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Recent volcanic rocks from Jan Mayen: Low-degree melt
fractions of enriched northeast Atlantic mantle

Reidar G. Trgnnes, ' Sverre Planke,” Bjgrn Sundvoll,’ and Pall Imsland’®

Abstract. Isotopic and trace element analyses of recent alkaline volcanic rocks from Jan Mayen
were used to characterize their mantle source. The samples, ranging in composition from
ankararmites to trachytes, are isotopically homogeneous with 11 of 12 samples within the follow-
ing ranges: V'Sr/*Sr 0.7035-0.7036, “*Nd/"**Nd: 0.51285-0.51290, **Pb/2*Pb: 18.54~18.76,
XTPb/A%Ph 15.45-15.49, and ***Pb/**Pb: 38.19-38.51. Geophysical data indicate that the Jan
Mayen Ridge represents a microcontinent rifted off the east Greenland continental margin at 36 Ma.
The isotopic homogeneity and poor correlation between the degree of magmatic differentiation and
Sr-Nd isotopic composition show that the recent Jan Mayen magmas escaped significant contami-
nation by Precambrian or Lower Paleozoic continental crust. A pervasive Tertiary to recent mag-
matic infrastructure may explain the lack of contamination with old crustal material. The Jan
Mayen alkali basalts have similar trace element and isotopic composition to other oceanic plume
basalts and are dominated by low-degree melts from an enriched mantie component prevalent in the
NE Atlantic. The Icelandic alkali basalts are derived from similar sources but are more diluted with
picritic or tholeiitic melt fractions formed by progressive melting at shallower levels. Minimum
dilution of the incipient low-degree melts occurs when the melting column is truncated by a thick
iithosphere. The mantle source sampled by the Jan Mayen and other alkaline volcanic systems in

the NE Atlantic is strongly enriched in high field strength elements like Nb, has a relatively high

u value, and has *7Pb/**Pb ratios below and **Pb/**Pb ratios

above the Northern Hemisphere

Reference Line. Such a Pb isotopic composition fits well with an old mantie domain with a time-
integrated low u value, enriched by a Paleozoic high it (HIMU) component. The young HIMU-
component in the NE Atlantic upper mantle could represent recycled oceanic crust entrained in the
ancestral Iceland plume and distributed laterally by the ancestral plume head.

1. Introduction

The island of Jan Mayen represents the northern and most
elevated part of the Jan Mayen Ridge. The SE trending Western
Jan Mayen Fracture Zone contacts the northeastern end of the
S4-km-long island (Figure 1). The volcanically active island
consists of a potassic trachybasaltic suite of volcanics
[Imsland, 1984; Maalpe et al., 1986; Thy et al., 1991}, rang-
ing from ankaramites via basalts and tristanites to trachytes.
The last eruption from fissures on the northern slope of Beer-
enberg occurred in Januvary 1985 [Imsland, 1986]. Maalge et al.
19867 suggested that the entire magma series evolved mainly
by low-pressure crystal fractionation. Imsland {1984} and Thy
et al. {19911, however. conciuded that the tristanites and
trachytes were produced by crustal anatexis of hydrated basaits.

Dredging along the southern part of the Mohns Ridge and
on seamounts and hills between Jan Mayen and Kolbeinsey
Ridge shows that trachybasaltic volcanics are widespread in the

icinity of the Jan Mayen Fracture Zone [Newmnann and Schil-
ling, 1984; Haase et al., 1996; Thy et al., 1991, and references
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therein]. A geochemically enriched mantle source is indicated
for the volcanism in the vicinity of Jan Mayen. Haase et al.
[1996], Neumann and Schilling [1984], and Waggoner et al.
{1981] found a strong increase in the concentration of incom-
patible elements combined with increasing “'Sr/*Sr and de-
creasing "“*Nd/““Nd along the southern part of the Mohns
Ridge toward Jan Mayen. This increase has been ascribed to a
local mantie plume centered near Jan Mayen [e.g., Neumann
and Schilling, 1984}, although there is no geophysical evi-
dence for this. The bathymetry, seismic velocitly distribution,
and earthquake epicenters in the Jan Mayen region do not
support either a plume swell or significantly elevated upper
mantle temperatures [Havskov and Arakan, 1991; Zhang and
Tanimoto, 1993 Haase et al., 1996}

The effect of the continental crust of the N-S trending Jan
Mayen Ridge on the magma evolution has been uncertain. If
the island of Jan Mayen is underlain by Precambrian or early
Phanerozoic lower crust, the volcanic products may show
tendencies toward elevated ¥Sr/*Sr and lowered “*Nd/**Nd. In
particular, the evolved end-members of the volcanic suite, in
the form of tristanites and trachytes, are likely to have inter-
acted with the crust by fractional crystallization in combina-
tion with partial melting of wall rocks. The scarcity of isotope
geochemical data for the Jan Mayen volcanics has made it
difficult to exclude the possibility of a continental crustal
contribution to the magmas, 2alithough all of the recent petro-
logic studies have favored a mantle source [Imsland, 1984;
Maalge et al., 1986; Thy et al., 1991, and references therein].
The present study contributes new Sr-Nd-Pb isotopic ratios and
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Figure 1. Tectonic elements of the Greenland and Norwegian Seas. Bathymetric contour lines for 1 km and
2.5 km depth are shown. Solid areas indicate volcanic margins. JMFZ, Jan Mayen Fracture Zone.

trace element concentrations of a selection of previously stud-
ied Jan Mayen-samples [Imsland, 1984] in an attempt to further
constrain the origin of the magmas. The new isotopic and trace
element data for Jan Mayen show insignificant crustal contri-
butions to the magmas, and instead, they provide important
insight into the spectrum of mantle sources in the NE Atlantic
area.

2. Tectonomagmatic Setting of the Jan Mayen
Ridge

The Jan Mayen Ridge is a 50-100-km-wide and 400-km-
long bathymetric ridge complex extending southward from
the island of Jan Mayen (Figure 1). The ridge is divided into
three main structural elements. The northern segment encom-
pass the area north of the westward projection of the Jan
Mayen Fracture Zone (from 70°15’N), and is characterized by a
wide, typicaily less than 200-m-deep platform, including the
Jan Mayen island. The central N-§ trending segment is more
narrow and typically 1000 m deep. It continues southward to
the prominent change in ridge trend from N-S to NE-SW south
of 69°N. The southern segment is fragmented into several
1500-m-deep bathymetric highs.

Regional studies have generally concluded that the Jan
Mayen Ridge is a microcontinent rifted off Greenland after
continental breakup between Eurasia and Greenland near the
Paleocene/Eocene transition [Talwani and Eldholm, 1977,
Bott, 1983; Skogseid and Eldholm, 1987, Larsen, 1988]. At
Chron 20 time (45 Ma) a northward propagating rift or spread-
ing axis was initiated west of the Jan Mayen Ridge, with si-
multaneous fan-shaped spreading on the Aegir Axis and an
axis west of the Jan Mayen Ridge. The two spreading axes

remained active until the time of anomaly 7 (26 Ma), when the
Aegir Axis became extinct and spreading became restricted to
the Kolbeinsey Ridge.

The plate tectonic reconstruction of Greenland and Eurasia
at' Chron 22 time (about 53 Ma) shows that the central and
southern Jan Mayen Ridge segments are conjugate to the
Mgre Margin (Figure 2). On the other hand, the northern Jan
Mayen Ridge segment is conjugate to the southern Vgring
Margin. A smooth transition in the trend of bathymetric con-
wours from NE-SW to NW-SE takes piace on the part of the
Vegring Margin which is conjugate to the northern Jan Mayen
Ridge segment (Figures 1 and 2). This part of the Vgring Mar-
gin is located in a shear rift corner setting, where the Vgring
and Mgre Margins are offset by about 100 km along the Jan
Mayen Fracture Zone. No significant offset is seen between
the conjugate central and northern Jan Mayen Ridge seg-
ments, although the bathymetrically defined ridge is much
wider in the northern segment than in the two segments far-
ther south (Figure 1).

Extensive seismic reflection data across the Jan Mayen
Ridge reveal a distinctly different western and eastern margin
[Gudlaugsson et al., 1988; Akermoen, 1989]. The eastern
margin is flexured and shows well-developed intrabasement
sequences of seaward dipping reflectors. In contrast, the west-
ern margin is characterized by brittle block faulting, being
related to the separation of the Jan Mayen Ridge and Green-
land. Furthermore, wide-angle seismic data reveal a structure
of the central ridge segment that is similar to those in conti-
nental areas [Johansen et al., 1988; Kodaira er al., 1998]. The
crustal structure of the northern ridge segment is poorly con-
strained, though, because abundant volcanic rocks inhibit
imaging of the crustal structure.
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Figure 2. Plate tectonic reconstruction at anomaly 22 time
(53 Ma). Dark shaded area shows the outline of the Jan Mayen
Ridge, and the vertically hatched areas are volcanic breakup
complexes. T, Traill @; JM, Jan Mayen; JMFZ, Jan Mayen
Fracture Zone: VM, Véring Margin: MM, Mgre Margin: FlL.
Feroy lslands.”

"
"
we

Several phases of volcanism are interpreted in Jan
Mayen Ridge region [Gudlaugsson et al., 1988; Akermoen,
19891, The seaward dipping reflector sequences along the
eastern margin are likely breakup-related, subaerially em-
placed flood basalts by analogy with the flood basalts found
on the conjugate, mid-Norwegian margin. A very strong, flat
reflector west of the ridge is further interpreted as related to
voluminous volcanics erupted during carliest Miocene. Vol-
canism is an ongoing process on the isiand of Jan Mayen and

long the western Jan Mayen Fracture Zone.

As suggested by Haase et al. [1996], the the Jan Mayen
volcanism may be 2 result of the coincidence of a continental
fragment, the fracture zone, and the nearby spreading axis.
Ascent of magmas to the surface may be promoted by weakened

Table 1. Major Element Composition

8'W

Figure 3. Sample locations on Jan Mayen. The samples are
described by Imsiand [1984] and comprise ankaramites (167
and 65), ankaramitic basalt (43), basalt (85), basaltic tristan-
ite (70), tristanite (82), and trachytes (92, 90, 79, 38, 171,
nd 88).

lithosphere at the northern edge of the Jan Mayen Ridge
{Skogseid and Eldholm, 1987].

3. Samples and Analytical Procedures

In this study we used a selection of the samples previously
analyzed by /Imsland [1984]. Sample locations and major
element compositions are given in Figure 3 and Table 1, re-
spectively. A summary of the petrography of the samples can
be obtained from the authors. In order to investigate the pos-
sibility of minor crustal contribution, especially in the most
evolved rock types, six of the 12 selected samples were
trachytes. .

The trace elements were analyzed by inductively coupled
plasma mass spectrometry (fusion-ICP-MS) at Activation
Laboratories Ltd., Ancaster, Ontario, Canada. Calibration was

Sample S§i0, TiO, ALO, Fe,0O, FeO MaO MgO CaO N0 KO PO, HO HO
167 475 164 829 237 638 Q15 165 140 137 103 028 013 008
65 460 235 125 665 446 016 106 122 237 130 032 030 014
43 471 280 142 239 867 0.9 843 115 264 163 0359 020 0.1l
85 47.4 286 168 348 7.3 018 5350 974 335 241 075 022 017
70 5:1.8 243 173 373 604 022 326 726 424 283 104 023 015
82 570 132 183 213 420 023 163 482 510 395 0354 009 010
92 619 08 177 380 069 026 08 255 584 483 032 014 002
90 625 078 170 221 211 022 086 239 596 461 031 016 008
79 633 070 171 155 315 022 076 257 570 491 026 023 Q.11
38 63.1  0.66 1758 243 074 016 04 138 608 7.17 018 005 0.8
171 640 068 175 205 099 019 032 096 526 624 012 041 016
88 659 036 160 336 024 019 028 146 582 583 012 003 0.0

rom Imsland [1984].
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207

Sample YSt/“Sr 26 N&/“Nd 26 TPu/Pb 20 Isd. Pb/Pb 20 1sd  PB/Pb 20 Isd
10 10° 0 % 10° 100 %
167 0.7034895 126 0512896 1 18535 33 0.673 15458 46 0.673 38.190 121 0.672
65 0.7035180 97 0.512848 24 18635 19 0340 15463 15 0341 38336 38 033
43 0.7035034 101 0.512861 12 18627 23 0444 15473 20 0430 38333 4% 0445
85 0.7035354 110 0512852 31 18709 10 0.164 15475 8 0.162 38473 20 0.157
70 07035051 92 0.512872 14 18.689 5 0198 15.450 8 0202 38.369 - 20 0.206
82 07035274 134 0512867 8 18714 5 0097 15460 4 0094 38391 10 0.095
92 07035069 11 0.512893 6 18.753 g 017 15.488 7 G173 38513 18 0172
90 0.7034904 125 0.512835 11 18711 6 0.113 15450 5 0113 38.373 12 0118
7% 07035028 97 0512903 7 18.728 6 0.123 15.484 5 0126 38495 14 0134
38 0.7036004 98 0512884 6 18771 5 0.103 15487 4 0101 38507 10 0.099
171 07038005 91 0.512918 45 18.844 6 0.122 15.483 5 0.125 38.549 13 0.127
88 0.7034777 107 0.512867 7 18,759 7 0.140 15.458 3 0134 38384 14 0137
based on 10 U.S. Geological Survey and Canmet certified refer- &
ence materials. During the analytical session one of the stan- §
dards was reanalyzed for every group of 10 sampies. The preci- !
sion and accuracy for the various elements are isted in Table 3 51290 i
The isotopic compositions of Sr, Nd, and Pb were deter- ‘123
mined by standard chemical separation and mass spectrometry Q
procedures at the Mineralogical-Geological Museum, Univer- T 51288 - | @Trachyte
sity of Oslo. Prior to chemical dissolution and separation, the o i I3 Tristanite
powdered sampies were subjected to feaching in coid 0.3 M HC mz . i @ Basalt
for 2 hours followed by overnight leaching in 6 M HCl at 80°C. = 51286 : '
During the analysis period the following results were obtained \HAnkaramite
for international standards: NBS 987, VSt/Sr = 0.71021 %2 : z %
(2s error at decimal place), Johnson Matthey, “Nd/™Nd = 07036 07057 0.7038
0.511112 %5 and NBS 981, **Pb/**Pb = 16.907 % 0.03%, 87Gr/86Sr
WpHA%Ph = 15.455 % 0.03%. and *Po/Pb = 36.578 =
0.03%. _—
:%
4. Resuits 1548 . "' o - -~
4.1. Sr-Nd Isotopic Composition o) Q_ Q
B 1547 - ?
The Sr-Nd isotopic composition of the Jan Mayen samples =
(Table 2) is mostly restricted to the narrow ranges 0.70348-  “x __ ‘ -
0.70354 and 0.51285-0.51290, respectively (Figure 4). Two ’;ﬁ 1546 - 4 - @
of the trachytic samples with elevated radiogenic Sr fall outside tc}; ?‘{3“' T -
this range. There is no correlation between the Sr-Nd isotopic 1545+~ 0@
composition and the major element chemistry of the volcanics. -7
In the Sr-Nd compositional space the Jan Mayen samples ; : ;
overlap with the C component of Hanan and Graham [1996].
This component, which is defined on the basis the three Pb ® ®
isotopic systems. is common to all subpopulations of mid- 385 - O‘ ®
ocean ridge basalt (MORB) (Figure 5). The S-Nd ratios of the it
Jan Mayen voicanics fail just outside the range of Icelandic e 384 b - @
volcanics, at the low “*Nd/“*Nd and high ¥ St/“Sr ends of the g\ & ?
Icelandic renge. The alkaline off-rift volcanics define the lower r’} nom b @
right-hand part of the Icelandic range, and the volcanics from o 383
the Snafelisnes zone of western Iceland is most similar to the & T
Jan Mayen volcanics in terms of the Sr-Nd isotopic ratios 382 T
(Figure 5). |
The St-Nd isotopic compositions of the Jan Mayen rocks - ; } H
overlap with those of some of the Indian Ocean MORB, 18.6 187 i8.8
whereas Atlantic and especially Pacific MORB have higher Nd 206Ph jzgz;?b
ratios and lower Sr ratios [Hofmann, 1997]. Along the south-
ernmost part of the Mohns Ridge the alkaline basaits are com- Figure 4. Isotopic composition of the Jan Mayen samples.
parable to the Jan Mayen rocks in terms of Sr-Nd-Pb isotope  The 20 error bars are smalier than the symbols, except where
compositions as well as incompatible trace element concentra-  indicated,
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tions {Mertz and Haase, 1997; Haase et al., 1996, Neumann and
Schilling, 1984; Waggoner et al., 1981]. The Jan Mayen rocks
are located in the upper left-hand portion of the oceanic island
array in the “*Nd/"“Nd versus ¥Sr/*Sr diagram (Figure S). The
Vesteris seamount in the Greenland basin has an isotopic
composition that partly overlaps with the Jan Mayen [Haase
and Devey, 1994], whereas the 56 Ma Vestbrona formation
nephelinites off the Mgre coast of Norway have more ra-
diogenic Sr and less radiogenic Nd [Prestvik et al., 1999].

4.2.

Pb-Isotopic Composition

The Pb isotopic composition of the Jan Mayen volcanics is
also restricted (**Pb/**Pb = 18.54-18.84, *"Pb/*™Pb =
15.45-15.49, and *Pb/*™Pb = 38.19-38.55), with the
ankaramites the least radiogenic and the trachytes the most
radiogenic (Figure 4). This compositional range is within the
range of Icelandic volcanics and generally less radiogenic than
most oceanic island volcanics (Figure 5). The Jan Mayen rocks
have much less radiogenic Pb than extreme high-m (HIMU)
basalts, as well as the C component of Hanan and Graham
[1996]. A unique feature of volcanic products of the NE Atlantic
mantle is that they have lower *”Pb/**Pb ratios than most
other mantle-derived rocks [Thirlwall et al., 1994]. The vol-
canics from Jan Mayen and Iceland share this compositional
feature with the Reykjanes, Kolbeinsey, and Mohns Ridge
segments and the Vestbrona and Vesteris volcanics. As shown
in Figure 5, the NE Atlantic rocks fall below the Northern
Hemisphere Reference Line, and the Jan Mayen volcanics have
AT7/4 of 4 to -7 and A8/4 of 14 to 23 (terminology of Har
{1984]). The confinement of the Icelandic alkaline off-rift
volcanics and the Jan Mayen rocks to one end of the Icelandic
compositional range observed in the Sr-Nd system is not pres-
ent in the Pb systems. Rather, the Jan Mayen and Icelandic
alkaline fields occupy a central part of the Icelandic Pb isotopic
spectrum.

4.3. Trace Element Composition

The basaltic rocks are characterized by = chondrite-
normalized La/Lu ratios (La/Luy) of 15-19, whereas the tristan-
ites and trachytes have slightly higher ratios of 21-26 (Table 3
and Figure 6). Such high ratios of light to heavy rare earth
elements (LREE/HREE) for the basalts indicate that a major
proportion of the melting took place within the stability field
of garnet peridotite. The relative depletion of the intermediate
REE in the trachytes is compatible with clinopyroxene frac-
tionation from parental basaltic melts or with partial remelting
of mafic intrusives with clinopyroxene as a residual phase. The
spider diagram normalized to primitive mantle (Figure 7) shows
that the Jan Mayen basalts overlap with the ocean-island basal-
tic average composition [Sun and McDonough, 1989]. The
mantle-normalized trace elements patterns of the evolved Jan
Mayen volcanics are excluded from the diagram for clarity.
They are generally parallel to the basaltic patterns at higher
concentration levels. An important feature of the Jan Mayen
volcanics is the high concentrations of Nb and Ta relative to
average ocean island basalts. In addition, the Jan Mayen rocks
are characterized by high Rb and Ba, low Rb/Ba ratio, and
negative K and P anomalies. The negative Pb anomaly of many
ocean island basalt appears less pronounced in the Jan Mayen
basalts, although the quality of Pb analytical data (see Table 3)
does not allow firm conclusions. Both Icelandic and Jan
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Mayen basalts have i values (“*U/*“Pb) in the general range of
10-25.

5. Discussion

5.1. Regional Isotopic Variation in the NE
Atlantic

A review of the lateral variation of radiogenic isotope ra-
tios within the sublithospheric upper mantle in the vicinity of
Jan Mayen is useful for the evaluation of the possibility of
anatectic contributions from continental crust and lihosphere.
Figure 8 shows the acquired isotopic data from Jan Mayen in
the context of along-axis isotopic variation. There is a good
coverage of Sr-Nd-Pb isotopic data along the spreading centers
from about 60°N to the Jan Mayen Fracture Zone (the Reyk-
janes Ridge, Iceland, and the Kolbeinsey Ridge) but a scarcity
of published isotope geochemical data of the volcanic rocks
from the Mohns-Knipovich Ridge. However, Newmann and
Schilling {1984] report abundant major and trace element data,
and Waggoner et al. [1981] give the range of the Sr-Nd isotopic
values along the Mohns Ridge. Haase et al. {1996} and Mertz
and Haase {1997] have published additional trace element and
Sr-Nd-Pb isotopic data from the southern part of the Mohns
Ridge and the area near Jan Mayen. The Sr-Nd isotopic ratios of
the Knipovich Ridge basalts (north of the area of Figure 8)
appear to overiap with the Kolbeinsey Ridge values. Along the
southernmost part of the Mohns Ridge, however, all of the
isotopic ratios change dramatically toward the values recorded
for the Jan Mayen volcanics (Figure 8). This trend is also
observed with respect to the trace elements {Waggoner et al.,
1981; Neuwmann and Schilling, 1984; Haase et al., 1996].

In terms of the combined variation in the different isotopic
systems, the Kolbeinsey Ridge basalts are more different from
the Jan Mayen volcanics than either the Icelandic or the Mohns
Ridge basalts (Figures 5 and 8). The Kolbeinsey Ridge basalts
overlap with the portion of the Icelandic isotopic range that is
farthest away from the Jan Mayen compositional range. In
particular, the basaits from the southernmost part of the Kolbe-
insey ridge overlaps isotopically with the primitive picritic
rocks of the nearby Theistareykir volcanic system of northern
Iceland [Elliot et al., 1991; Thirlwall, 1995; Meriz and Haase,
1997].

In contrast to the isotopic variation along the Kolbeinsey
Ridge axis, the isotopic compositional range of the northern-
most Reykjanes Ridge basalts extends into the central portions
of the Icelandic isotopic space. This led Merzz et al. [1991] to
suggest that the plume-asthenosphere interaction that is evi-
dent along the Reykjanes Ridge south of Iceland [e.g., Schil-
ling, 1973; Schilling et al., 1983] is less developed or absent
north of Iceland.

5.2. Lack of Continental Crustal Contamination

The mid-Tertiary separation of the Jan Mayen Ridge from
the east Greenland margin, points to a lower crustal infrastruc-
ture of the ridge of Precambrian and Early Phanerozoic ages.
Even minor amounts of contamination with such a crust should
be readily detectable in terms of isotopic and trace element
variations.

The volcanic products recovered from the seafloor in the
close vicinity of Jan Mayen (e.g., at the Jan Mayen platform to
the north of the fracture zone) and along the southern part of
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Table 3. Trace Element Analyses by ICP-MS.

V C Co N Cu Zn Ga G Rb S Y Zr Nb Mo Sz S Cs Ba
67 283 1565 65 365 75 76 13 1.9 28 343 i3 108 43 H 2 0.2 <05 440
65 288 798 56 161 44 76 18 17 25 644 24 178 55 13 <1 02 <05 541
43 283 366 44 84 61 72 1 1734 768 25 200 66 13 2 02 <05 657
85 257 164 36 47 32 82 20 16 50 961 29 269 95 2 I 02 05 1046
70 140 28 0 18 <10 21 102 22 17 64 1028 38 337 124 14 2 03 <05 1139
82 39 <i0 i1 10 21 95 21 15 87 893 33 459 147 1.8 30 03 <05 1360
92 i3 20 5 96 21 100 19 17 97 775 29 537 138 37 <t 03 07 2052
90 24 <10 5.8 <i0 20 107 21 18 88 741 30 567 154 4 6 03 06 2059
M, 32% 443 8 185 (23 176 19 15 0§ 269 13 98 20 12 33 08 08 49
$.G. ~31 1 42020 22 09 0508 11 07 122 06 06 03 03 8
M, 526 430 87 193 i3 191 17 10 85 266 14 108 20 05 3. 09 06 61

ta Ce Pr Nd Sm Ee G& Tb Dy Ho Er Tm Yb e Hf Ta Pb Th U
167 24 51 5917 22 46 132 35 06 31 05 15 02 12 017 3 363 <5 2F 07
65 37 77 907 35 72 212 56 09 47 08 23 032 18 025 45 374 <5 38 09
43 46 101 112 45 9 248 66 11 54 1 26 036 21 028 55 404 9 45 1
85 60 125 142 51 10 287 7.1 12 59 1.t 3 039 24 034 65 553 7 6.6 1.6
70 83 172 189 73 14 371 97 15 77 14 3.8 053 32 044 85 816 10 85 15
82 94 188 197 67 12 317 75 13 65 12 35 052 33 046 11 892 10 13 3
92 104 194 198 68 10 295 6.1 i 54 i 3 046 29 042 12 848 14 12 3
90 98 198 198 67 i1 315 63 i 56 11 32 051 33 047 13 929 14 12 31
M, 99 26 32 19 45 141 40 06 29 05 13 013 08 012 38 085 53 09 03
sd. 05 LI 02 09 02 007 026 006 0.1F 002 006 000 02 001 02 007 14 61 002
M 98 26 34 19 45 139 4 05 29 05 i1 01F 06 G2 38 08 16 09 02

The following analyzed element concentrations were below the detection limit: As (<5 ppm), Ag (0.5), In (0.2), TI (0.1), and
Bi(0.2). M_.s.cd. average values and standard deviations of analyses of the intermational gabbro standard MRG-1 atin

1996/97 (E.Hoffman, Activation Laboratories). M, 1 accepted concentrations for the MRG-1 standard.

the Mohns Ride are indistinguishable from the recent volcanics
on the island in major and trace element composition and
isotopic ratios. This is strong evidence that the Jan Mayen
magmas have escaped significant contamination of & continen-
tal crustal source, since the continental crustal infrastructure of
the N-S trending Jan Mayen Ridge do not extend north of the
fracture zone [Gudlaugsson et al., 19881

A characteristic feature of the Jan Mayen sampies is the iso-
topic homogeneity. Anatectic melt contributions from the wall
rocks of the magmatic plumbing systems would likely affect
especially the evolved part of the magma spectrum. Even a
small amount of anatectic contribution from a Jower continen-
tal crust would thereby create a significant isotopic variation
range. The lack of geochemical signs of anatectic contribu-

Figure 3. Comparison of the isotopic composition of the Jan Mayen-samples with the compositions of
other oceanic basalts, based mostly on work by Hofimann {1997] and Mertz and Haase [1997]. Ilcelandic data
are from Elliotr er al. 119911, Furman et al. 11991}, Mertz et al. 11991}, Hemond et al. 11993], Hards et al.
119931, Thirlwall {1995}, Mertz and Haase 11997}, and Stecher et al. {19991, Data from the Vesteris seamount
and Vestbrona formation nephelinites are from Haase and Devey [1994] and Prestvik er of. [1999]. Atlantic,
Pacific, and Indian Oceans indicate the approximate compositional range of the mid-ocean ridge basalts
(MORB) from these respective oceans. OIB, ocean island basaits; C, common component of various subpopu-
lations of MORB defined on the basis of Pb isotopic compositions from Hanan and Graham [1996}; P, primi-
tive mantle component [Hoffmann, 1997} the enriched mantle components HIMU, EM 1, and EM 2 are as
defined by Zindler and Hart [1986}; UCC and LCC, upper and lower continental crust are components defined by
Zartman and Haines [1988]; alkaline, off-rift volcanic systems in Iceland: Sn-E, Snafell (eastern Iceland);
Vestm, Vestmannaeyjar; To-Ka, Torfajokuii-Katla; NHRL, Northern Hemisphere Reference Line. A remakabie
feature of the Pb isotopic data obtained by Elliott e al. [1991] for the Theistareykir and Reykianes volcanic
systems are the very low “7Pb/"Pb ratios, particularily for the Theistareykir system. Based on reanalysis of
two of these samples, Hanan and Schilling [1997] ascribed the very low “Pb/**Pb ratios to mass fractiona-
tion problems during the analyses by Ellionr er al. [1991]. The Pb-isotopic values of Elliot et al. {1991] have
been increased accordingly. For the 56 Ma old Vestbrona nephelinites the Srand Nd ratios shown are initial
ratios. The Pb ratios, however, are presently measured ratios.
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Figure 6. Chondrite (Cl) normalized rare earth element
abundances of eight of the Jan Mayen samples. The shades of
gray are introduced to improve the visual distinction between
the samples. The element concentrations in C1 chondrites are
from Sun and McDonough [19891.

tions from a continental crust may suggest either that the
geophysically indicated continental crustal infrastructure does
not extend to the northernmost parts of the Jan Mayen Ridge or
that the recent Jan Mayen volcanics may have escaped con-
tamination from such a crust. The latter scenario is likely if the
Tertiary to recent magmatic infrastructure was pervasive near
the northern end of the Jan Mayen Ridge and is consistent with
observations from east Greenland. The continental crustal
contamination decreases markedly from the stratigraphically
lowest (earliest) to the highest (latest) volcanic units of the
breakup volcanics of the East Greenland Tertiary Province
[Holm, 1988; Fitton et al., 1998]. A similar pattern of conti-
nental crustal contamination affected the contemporaneous
volcanics on the comjugate continental margin of the He-
bridean volcanic province [Carter et al., 1978; Dickin, 1981].
The recent Jan Mayen eruption products are the latest members
in an extensive volcanic sequence, and it is possible that these
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Figure 7. Primitive mantle normalized trace element pat-
terns of the Jan Mayen basaltic rocks (samples 165, 65, 43
and 85), average normal mid-ocean ridge basalts (NMORB),
enriched MORB (EMORB) and ocean island basalts (OIB). The
clement concentrations in primitive mantle, NMORB,
EMORB and OIB are from Sun and McDonough {19891, The Pb
concentrations of sample 167 and sample 65 (below the detec-
tion level of 5 ppm) are arbitrarily set to 3 ppm.

TRONNES ET AL.: JAN MAYEN AND ENRICHED NE ATLANTIC MANTLE

Reykjanes Kolbeinsey M Mohns

Ridge  Iceland Ridge v Ridge

; = :

-

o

= 0 ‘

C\\I\ ? / ‘\ -
S : ~

S 1807 T a2 |

head -

o 13‘3 o % b

T i

S 154F ) @ > T |

e N Nk

C::,J i

62 64 66 & 70 72 74

Latitude (°N)

Figure 8. Isotopic variation along the north Atlanic ridge
system from Reykjanes Ridge to Mohns Ridge. Data are com-
piled from Waggoner et al. [1981], Mertz et al. 19911, Elliott
et al. [1991], Hemond et al. [1993), Mertz and Haase [1997],
and Taylor et al. [1997]. The horizontal line segments at the
southwestern and northeastern ends of Mohns Ridge are the
maximum and minimum values of the Sr and Nd isotopic varia-

tion range given by Waggoner et al. [19811.

magmas therefore avoided contact with continental crust of the
Jan Mayen Ridge.

A major portion of the gabbroic crustal infrastructure of the
Jan Mayen Ridge may be contemporaneous with the continen-
tal rifting in the Traill @ region at about 36 Ma [Price et al.,
1997]. The trend toward more radiogenic Pb isotope composi-
tion in the most evolved rock types may reflect anatectic con-
tributions from Tertiary, and possibly seawater-altered, mafic
rocks in the volcanic plateau crust of the Jan Mayen Ridge or
from a more radiogenic (high *“Pb/**Pb) continental crust.
The acid leaching procedure makes it unlikely that the elevated
¥8r/*Sr ratios of two of the trachytes (samples 38 and 171)
were caused by direct seawater alteration of the trachytes.

5.3. Possible Contribution of Continental Mantle
Lithosphere

The isotopic and chemical variation in the Jan Mayen area
and along Mohns Ridge is most likely a result of mixing of
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Figure 8. Logarithmic variation diagram of Nb/U versus Nb
for the Jan Mayen rocks along with the fields of mantle
sources for mid-ocean ridge basaits {(MORB) and ocean isiand
basalts {OIB) as well as the fields for continental lithospheric
mantle, continental crust and pelagic sediments, MORB, and
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crust as end-members, and the curved arrow is the approximate
melting curve of an average OIB mantie source with indicated F
values (partial melt fraction) of 0.1, 1, 10, and 100%. Both
the fields and the approximate meiting curve are adopted from
Sims and DePaolo [1997].

low-degree melts from a garnet peridotite source (dominant near
Jan Mayen) and higher-degree melts of largely spinel peri-
dotites in the upwelling asthenosphere beneath the ridge. A
continental lithospheric mantie inherited from the east Green-
land margin is one possibie source for the low-degree melts.

Sims and DePaolo §1997} used diagrams with an incompati-
ble element ratio versus an incompatible clement to investi-
gate the extent to which petrogenetic processes, e.g.. partial
melting, change such element ratios. Based on the trace ele-
ment compositions of various ocean isiand basalts (OIB), they
calculated the composition of their mantle sources in terms of
these eiements and a set of reasonable, but slightly variable
assumptions on source mineralogy {garnet and spinel
therzolite sources). The Jan Mayen basaltic rocks plot well
inside the calculated OIB field in such diagrams, e.g.. in Figure
9. The OIB sources are compositionally different from common
continental lithospheric mantle defined by the range of median
and mean values of spinel lherzolite and harzburgite xenoliths
from continental basalts [McDonough, 1990; Sims and De-
Paolo, 1997). Although the incompatible clement ratio dia-
grams {e.g.. Figure 9) cannot exclude anatectic contributions
from an inherited continental mantle lithosphere, they show
that Jan Mayen basalts could represent very small degrees of
partial melting of ordinary OIB lherzolite sources.

5.4. Lithospheric Control on Melt Separation

In spite of the negative K anomaly in Figure 7 and lower
K/Nb, K/U, and K/Th ratios than most OIB and the alkaline off-
rift volcanics in Iceland, the basalts from the Jan Mayen area,
including the Jan Mayen Bank and the Jan Mayen Platform,
have K,O/Na,0O ratios [Newmann and Schilling, 1984;

high
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Haase et al., 1996, this study]l. The K,O/Na,0 ratios of the Jan
Mayen basalts (0.5-0.8) exceed those of the alkaii basalts in
the Icelandic off-rift zones (mostly 0.2-0.3) and the Vesteris
seamount (0.5-0.6), as well as the Vestbrona nephelinites
{0.4-0.5). High K/Na ratios in combination with high concen-
trations of Rb and Ba and low Rb/Ba and K/Nb ratios point to
the presence of a potassic residual phase, e.g., phlogopite. A
heterogencous mantle with enriched portions (irregular and
deformed lumps or veins, millimeter 10 meter size), where
enriched material melts before refractory material, is suggested
for the Jan Mayen area [Haase et al., 1996]. A major portion of
such a heterogeneous mantle, however, is most likely peridoti-
tic.

The steepness of the chondrite-normalized REE pattern of
the ankaramitic and basaltic Jan Mayen samples (Figure 6)
shows that the melts separated from garnet-bearing residues at
considerable depth and after low degree of partial melting [e.g.,
Ellam. 1992}, A similar conclusion was reached for the Jan
Mayen Platform and Jan Mayen Bank by Newmann and Schil-
ling [1984] and Haase er al. [1996]. If the mantle source is
enriched, the estimates of melt separation depths based on
LREE/HREE ratios for the Jan Mayen basaits may be somewhat
higher than the actual separation depths.

The CefY ratios of basaltic rocks from Jan Mayen and the
offshore Jan Mayen Bank [Haase ¢t al., 1996] range from 3.0
to 4.3. Using the model of Ellam [1992] and Parsons and
McKenzie 1978] for the age-thickness relations of the oceanic
Hithosphere, the average Ce/Y value of 3.8 would correspond to
a melt separation depth of 90 km. A similar depth is obtained
by the model of Haase [1996] based on the SiO, content at
about 9% MgO. The Parsons and McKenzie 11978] mode! pre-
dicts that the age of oceanic lithosphere with a thickness of 90
km wouid be about 53 Ma. A simple age-thickness relation for
the Jan Mayen Ridge lithosphere is unlikely because it was
probably inberited from the east Greenland continental margin.
Nevertheless, a truncation of the partial melting column at 2
depth near 90 km under Jan Mayen seems reasonable. A ther-
mal and mechanical boundary layer of 90 km thickness does
not necessarily correspond exactly to the continental litho-
sphere.

The sample from the Jan Mayen Platform about 70 km ENE
of Nordkapp has a Ce/Y ratio of 2.2, corresponding to a ther-
mai boundary layer thickness of only 32 km, according to the
models of Ellam [1992] and Parsons and McKenzie [1978].
Correspondingly. the recent alkaline basalts in the Icelandic
off-rift zones have average Ce/Y ratios of about 2.5
(Snafellsjokull), 1.5 (Snzfell), and 13 (Vestmannaeyjar)
{Hardarson and Fitton, 199%; Hards et al., 1995; Furman et al.,
19911,

A polybaric melting model based on the REE ratios and Ti
concentrations combined with a primitive (chondritic) mantle
source [Fram and Lesher, 1993] can produce the Jan Mayen
basalts by about 5% melting between 2.5 and 2.0 GPa (from 80
to 60 km depth). A similar REE-based polybaric model with a
slightly depleted mantle source [Tegrer et al., 1998] gives
unrealistically low melt fractions.

5.5. Partial Melting Processes and the High-Nb
Source Composition

In order to put further constraints on the mantle source and
melting process, the resuits of various simple equilibrium and
fractional melting models are compared with the composition
of the alkaline volcanics of Jan Mayen, the Vestbrona forma-
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Figure 10. Graphical presentation of the results from partial melting modelling based on partitioning coef-
ficients, source compositions and melting modes listed in Tabie 4. The melting sources comprise pyrolite and
equal amounts of pyrolite and NMORB, with natural or imposed concentrations of Nb as indicated. The parti-
tioning coefficients are chosen as median values of the ranges given by Green [1994], except for the Nb values
which are in the lower half of the ranges. Trace element concentations for pyrolite are from McDonough and
Sun {1995] and for NMORB from Sun and McDonough [1989]. Source mineralogies are approximately accord-
ing to McKenzie and O’Nions {1991] and Irifune [1993], and the melting modes are from Gudfinnsson and
Presnall {1996]. For each composition and mineralogy the upper and lower curves represent fractional and
equilibrium melting, respectively. Numbers along the curves are melt fractions in percent. Average values for
Icelandic alkaline volcanics and Vestbrona nephelinites are from the references listed in Figure 5. The simpli-
fied melting models involving pyrolite-MORB mixtures are used only to iliustrate the trace element con-
straints. The alkaline basaltic composition of the NE Atlantic may require metasomatically enriched mantle
sources (e.g., with phiohopite), and the overall source composition is unconstrained.

tion, and the Icelandic off-rift zones in Figure 10. The Ce/Y and
Zr/Nb ratios are insensitive to moderate degrees of low-pressure
fractionation of basaltic melts. Alkaline volcanics from the NE
Atlantic, including Jan Mayen, Vestbrona, and Iceland, are
generally characterized by higher Nb contents and lower Zt/Nb
ratios than almost any other oceanic volcanics. It seems im-
possible to generate such melt compositions from average
primitive or depleted mantie peridotite compositions. The
partitioning coefficients used in the model calculations (Table
4) are median values compiled by Green [1994]. To ensure that
the generated melt compositions represent approximately
minimum Zr/Nb ratios, the coefficients for Nb were deliberately
chosen on the low side of the median values of Green [1994].
Even with these low partitioning coefficients for Nb, the melts
produced from an average pyrolite source [McDonough and Sun,
1995} cannot match the Jan Mayen basaltic rocks (Figure 10a).
Modeling using modal and nonmodal melting (mantle mineral-
ogy and melting modes in Table 4) gives very similar results at
moderately low melt fractions. Only the nonmodal melting
models are shown in Figure 10. The Jan Mayen basaitic com-
positions fall below the equilibrium melting curve of a garnet
peridotite (pyrolite composition [McDonough and Sun, 19957}

/

and clearly below 0.5% melting of a spinel peridotite (Figure
10a). This situation becomes even worse for a more depleted
composition {e.g., the primitive mantle of Hofmann [1988]).

The situation does not improve appreciably by melting a
mixtwre of 50% pyrolite and 50% mid-ocean ridge basalt
(average NMORB, Figure 10b). A source with elevated Nb
content is needed. In Figure 10b a pyrolitic source containing
2 ppm Nb, instead of the 0.66 ppm Nb quoted by McDonough
and Sun [1995], gives an acceptable result. In this model the
Jan Mayen basalts could be separated from a Nb-enriched py-
rolite residue after 1-3% partial melting, whereas the Vest-
brona nephelinites would require even smaller degrees of partial
melting.

Figures i0c and 10d show the results of melting an equal
mixture of pyrolite and NMORB with added Nb. Whereas the
unspiked pyrolite-MORB mixture has 1.5 ppm Nb, the Nb
concentration in the mixture was increased to 3 ppm (Figure
i0c) and 4.5 ppm (Figure 10d). In the latter model the Jan
Mayen basalts could be generated by a combination of 2-3%
fractional and equilibrium melting of the pyrolite-MORB
mixture. Garnet would clearly be a residual phase in such a
composition. The alkaline melts of Snafellsjdkull, Snzfell,

in
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Table 4. Parameters Used in Partial Melting Models.

Ce Y Zr Nb

Partitioning coefficient

Otivine (ol) 0.00008 0.004 0.0007 0.00002

Orthopyroxene (cpx) 001 009 003 0005
Clinopyroxene {opx) 0.07 0.4 0.13 001
Gamet (ga) 0.03 27 05 0.009
Spinel (sp) 0.003 0003 006 006
Source composition, ppm
Pyrolite {py, Figure 122} 1.68 4.3 105 066
Pyrolite (Figure 12b) 1.68 4.3 0.3 2
py + NMORB (Figure 12b) 4.6 62 423 1.5
py + NMORB (Figure 12¢) 4.6 162 423 3.0
py + NMORB (Figure 12d) - 4.6 162 423 4.5
ol opx cpx ga sp melt
Source mineralogy, %
ga. lherzolite (Fig. 12a~12b) 60 18 8 14
sp. therzolite (Fig. 12a) 60 24 12 4
py+MORB (Fig. 12b-12d) 30 9 34 27
Melting modes (negative numbers:
production/precipitation), %
sp-bearing (only Fig. 122a) -2 -3 89 it -85
ga-bearing (Fig. 122-12d) 6 48 71 23 ~52

and Vestmannaeyjar could be formed by mixing the garnet-
residual Jan Mayen melts with partial melts from spinel peri-
dotites (e.g., the pyrolite composition in Figure 10a).

The most likely origin of a Nb- and Ta-enriched source
component in the North Atlantic upper mantle is recycled
oceanic lithosphere processed by fluid phase and/or melt ex-
traction of trace elements in a former subduction zone. Such
extraction processes produce isiand arc magmas (and continen-
tal crustal material) with strong relative depletions in Nb and
Ta, caused by the selective retention of these elements in Ti
oxides and amphibole in the descending oceanic lithosphere
{e.g., Hofmann, 1997]. A mixture containing only minor
amounts of recycled oceanic crustal material is required if Nb
and Ta are strongly enriched in this component.

5.6. Jan Mayen and NE Atlantic Mantle Sources

Whereas the central stem of the Icelandic mantle plume is
defined both geophysically [Tryggvason et al., 1983; Shen et
al., 1998; Wolfe et al., 1997] and geochemically [Schilling,
1973; Schilling et al., 1983; Hart et al., 1973}, there is no
indication of an active plume stem causing dynamic uplift near
Jan Mayen. Figure § demonstrates the strong compositional
similarity in terms of radiogenic isotope ratics of the vol-
canics at the southwestern end of the Mohns Ridge and at Jan
Mayen and the gradual change of compositions along Mohns
Ridge away from Jan Mayen. These trends are similar to those
resuiting from the inferred mantle source mixing between the
ascending Iceland plume and ambient asthenosphere along the
Reykjanes Ridge {Schilling, 1973; Schilling et al, 1983].
Although the Mohns Ridge compositional trends seem to
require a mixing between a distinct Jan Mayen mantle source
and the ambient asthenospheric upwelling along the ridge,
they do not require an active plume column centered near Jan
Mayen.
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The Jan Mayen source composition is further characterized
by ‘Hel/'He-ratios (R/R,,) of 6.3-6.8 [Kurz et al., 1982]. The
Iceland plume is characterized by variable, and partly very
high, He isotopic ratios ranging from 6.9 to 26.2 [Kwrz et al.,
1985; Sigmarsson et al., 1992). Based on the five analyses
reported by Poreda et al. [1986], the He isotopic variation
along Mohns Ridge appears to be confined to the restricted
range of 7.1 to 8.2. Whereas the Reykjanes Ridge basalts are
characterized by He isotopic ratios increasing to about 16 near
Iceland, the Kolbeinsey Ridge has lower values of 10-12
{Poreda et al., 1986]. '

The Ieeland mantle source is characterized by a- distinct
compositional heterogeneity, involving at least two or three
different end-members [Elliotr et al., 1991; Hemond et al.,
1993; Hards et al., 1995; Fitton et al., 1997]. Whereas the
source of the alkaline volcanics in the peripheral off-rift vol-
canic zones is geochemically undepleted and fusible, the
tholeiitic, and in particular the picritic, rocks in the axial rift
zones represent more refractory components. During dynamic
melting in the rising mantle column beneath Iceland, low-
degree melts of the “alkaline” source component form first.
These melts are then dituted to variable degrees by melts from
progressively more refractory sources. The proportions of low-
degree melt fractions are highest in the peripheral off-rift zones
where a relatively thick mechanical boundary layer truncates
the melting column at considerable depths.
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Figure 11. Plot of “*Nd/"™*Nd versus Zt/Nb for groups of
Icelandic volcanics and Jan Mayen. The Nd-isotopic ratios of
the Vestbrona formation are initial ratios at 56 Ma. The field
of Iceland volcanics (total variation) is from Hardarson and
Fitton {1997}, and other fields and average MORB composi-
tions are from Hofmann [1988], Sun and McDonough [1989],
Furman et al. [19911, Hardarson and Fitton {1991}, Nicholson
and Latin [1992], Hemond et al. {1993], Devey er al. {1994],
Hards et al. [1995], Firton et al. {1997), and Prestvik et al.
[1999]1. Reykjanes-N, Reyjkanes ridge north of 61°N; Kolbe-
insey-C and S, central and southern part of the Kolbeinsey
ridge.
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The end members of the heterogeneous Iceland mantle
source have certain common isotopic characteristics which are
otherwise rather uncommon in the global suite of oceanic
basalts. The most notable of these compositional features is
the Tow *"Pb/A%Pb ratios at a given “*Pb/*Pb ratio [Thirlwall,
1995, 1997}. This characteristics is also shared by the vol-
canics of Jan Mayen and southwestern Mohns Ridge, as well as
by the Vesteris seamount and the early Tertiary Vestbrona
formation (Figure 5). In terms of the Sr-Nd and partly the Pb
isotopic systems, there are also obvious differences between
MORB from 0°N to 34°N compared to MORB from 34°N to
33°N and Iceland. Reykjanes Ridge, Kolbeinsey Ridge, Mohns
Ridge, and Jan Mayen as the other compositional group (Figure
5). Such large-scale isotopic distinctness of the NE Atlantic
mantle may have been produced by supply of material to the
uppermost mantie through the ancestral Iceland plume conduit,
or it may be an inherited feature of the preexisting subconti-
nental mantle prior to the early Tertiary rifting and volcanism.

The different end-members of the heterogeneous Iceland
mantle source can be resolved within this large-scale NE Atlan-
tic compositional spectrum. In terms of various isotopic,
major element, and trace element compositions the alkaline
off-rift volcanics in Iceland converge toward the composition-
ally slightly more enriched Jan Mayen basalts and the more
extreme Vestbrona nephelinites. This is clearly seen in the
“NG/Nd versus VSt/%Sr diagram (Figure 5) as well as in a
‘.\ﬁd/:“f\'d versus Zr/Nb diagram (Figure 11). Within Iceland
the Snzfellsnes volcanic zone in western Iceland contains the
highest proportion of the most fusible component. aithough
this component appears to be even more prominent in the Jan
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Mayen volcanics. Furthermore, in terms of the He isotopes, the
Icelandic compositional array approaches the low value of 6.5
for the analyzed Jan Mayen basalt but ends at about 7.5
(He/'He as R/R,.) for the Snazfellsnes volcanics [Kurz et al.,
1982; Sigmarsson et al., 1992]. In terms of the Pb isotopes the
picture is slightly more compiex with the Jan Mayen and Vest-
brona compositions in between the compositional fields of
Snafell voicanic zone in eastern Iceland and the Vestmannaey-
jar system (Figure 5).

In order to discriminate between Tertiary and recent basaits
formed from the Iceland plume and other basalts in the NE
Atlantic area, Fitton et al. [1997] introduced a logarithmic
NofY versus ZofY diagram and a AND parameter (= 1.74 +
log(ND/Y) — 1.92 log(Zt/Y)). In this diagram the Jan Mayen
and Vestbrona volcanics plot near the extreme upper end of the
Iceland array, next to the Snafellsnes volicanics (Figure 12). It
is noteworthy that the basalts from the northernmost part of
the Reykjanes Ridge (north of 61°N) and the southern part of
the Mohns Ridge fall inside the Icelandic array, contrary to
almost all other normal MORB. Whereas the basalts from the
southern part of the Kolbeinsey Ridge plot near the lower limit
of the Iceland array, those from the central and northern part of
the ridge plot well inside the array.

A discussion of the interaction between various melt
sources in the NE Atlantic must also invoke the ambient upper
MORB source asthenosphere in addition to the enriched
(fusible) and refractory components of the Iceland plume fe.g.,
Fitton et al., 1997]. Based on the He-Sr-Nd isotopic data. the
enriched, low-melting component of the NE Atlantic mantle
appears to record a history of even stronger degassing than the
common MORB asthenosphere. This is consistent with an
origin of the enriched component as recycled oceanic crust. The
alkaline nature of the basaltic melts formed by the melting of
this component, however, may appear at odds with a simple
MORB-recycling model. For the Hawailan volcanoes, Hauri
[1996] identified positive correlations between SiO,, *He/'He
and 0s/*0Os and between FeO and “’Nd/*Nd, combined with
negative correlations between Si0O, and FeO. These correlations
may result from the mixing of dacitic melt fractions from quartz
eclogite with picritic to tholeiitic melt fractions from peri-
dotite. Hauri [1996] suggested that discrete biobs of recycled
eclogitic material became entrained in the rising Hawaiian
plume. Recycled eclogitic material more intimately mixed and
homogenized with a large fraction of peridotite, however,
produces near-solidus melts of nepheline-normative composi-
tions, in accordance with the experimental melting studies of
Falloon and Green [1988), Kogiso et al. {19981, and Robinson
et al. [1998].

The enriched NE Atlantic mantle source sampled by the Jan
Mayen magmas bears some similarities to the Dupal-type
mantle [Har:, 1984] in the southern hemisphere in Sr-Nd iso-
topic ratios and some trace element concentrations. However,
the low *"Pb/**Pb and high **Pb/*™Pb ratios of the enriched
NE Atlantic mantie is distinctly non-Dupal-like. The likely
mechanism of formation of a mantle domain with negative
A7/4 and positive A8/4 (terminology of Hart [1984]) involves
a relatively recent increase of the u value (***U/%Pb) in  man-
tle source with a long history with a low y [Thirlwall, 1995,
1997]. This could be accompiished by the mixing between 2
low-i4 mantle and a relatively recent high-y component of 250-
750 Ma recycled oceanic crust.
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5.7. Possible Role of the Iceland Plume

The refractory mantle source of the Icelandic tholeiites and
picrites seems to differ from MORB-asthenosphere, in having
higher *He/'He and lower “"Pb/*™Pb. It is likely that this
undegassed, but refractory, plume component represent mate-
rial supply from the lower mantie [cf. Shen et al., 1998] and
that it constitutes the dominant proportion of the rising plume
column. The geochemical influence of the present Iceland
plume seems 1o be quite variable, even as close to Iceland as
along the southern part of the Kolbeinsey Ridge (Figure 8)
[Merz et al., 1991; Taylor et al., 1997]. In contrast, the early
Tertlary ancestral plume head spread laterally in the upper
mantle, covering a roughly circular area with a diameter close
t0 2000 km [Thirlwall et al., 1994; Fitton et al., 1997, Saun-
ders et al., 1997; Marty et al., 19981, :

The enriched NE Atlantic mantle source, preferentially
sampied by low-degree melts in the Icelandic alkaline volcanic
zones, Jan Mayen, Vesteris seamount, and the Vestbrona area,
has most likely been confined to the upper mantle, at least
since 56 Ma, which is the age of the Vestbrona volcanics. The
physical nature (blobs, veins, streaks) of this enriched material
is unknown. It may occur intimately mixed and deformed along
with more refractory material on a millimeter to meter scale.

The mixture may have formed in situ within the upper mantle,’

e.g., by metasomatic vein formation by low-degree melts, or it
may have been transferred from the lower to the upper mantle
by the ancestral Iceland plume. The mechanism of emplace-
ment by the ancestral Iceland plume appears most likely due to
the widespread occurrence of this mantle source in the NE At-
iantic area.

5.8. Model

In our simplified model (Figure 13) we assume that the
chemical and isotopic. composition of the Iceland plume has
been essentially constant from its initiation until today [e.g.,
Thirlwall et al., 1994; Saunders et al., 1997). The influence of
the stationary present Iceland plume is probably confined to
the Icelandic rift zones and the nearby spreading ridge seg-
ments. Off-ridge volcanism in the Jan Mayen, Vesteris, and
Vestbrona areas, however, may sample the low-degree melting
component of plume head material of the ancestral Iceland
plume emplaced in the upper mantle.

The geochemical variation in the volcanic rocks along the
Reykjanes. Kolbeinsey, and Mohns Ridges is variable and
largely linked to the total degree of partial melting in the area.
The degree of partial melting of a rising mantle column at a
given location is controlled by a combination of the tempera-
ture (or depth of solidus) and the lithospheric thickness. The
latter features are illustrated for the Jan Mayen area in the bot-
tom cartoon in Figure 13.

The radiogenic isotope ratios (especially the low
*"Ph/**Ph) indicate that within a radius of about 1000 km from
Iceland the magma generation is mainly from material charac-
teristic of the ancestral or stationary Iceland plume, even along
the spreading ridges. However, the geochemical features of the
Kolbeinsey Ridge (e.g., Figure 8) may result from a relatively
greater portion of the magma generated by the melting of
plume-heated MORB-type asthenosphere.

Our proposed model may be tested by further geochemical
studies of the various volcanic units in the NE Atlantic. Addi-
tional isotopic systems, e.g., the Re-Os system, may provide

fonvensantt |
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Volcanic plateau crust
Continental crust

Magmatic intrusions/.
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Mantle lithosphere

Asthenosphere
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Figure 13. Schematic and and simplified model for the evo-
lution of the NE Atlantic mantle. Gr, Greenland; Sc, Scandina-
via; Knip, Knipovich spreading ridge; JM, Jan Mayen; IMFZ,
JM Fracture Zone; Vi, Vesteris Seamount; Vb, Vestbrona area;
aikaline off-rift volcanic systems in Iceland: Sn, Snzfelisnes
peninsula; Sn-E, Snafell; Ve, Vestmannaeyar. The thick solid
lines mark spreading axes and fracture zones. The Jan Mayen
Ridge is shown by light shading. The inner and outer circles
(60 Ma) represent the approximate plume stem location and
the plume head extension of the ancestral Iceland plume [e.g.,
Thirlwall er al., 1994; Marry et al., 1998]. Note that Lawver
and Miiller {1994] provided a detailed hotspot track with a
plume axis location under central Greenland at about 60 Ma.
The vertical sections show schematically the variations in
lithospheric thickness, with lithospheric doming effects and
topography greatly exaggerated. The 410-km and 660-km
seismic discontinuities are indicated with the effect of higher
temperatures close to the plume stems. Melting at Ve, JM, and
Knip is controlied by the relative lithospheric thickness. The
enlarged vertical section for the Jan Mayen area illustrates
schematically how the melting of rising mantle (upward point-
ing arrows) is aborted at the base of the lithosphere.

complementary and more refined insight. As an alternative 1o
our model, the enriched, low-melting component of the Ice-
iandic and Jan Mayen alkaline volcanics could have been in-
corporated into the upper mantle of the Eurasia-Laurentia border
region prior to the initiation of the Iceland plume and the
opening of the NE Atlantic. If such an early enrichment took
place, this material would have been entrained in the rising
Iceland plume at a relatively shallow level. The Oslo Rift basal-
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tic lavas show certain geochemical similarities (e.g.. high
concentrations of Nb and Ta) to the enriched NE Atlantic
basalts but do not have negative A7/4 values [Neumann et al..
1988]. Comprehensive geochemical studies of mantle-derived
Mesozoic volcanic rocks in the North Sea area could possibly
resolve this issue.

6. Conclusions

The recent volcanic rocks from Jan Mayen, ranging in
composition from ankaramites to trachytes show a restricted
range of radiogenic isotope ratios. The lack of correlation
between major and trace element concentrations and Sr and Né
isotope ratios indicates that the recent Jan Mayen volcanic
rocks experienced insignificant contamination by Precambrian
or Lower Paleozoic continental crust. The most likely explana-
tion for the lack of contamination with old crustal material is a
pervasive Tertiary to recent magmatic infrastructure. Elevated
radiogenic Pb ratios in the trachytes are consistent with anatec-
tic contributions from seawater-altered Tertiary volcanics or
continental crust. The Jan Mayen basaltic rocks have similar
trace element and isotopic composition to other oceanic plume
basalts and is dominated by low-degree melts from an enriched
mantie component prevalent in the NE Atlantic. High
LREE/HREE ratios and high abundances of K, Rb, and Ba in
combination with low K/Nb and Rb/Ba indicate that garnet and
a potassic phase like phlogopite were residual minerals during
melting.

The lithospheric thickness appears to control the magmatic
evolution at Jan Mayen and the southern Mohns Ridge. Under
Jan Mayen the rising melting column may be truncated at a
depth of nearly 90 km, resulting in final separation of low-
degree melt fractions from enriched garnet-bearing sources.
Northeast of the Jan Mayen Fracture Zone and along the Mohns
Ridge the meit separation occurs at progressively shallower
levels, resulting in the dilution of the first melt fractions from

nriched and garnet-bearing sources with tholeiitic melts from

more refractory spinel peridotite. The increasing thickness of
the thermal boundary layer along the southernmost part of the
Mohns Ridge toward Jan Mayen may be a result of thermal
effects from the superposition of 36 Ma and older oceanic and
continental lithosphere southwest of the Jan Mayen Fracture
Zone with nearly zero-age lithosphere along the Mohns Ridge.
The Jan Mayen Platform area northeast of the fracture zone has
not developed a well-defined spreading axis, possibly dueto a
relatively thick lithosphere.

The Sr-Nd-He isotopic composition and various major and
race element concentrations of Icelandic alkaline off-rift
voicanics show a ciear trend toward the Jan Mayen aikaline
basalts. The Jan Mayen magma may originate as low-degree
partial melts of enriched material emplaced in the NE Atlantic
upper mantle by the ancestral Iceland plume about 60 Ma. The
characteristic and rather unigue isotopic composition, in par-
ticular, *"Pb/**Pb-ratios below the NHRL and **“Pb/**Pb
ratios above the NHRL. common to volcanic rocks of the Jan
Mayen area, Iceland and Tertiary lava sequences in the NE
Adantic region strengthens the idea that the Jan Mayen and
southern Mohns Ridge magmas were generated from enriched
material in the ancestral Iceland plume head. The enriched
component of the NE Atlantic mantle with negative A7/4 and
positive A8/4 is most likely a young HIMU component, pos-
sibly originating as recycled ocearic lithosphere of Paleozoic
age.
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