schilling (1984),
Maaløe et al. (1986), Devey et al. (1994)
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Fig. 4 Rare-earth element plot
of the Mohns Ridge samples
normalized to chondrite from
Sun and McDonough (1989).
The tholeiites are classified
according to their light-rare-
earth element enrichments in-
to N-, T-, and E-MORB. Note
that 95-3 is an alkali basalt
from the Jan Mayen Platform

Discussion

Major element fractionation

In the following we will concentrate on the generation of
the Mohns Ridge tholeiites because the petrogenesis of
the alkali basalts in the Jan Mayen area has already been
extensively studied (Imsland 1980; Neumann and
Schilling 1984; Maaløe et al. 1986). Sigurdsson (1981)
divided North Atlantic MORB into two groups and
showed that Mohns Ridge lavas resemble MORB be-
tween 35 to 538N in having high SiO2, Na2O and K2O but
low FeOT compared to MORB between 54 and 708N.
These major element differences have been attributed
either to clinopyroxene fractionation at depth (Sig-
urdsson 1981; Neumann and Schilling 1984) or to source
heterogeneity (Klein and Langmuir 1987).

Olivine dominates the fractionation assemblage be-
tween 9.5 and 8% MgO in Mohns MORB, leading to
shallow trends for most elements when plotted against
MgO (Fig. 3). The onset of clinopyroxene fractionation
may be indicated by strongly decreasing CaO and ap-
pears at about 7% MgO in the low-CaO group compared
to about 8% MgO for the high-CaO group and even
higher MgO in the Kolbeinsey suite (Fig. 3). In our sam-
ples, clinopyroxene only occurs as corroded megacrysts
in one sample (92-1, 7.7% MgO) suggesting that it is
generally not in equilibrium with Mohns tholeiites. Thus
we reject the idea of Sigurdsson (1981) that clinopyrox-
ene occurs throughout the compositional range of Mohns
MORB. The difference between the high-CaO and the
low-CaO versus MgO trend appears to correspond to the
differences in the incompatible element contents of the
lavas, as 77-1 with low CaO has high TiO2 and K2O while
the primitive high-CaO lava 80-4 has lower TiO2 and
K2O concentrations. There is a broad negative correla-

tion between fractionation-corrected CaO and LaySm in
the Mohns data set (Fig. 3). Thus, we would also rule out
the differences between the high- and low-CaO groups as
being due to clinopyroxene resorption, as this phase does
not affect the K2O content or (LaySm)N ratio strongly.
The large range of CaO in the primitive Mohns tholeiites
combined with the changes in the incompatible element
compositions suggest that processes other than crystal
fractionation also play a role in the petrogenesis. As CaO
is compatible in the mantle, its concentration in a melt
will be more sensitive to variations in the degree of par-
tial melting than to mantle heterogeneity.

Figure 3 shows that primitive Mohns tholeiites have
higher Na2O contents than Kolbeinsey MORB at the
same MgO contents. The averages of Na8.0 in Norwe-
gian–Greenland Sea MORB rise from 1.98+0.22 for
Kolbeinsey Ridge and 2.14+0.28 for Eggvin to
2.35+0.12 on Mohns and 2.80+0.15 on Knipovich
Ridges (calculated as Na8.05Na2O10.06 MgO20.48 for
Mohns and Knipovich lavas with more than 6% MgO).
Following the reasoning of Klein and Langmuir (1987),
this implies a northerly decreasing degree of partial
melting assuming that Na2O is homogeneously distribut-
ed in the mantle. From experimental data, Kinzler and
Grove (1992) calculated major element compositions of
accumulated melts generated by an upwelling mantle
column. Their results are plotted in Fig. 5 together with
the MORB compositions of the Norwegian–Greenland
Sea spreading centres. The lavas from the three spread-
ing axes fall into different groups, suggesting the lowest
degree of melting for Knipovich and the highest degree
of melting for Kolbeinsey MORB. Mohns tholeiites are
in the range of 12 to 13% accumulated melt and follow a
steep trend to higher Na2O with increasing FeOT. Thus
the Na2O contents of Mohns MORB do not support the
idea of large variations in the degrees of partial melting,
which might be inferred from the CaO concentrations.
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Fig. 5 Plot of Na2O versus FeOT after Kinzler and Grove (1992).
Mohns MORB data are only from this paper. Thef illed circles
mark accumulated melt compositions at 10, 14 and 18% melting.
Arrowsdenote 50 to 60 wt% crystal fractionation at high pressure
after Kinzler and Grove (1992).Numbers with kbarsgive the cal-
culated pressure range of melting. Data sources as in Fig. 3

However, the effect of H2O on the Na2O contents of melts
is only poorly understood for water-undersaturated sys-
tems although it appears that FeOT is relatively unaffect-
ed by variable H2O contents (Hirose and Kawamoto
1995). Note that although the involvement of water may
have large effects on the fractionating phases (Michael
and Chase 1987) this will not affect our CaO9.0 calcula-
tions as they were calculated based on the actual trends
in Fig. 3.

Trace element fractionation

The Mohns Ridge lavas between 71.8 and 72.58N have
variable incompatible element compositions with Ce
ranging between about 10 and 50 ppm at MgO contents
of 8 to 9% (Fig. 6a). The range in143Ndy144Nd of the
samples at 728N is limited to 0.51293 to 0.51307. SmyNd
ranges between 0.22 and 0.35 in this narrow range of
143Ndy144Nd but no correlation is observed. This implies
that the lavas at 728N on Mohns Ridge are derived from
slightly variable sources but that probably the main ef-
fect of enrichment and SmyNd fractionation is due to
recent (i.e. melting) processes, allowing no time for
changes in Nd isotope compositions to occur.

Figure 7 shows depleted MORB-normalized concen-
trations of representative lavas. Although the concentra-
tions vary by a factor of¥10, the similarities in the basic
shape of the incompatible element patterns of all tholei-
ites from the Jan Mayen area suggest that they reflect the
signature of the mantle source. The patterns of these
samples differ significantly from the smooth pattern of
average enriched MORB (Fig. 7). The alkali basalt from
the Jan Mayen Platform (95-3) shows a distinct pattern
with a marked peak at Ba but decreasing Rb and Cs.
Variable degrees of partial melting lead to some rotation
of the patterns of the tholeiites, but is not responsible for

Fig. 6a Ce versus MgO andb SmyNd versus143Ndy144Nd for
samples from the study area between 71.88N and 72.58N on Mohns
Ridge. The Nd isotopes are recalculated to values of BCR-1:
0.512633 and LaJolla: 0.511855.Filled circlesare data from Neu-
mann and Schilling (1984) and Waggoner (1989),open circlesNd
isotopes from Mertz, DF, Raczek, I, Devey, CW (unpublished)

the peaks and troughs seen. All tholeiitic basalts have
strong relative enrichments of Cs, Rb, Ba, K, and to a
lesser extent Pb and Sr compared to the other incompat-
ibles. The preferential enrichments of these elements
cannot be explained by the influence of any known melt
(e.g. Green 1994) but they are known to be strongly solu-
ble in hydrous fluids (Tatsumi et al. 1986). The observed
anomalous enrichments of these elements in many sub-
duction-related lavas (e.g. back-arc basalts, Fig. 7) is
thought to be the result of an influx of fluids into the
mantle source (Tatsumi et al. 1986; Woodhead 1989).
Schilling et al. (1980) noted a strong positive correlation
between Ba, Rb, and K enrichment and Br and Cl con-
tents in MORB near the Azores and suggested a mantle
enrichment by halogen-rich fluids. Thus, we suggest that
either hydrous andyor Cl-Br-rich fluids probably led to
the enrichment of the sources of the Jan–Mayen–Mohns
Ridge region tholeiites and, possibly, alkali basalts.
However, slight differences in the source compositions
exist and the higher Sr and lower Nd isotopic ratios of the
alkali basalts point to different RbySr and SmyNd ratios
in their sources (Waggoner 1989).

Subduction zone lavas also show strong enrichment of
U and depletions in Nb, which are not seen in the basalts
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Fig. 7 Depleted-MORB-nor-
malized diagram for represen-
tative samples with MORB
values from Hofmann (1988).
Data for Lau backarc basin
basalt from Hergt and Farley
(1994) and for average en-
riched MORB from Sun and
McDonough (1989)

of this study. The solubility of U depends on its oxidation
state, under reducing conditions (U41) it is less soluble
than as U61. Ballhaus (1993) has shown that enriched
MORB have generally higher oxidation states than de-
pleted MORB but are still lower than subduction-related
basalts. Because the oceanic mantle has a lowerfO2

than
the mantle in subduction zones, U may show a different
behaviour underneath the Mohns Ridge and Jan Mayen
region despite an enrichment in volatiles relative to nor-
mal MORB mantle. The Nb depletion in subduction-re-
lated magmas is thought to be the result either of the
presence of a high-field-strength element-bearing resid-
ual phase during melting or of the selective addition of
large-ion-lithophile and rare-earth elements to the
mantle source (see Hawkesworth et al. 1993 for review).
If this Nb depletion is generated during the melting pro-
cess beneath magmatic arcs, its absence in the North
Atlantic samples simply reflects the fact that the Mohns
Ridge is not a subduction zone and so has differentP–T-
volatile conditions at melting. It is possible, for example,
that the volatile-bearing mantle phase is different, and
that rather than being the Nb-buffering phase amphibole
(as suggested for arcs by several authors, e.g. McKenzie
and O’Nions 1991) in the mantle beneath the study area
it might be phlogopite (which has high DRbyBa of ¥2 but
relatively low DNbyLa, Adam et al. 1993; Ionov and Hof-
mann 1995). If, on the other hand, the Nb-depletion in
arcs is due to selective addition of some elements, it did
not carry as many elements in the sub-oceanic regime as
at a subduction zone.

In the Mohns Ridge area, the occurrence, over a limit-
ed area, of MORB and alkali basalts with some geo-
chemical overlap (e.g. Sr-Nd isotopes, incompatible ele-
ment patterns) led Waggoner (1989) to propose the mix-
ing of the enriched Jan Mayen magmas with depleted
MORB. In Fig. 8 we test this hypothesis. The model of
melt mixing can account for the trends of (CeyYb)N ver-
sus (TbyYb)N and 143Ndy144Nd for all Mohns Ridge
MORB (Fig. 8). Most lavas plot close to the mixing lines
between a MORB melt formed by 10% melting in the
spinel lherzolite field and a melt having the isotopic

composition of Jan Mayen area alkali basalts and formed
from an enriched source at 5% melt with garnet as the
stable Al-phase.

A difference exists between the Jan Mayen alkali
basalts and the tholeiites with the former having relative-
ly low concentrations in Rb and K compared to Ba or Th.
This difference can be observed in Fig. 9, where the
Mohns tholeiites show lower BayRb than the alkali
basalts and a negative correlation between RbyTh and
Th. The tholeiitic trend in RbyTh points towards the al-
kali basalt field, implying a transition in the petrogenetic
conditions from the tholeiitic to the alkaline lavas. This
trend can be either a mixing trend or it suggests that for
the alkali basalt genesis Rb was more compatible than
Th. We do not think that mixing is responsible, as the
high RbyTh tholeiites from the Mohns Ridge are isotopi-
cally less radiogenic than the alkali basalts (Fig. 10),
implying that the tholeiite source has a time-integrated
depletion in, for example, Rb. That the relatively Rb rich
alkali basalt source produces basalts with higher BayRb
implies that a residual phase is making Rb more compat-
ible than Ba during melting. The only abundant phases
known to have a buffering effect on Ba and Rb (and K,
not shown) in the mantle are the hydrous phases phlogo-
pite or amphibole (Sun and McDonough 1989). Unfortu-
nately it is not clear whether these hydrous phases are
stable at the high temperatures of the oceanic mantle
(Mengel and Green 1989; Sudo and Tatsumi 1990). Re-
cent experiments of Adam et al. (1993) suggest tempera-
tures of less than 11008 C at 10 to 20 kbar where amphi-
bole or mica are stable in the presence of a melt. This may
imply either low temperatures underneath Mohns Ridge
or another buffering phase.

Mantle sources

Enriched mantle sources may be generated by two pro-
cesses which are (1) recycling of crustal or old continen-
tal lithospheric material, (2) metasomatism in the mantle
(e.g. Sun and McDonough 1989). For the enriched
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Fig. 9 a BayRb versus Rb andb RbyTh versus Th for Mohns and
Kolbeinsey MORB and Jan Mayen area alkali basalts. Average of
global oceanic volcanics after Hofmann and White (1983). Data
sources as in Fig. 3

Fig. 8a (CeyYb)N versus143Ndy144Nd and two mixing lines be-
tween a 10% MORB melt from spinel lherzolite and two 5% melts
generated in garnet lherzolite with different isotopic composi-
tions. b (CeyYb)N versus (TbyYb)N and a mixing line between a
10% MORB melt from spinel lherzolite and a 5% melt genera-
ted in enriched garnet lherzolite. Eachtick mark is for 10%
mixing. Data sources: distribution coefficients and MORB source
McKenzie and O’Nions (1991); enriched source: amphibole
lherzolite Z-35, Bonatti et al. (1986) with 0.1 ppm Tb. Mantle
mineralogy: MORB o165opx20cpx10sp5, enriched mantle
o160opx25cpx10gar5. Melting modes from Gudfinnson and
Presnall (1993) for 24 kbar (MORB) and 34 kbar (enriched
mantle). Batch melting model of Shaw (1970). Other data sources
as in Fig. 3 and Nd isotopes from Mertz et al. (unpublished)

mantle of Jan Mayen, Kurz et al. (1982) proposed a
MORB source with a recycled sediment component sim-
ilar to that of GoughyTristan da Cunha on the basis of the
low 3Hey4He (6.5 RyRa) ratios. Waggoner (1989) sug-
gested a model in which a basanitic (,0.1%) melt from
recycled oceanic crust metasomatized a mantle portion
at a subduction zone 450 Ma ago. This mantle portion
was subducted and after several hundred Ma ascended as
a mantle plume at Jan Mayen.

High BayLa in Jan Mayen and Mohns Ridge magmas
would seem to support the model of recycled oceanic
crust with sediment in the Norwegian–Greenland Sea

Fig. 10 BayRb versus87Sry86Sr showing a positive correlation for
lavas from the Jan MayenyMohns Ridge lavas. Isotopes for our
samples are from Mertz et al. (unpublished). Data sources: Devey
et al. (1994), Maaløe et al. (1986), Mertz et al. (1991), O’Nions
and Pankhurst (1974)

mantle because sediments have high BayLa (Fig. 11). In
altered oceanic crust the87Sry86Sr is increased slightly
and also Ba, Rb and K are taken up (Hart and Staudigel
1989) and this process could explain some of the chemi-
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ences Knipovich Ridge (Neumann and Schilling 1984;
Waggoner 1989). In the second model of small scale het-
erogeneous mantle melts sequentially by passive up-
welling (Zindler et al. 1984; Sleep 1984). Volcanism at
fracture zones has been observed in the Pacific and was
explained by abundant faulting and fracture zone weak-
ness (Lowrie et al. 1986). To choose between these pos-
sibilities we have to investigate whether there are physi-
cal signs of a plume in the area, and whether the enriched
component can be mixed into the spreading centre mag-
mas by a point-like influx from a plume from the lower
parts of the mantle.

The most significant sign of a mantle plume from the
deep mantle (.600 km depth) is the track of volcanoes it
creates on the overriding lithosphere. Johnson and
Campsie (1976) and Waggoner (1989) included Vesteris
Seamount, Vøring Plateau and theHold with Hope flood
basalts in E Greenland into a Jan Mayen plume track.
Vesteris Seamount was shown to be younger than 1 Ma
(Mertz and Renne 1994) while the large volumes of lava
of Vøring Plateau andHold with Hope are probably
derived from the influence of the Iceland plume (Vink
1984). For the time between 55 and 5 Ma no physical
signs of plume volcanism have been found in the Norwe-
gian–Greenland Sea (Vogt 1986). Schilling (1976) sug-
gested ascending blobs of hot mantle generating discon-
tinuous volcanism starting with the formation of the
Vøring Plateau 55 Ma ago and leading to the Jan Mayen
volcanism 50 Ma later. However, geophysical models
predict excessive volcanism during the first phase of
plume head impact under the lithosphere leading to
oceanic plateau generation (Griffiths and Campbell
1990). This is not observed in the Jan Mayen region.

Neither is there evidence for a bathymetric anomaly.
Although Schilling (1991) proposes a 2200 m positive
bathymetric anomaly for the Jan Mayen area, this ap-
pears extreme, as Eggvin Bank and Jan Mayen Platform
are, at least in part, fracture zone ridges (Menard and
Atwater 1969; Bonneville and McNutt 1992) set onto the
uplifted region of the Iceland Plateau. The water depth
north of the 50 km long Jan Mayen Platform increases by
2 km, leading to globally normal depths of 2.5–3 km of
the spreading axis only 100 km away from the WJMFZ
on Mohns Ridge (Neumann and Schilling 1984). There is
no bathymetric evidence for a plume swell.

Direct evidence against a heat anomaly underneath
Jan Mayen comes from seismic investigations. There is
only a weak attenuation of seismic waves beneath the
area of the island as would be expected from a volcani-
cally active centre near a fracture zone (Havskov et al.
1986). Seismic tomography shows no evidence for an
unusually warm mantle beneath the Jan Mayen area
(Zhang and Tanimoto 1993). Vogt (1986) and Havskov
and Atakan (1991) noted that earthquake epicentres at
the WJMFZ occur as deep as 40 km and thought this to
be improbable in lithosphere heated above a plume.

The oceanic lithosphere around Jan Mayen is about
20 Ma years old, while opposite the island on the north-
ern side of the WJMFZ the age of the crust is 0 to 5 Ma

Fig. 11 BayLa versus CeyPb for various lavas and reservoirs. N
Atlantic MORB includes Ba, La, and Ce data for Kolbeinsey lavas
from Devey et al. (1994) and Pb from Mertz et al. (1991). Other
data from Ben Othman et al. (1989), Chauvel et al. (1992), Wood-
head and Devey (1993) and Hartmann and Wedepohl (1990)

cal signatures of the Mohns Ridge samples. However,
other incompatible elements in Mohns MORB have ratios
which are typical for the oceanic mantle. Mohns MORB
have “normal” oceanic CeyPb ratios (¥25, Hofmann
et al. 1986) while the CeyPb ratios of Jan Mayen alkali
basalts appear to be higher (Fig. 11). Sediments have low
CeyPb due to their high Pb contents, and a sediment com-
ponent in the source would strongly change the CeyPb of
the mantle (Hofmann et al. 1986). Also the RbyCs ratios
of the Mohns tholeiites lie in the range of 80+10 which
is typical for oceanic lavas (Hofmann and White 1983)
and thus contradict the model of recycled sediment in the
northern Norwegian–Greenland Sea mantle. In Fig. 11
the Mohns lavas resemble neither the HIMU type lavas
(probably generated from recycled oceanic crust, e.g.
Chauvel et al. 1992) nor the Pitcairn lavas (thought to be
generated from mantle enriched by recycled sediment,
e.g. Woodhead and Devey 1993). As we had shown above
the enrichments of Cs, Ba, Rb, and K compared to other
incompatible elements are frequently found in subduc-
tion-related basalts and in metasomatized peridotites
(Figs. 7 and 11) implying a fractionation of these ele-
ments from those of similar incompatibility (like La or
Nb) during partial melting. If this fractionation is due
to phlogopite (see 5.2) then this could also lead to a
buffering of CeyPb in the alkali basalts (Fig. 11) as it
appears to strongly incorporate Pb (Ionov and Hofmann
1995).

The cause of magmatism at Jan Mayen

Two models are generally proposed to explain the gener-
ation of geochemically enriched magmas such as those
which occur near Jan Mayen. The first envisages an en-
riched plume ascending underneath the island which
contributes to the magmas about 100 km south and
200 km north of the fracture zone but which also influ-
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geophysical model of Phipps Morgan and Forsyth (1988)
(Fig. 12). The ascent of the magmas to the surface may
be possible because the lithosphere underneath Jan
Mayen is weakened due to its position between the conti-
nental fragment of the Jan Mayen Ridge (Skogseid and
Eldholm 1987) and the fracture zone or by the fracture
zone alone. Thus volcanism at Jan Mayen is the result of
the unique coincidence of a continental fragment, a frac-
ture zone and a spreading axis.

Concluding remarks

1. Lavas on the Mohns Ridge north of Jan Mayen have
variable compositions with the majority of the lavas on
the spreading axis being alkali basalts and enriched
tholeiitic rocks. On a large scale there is a continuity of
compositions between the lavas from the island Jan
Mayen and the basalts from the spreading axis in incom-
patible element and isotopic composition. This suggests
a heterogeneous mantle with low melting point, enriched
heterogeneities which are preferentially melted into the
small degree (¥5%) melts near Jan Mayen and whose
melts are more diluted further north at 728N.
2. Three lava types with different incompatible element
compositions, e.g. (LaySm)N,1 to .2, occur in the area
at 728N and were generated by mixing of large degree
melts with small degree melts from more enriched parts
of the mantle. The elements Ba, Rb and K of the small
degree melt were probably buffered in the mantle by a
residual phase like phlogopite or amphibole.
3. Mohns MORB and Jan Mayen area alkali basalts have
high contents of Cs, Ba, Rb, and K compared to other
incompatible elements (e.g. BayLa of about 15). These
ratios reflect the signature of the mantle source. The ra-
tios CeyPb and RbyCs have normal mantle values of 25
and 80, respectively, thus the enrichments of Ba and Rb
are not due to a sedimentary component. The source was
probably generated by metasomatic input of Cs, Ba, Rb
and K into the mantle. The fluid appears to resemble to
some extent that released from a subducting slab.
4. Geophysical and petrological observations contradict
the Jan Mayen plume model as there is no plume track
and no geophysical or petrologicalygeochemical evi-
dence for mantle with an excess temperature underneath
Jan Mayen. It appears more likely that the melting is
induced by passive upwelling of volatile-rich mantle due
to the influence of the nearby spreading axis.
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Fig. 12 Schematic drawing of the possible configuration of the
melting zones underneath Mohns Ridge and Jan Mayen as implied
by the petrological data. Compare with the geophysical models of
Phipps Morgan and Forsyth (1988)

at the Jan Mayen Platform spreading axis. On the Jan
Mayen Platform mainly alkali basalts occur, not what
would be expected if anomalously hot mantle ascends to
shallow depths in this axis. The Platform Ridge alkali
basalts are probably generated by less than 5% melting in
the garnet stability field (.60 km depth) (Neumann and
Schilling 1984), thus melting beneath the Platform is
apparently depressed to greater depths relative to normal
ridge segments. An effect of lowering the mantle temper-
ature was suggested to occur at fracture zones (Langmuir
and Bender 1984; Fox and Gallo 1984). Model calcula-
tions of Phipps Morgan and Forsyth (1988) showed that
within 25 km of a fracture zone at a spreading rate of
1 cmya and 100 km offset, the upper mantle temperature
is several hundred degrees C cooler than in the surround-
ing mantle. Our results from the WJMFZ area are in
accordance with these models, as mainly alkaline lavas
erupt in the vicinity of the fracture zone, suggesting a
decreased degree of melting (“transform fault effect”of
Langmuir and Bender 1984). Schilling and Sigurdsson
(1979) have shown that lavas in the vicinity of the
WJMFZ have eruption temperatures about 1008 C lower
than along the neighbouring spreading axes thus also
supporting a low-temperature mantle near Jan Mayen.
Evidence shown earlier for the effect of a hydrous
phase on the lava chemistry implies that melting along
the Platform Ridge may only be possible because wa-
ter in the mantle lowers the solidus temperature suffi-
ciently.

The upwelling of mantle material into the Platform
Ridge axis may have a buoyancy effect across the frac-
ture zone as the area of melt generation along spreading
axes is much wider than the volcanic zone itself. Thus
small volume melts may form underneath the island Jan
Mayen. As the isotherms in the mantle lie at greater
depths below the WJMFZ the magmas are low degree
melts (alkali basalts). From the petrological consider-
ations we can construct the zones of melting for the re-
gion north of Jan Mayen which resemble closely the
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