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Abstract

Abyssal peridotites collected along the highly oblique-spreading Lena Trough north of Greenland and Spitsbergen
have mineral compositions that are similar to residual abyssal peridotites, except for high sodium concentrations in
clinopyroxene (cpx). Most samples are lherzolites with light rare earth element (REE)-depleted cpx trace element
patterns, but significantly fractionated middle to heavy REE ratios at relatively high heavy REE concentrations. Such
characteristics can only be explained by initial melting of a garnet peridotite followed by low degrees of melting in the
stability field of spinel peridotite. The residual garnet signature requires either a high potential temperature of the
upwelling mantle, or elevated solidus-lowering water contents. The limited spinel field melting suggests a deep
cessation of melt extraction, possibly because of the presence of a thick lithospheric cap. This is consistent with the
extremely low effective spreading rate and the vicinity to a passive continental margin, which allow conductive cooling
to reach deeper levels than commonly estimated for faster mid-ocean ridges. High sodium concentrations in cpx are
neither explainable by melt refertilization, nor by a simple diffusion mechanism. The efficient fractionation of sodium
from the light REE requires post-melting metasomatism, which is typically restricted to the subcontinental
lithosphere. This might imply that the Lena Trough peridotites represent unroofed subcontinental mantle, from which
no melt was extracted during the opening of the Lena Trough. It is more likely that sodic metasomatism occurred
after partial melting underneath the Lena Trough, and that such an enrichment process is responsible for elevated
sodium concentrations in abyssal peridotites elsewhere. Sodium in cpx of residual peridotites can therefore not serve
as an indicator of partial melting or melt refertilization.
2 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Peridotite occurs on the ocean £oor in a variety

of tectonic settings. In addition to being found on
the walls of oceanic transform faults [1,2], lower
crustal and mantle rocks are now known to be
abundant on megamullion surfaces (usually near
transforms) [3,4], magmatically starved sections of
normally rifted ridges [5,6] and on amagmatic
passive continental margins [7,8]. A newly recog-
nized type of plate boundary where peridotites
play a major role occurs at slow-spreading rates
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where the preferred failure direction of the crust
re-orients itself to follow the plate boundary [9],
rather than breaking up into the classic orthogo-
nal rift/transform stairstep geometry, as observed
in most transform-dominated regions.

The Lena Trough (Fig. 1), located at the small-
est distance between North America and Eurasia,
is an example of an oblique-spreading plate
boundary. The Lena Trough basement is closer
to continental margin than the nearby amagmatic
Molloy Ridge, and could be made of thinned,
rifted continental crust, or mid-ocean ridge lithol-
ogies. Dredging at the small Molloy Ridge seg-
ment south of Lena Trough has yielded exclu-
sively serpentinized mantle peridotites [10],
similar to the West Iberian margin.

Such near-continental large-scale exposures of
serpentinized mantle rocks are known from fossil
ocean^continent transitions (OCTs). These non-
volcanic rifted margins have been the subjects of
numerous geophysical and geological surveys in
the past two decades. Most investigations focused
on the West Iberian margin. Here, the most
prominent feature is a V100 km wide continuous
belt of serpentinized peridotite parallel to the
margin of Iberia ([11] and references therein).
Further, the lack of basalt and the presence of

strong seismic re£ectors support a simple-shear
model in which the subcontinental mantle was
tectonically unroofed along large-scale detach-
ment faults [12,13]. Serpentinite^sediment associ-
ations observed in the western and central Alps
also indicate large-scale outcrops of serpentinites
with rare basalt occurrences along the Tethyan
continental margin in the Jurassic [14,15].

During a recent cruise with PFS Polarstern, we
sampled basement highs along the Lena Trough
axis for the ¢rst time and collected serpentinized
peridotites, hydrothermal sul¢des and glassy ba-
salts [16]. Here we report major and trace element
mineral data on plagioclase- and vein-free perido-
tites from this sample set in order to try to place
constraints on their tectonic setting and melting
history.

2. Geological setting

Lena Trough is a 300 km long linear deep lo-
cated north of the coasts of Greenland and Spits-
bergen in the Arctic Ocean, at minimal distance
between North America and Eurasia (Fig. 1). It
forms the connection between the amagmatic
Molloy Ridge in the south and the orthogonally
spreading and magmatically robust Gakkel Ridge
in the north. An up to 500 m thick sediment pile
covers its 3800^4400 m deep axial valley across
most of its length [17]. Only a few north^south
trending basement highs at the £anks of the axial
deep remain sediment-free. At a few locations, the
estimated axial basement depth reaches nearly
5000 m [17].

One important aspect of Lena Trough is its
obliquity to the regional spreading direction. Nor-
mally, mid-ocean ridges spread in a direction that
is perpendicular to the trend of the rift axis. How-
ever, in some cases the rift axis trends at a signi¢-
cant angle to the spreading direction. This can be
determined by comparing the trend of the rift
valley with the bearing to the spreading pole of
the two plates involved. Oblique spreading re-
duces the e¡ective spreading rate by making the
same amount of mantle upwell along a longer
section of ridge than in the orthogonal case.

The azimuth to the spreading pole between the

Fig. 1. Simpli¢ed bathymetric map of Lena Trough and
dredging locations. The Lena Trough axis is less than 80 km
away from the continental margin. D88, D89, D90 refer to
the sampling stations collected during cruise ARK XV/2 with
PFS Polarstern.
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North American and Eurasian plates is approxi-
mately 034‡ here, and the axis of Lena Trough
trends 349‡, implying a spreading obliquity of
about 55‡. Given the slowness of the spreading
rate (V13 mm/yr full rate) and this apparent
obliquity, an e¡ective full spreading rate of 7.5
mm/yr can be calculated. This is signi¢cantly
slower than any other mid-ocean ridge that has
ever been surveyed. Thus we expect that the e¡ec-
tive spreading rate will have a signi¢cant e¡ect on
any melting that occurs there.

It is not at all clear what type of magmatic
construction might occur at an e¡ective full
spreading rate of 7.5 mm/yr, if any. At the ul-
tra-slow-spreading Gakkel Ridge, a variety of
spreading morphologies are present in a com-
pletely orthogonal ridge where the full spreading
rate varies between 13 and 10 mm/yr [18]. Lena
Trough appears to have a rift morphology similar
to that of the sparsely magmatic central portion
of Gakkel Ridge, or the Oblique Spreading Cen-
ter on the SW Indian Ridge near 12‡E [9]. This
involves a deep rift valley that does not stairstep

(i.e. segmentation is not controlled by fracture
zones), and where faults are parallel to the trend
of the ridge (and not perpendicular to the spread-
ing direction).

Another factor to consider is the proximity of
Lena Trough to the Spitsbergen and Greenland
continental margins. One possible e¡ect of this
proximity could be that Lena Trough is a sparsely
magmatic rifted margin, where almost no partial
melting has taken place. Whatever chemical sig-
natures are recorded in exposed mantle rocks,
they could be inherited from ancient melting
events that long predate the recent rifting event.
Such age relationships are seen at Zabargad Is-
land, in the Red Sea Rift [19,20], and in the Lig-
urian ophiolites [21]. Another and less extreme
possibility is that the proximity of the continental
land masses on either side has contributed to
cooling of the lithosphere and suppressing melt
formation. This would be an extreme example of
the ‘lithospheric cap’ e¡ect thought to be respon-
sible for the drop in crustal thickness with spread-
ing rate [22].

Table 1
Sampling locations and modal composition of Lena Trough peridotites

Sample # Lithology Estimated primary modes

Ol Opx Cpx Sp

PS55-D89: 80‡58.0PN, 2‡37.0PW; WD 3640^2960 m
89-7 lherzolite 70 23 6 1
89-9 harzburgite 78 19 3 1
89-11 lherzolite 68 25 6 1
89-13 lherzolite 70 20 9 1
89-14 harzburgite 65 30 4 1
89-17 mylon. peridotite
89-21 harzburgite 84 13 6 1 2
89-24 lherzolite 74 20 5 1
89-25 harzburgite 70 25 4 1
89-27 harzburgite 71 25 3 1
89-28 lherzolite 64 25 10 1
89-30 harzburgite 70 26 3 1
PS55-D90: 80‡54.5PN, 2‡27.4PW; WD 3950^3500 m
90-14 mylon. peridotite
90-19 mylon. peridotite
90-20 harzburgite 83 total px: 16 1
90-21 serp. breccia
90-23 mylon. peridotite
90-25 harzburgite 82 total px: 17 1
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3. Results

3.1. Sampling and petrography

Basement rocks were recovered along the steep
walls of the axial valley by dredging during the
Polarstern ARK XV/2 cruise in 1999 [16]. The
sampling locations are shown in Fig. 1. Massive
sul¢des and hydrothermal sediments and blue
clayey serpentinite chunks were collected in
dredge haul PS55-088, suggesting that these hy-
drothermal ore deposits are peridotite-hosted.
Dredge hauls PS55-89 and 90 contained 78 and
3 kg of serpentinized peridotites, respectively. The
latter also yielded 200 kg of highly vesicular pil-
low basalts with fresh glass. The detailed petrolo-
gy and geochemistry of these olivine^phyric alkali
basalts (Na2O 3.9 wt%; K2O 1.6 wt%; Mg# 0.62)
will be reported elsewhere [23]. These lithologies
are similar to those collected at mature slow-
spreading mid-ocean ridges.

Twenty-four peridotite samples from these
dredging stations were studied by electron and
ion microprobe (Table 1). All serpentinized peri-
dotites are optically devoid of plagioclase or
cross-cutting magmatic veins. Primary modes

were reconstructed by point-counting normal rec-
tangular thin sections in a 200U200 Wm grid. The
degree of serpentinization is generally larger than
90%. In some samples the high degree of serpen-
tinization does not allow a clear optical distinc-
tion between former clinopyroxene (cpx) and or-
thopyroxene (opx). Serpentine pseudomorphs
after pyroxene, however, can always be distin-
guished from the typical serpentine mesh structure
after olivine. In such cases, only the total pyrox-
ene content is listed (Table 1). The serpentinized
mantle rocks have mainly coarse porphyroclastic
textures except for three (ultra-)mylonitic samples
(89-17, 89-18 and 89-23).

Also included in this study is a carbonate-ce-
mented matrix-supported breccia (90-21), which
contains angular serpentinite clasts of a few Wm
up to several cm. One of the larger serpentinite
fragments in this sample contains well-preserved
opx, cpx and spinel. Below, this coherent ‘sub-
sample’ will be referred to as 90-21A. Further-
more, abundant angular Cr-spinel fragments
(6 20^100 Wm) are homogeneously distributed in
the breccia. Judging from their colors in transmit-
ted light (pale yellow to dark reddish brown),
these peridotite-derived spinels do not have uni-

Table 2
Spinel major element compositions (in wt%) of Lena Trough peridotites

Sample Group n TiO2 Al2O3 Cr2O3 FeO t MgO MnO NiO Total Mg# (2+) Cr#

89-7 N 6 0.05 53.71 14.16 12.76 19.36 0.13 0.33 100.50 0.76 0.150 (4)
89-9 F 7 0.04 51.30 17.53 12.00 19.27 0.14 0.32 100.58 0.76 0.186 (4)
89-11 N 6 0.03 54.89 13.36 11.86 19.82 0.12 0.34 100.42 0.78 0.140 (11)
89-13 N 10 0.03 54.48 13.44 12.35 19.56 0.13 0.31 100.30 0.77 0.142 (22)
89-14 N 8 0.04 53.69 14.35 12.61 19.40 0.12 0.33 100.53 0.76 0.152 (21)
89-17 N 5 0.07 37.41 29.90 17.13 15.44 0.20 0.17 100.32 0.66 0.349 (8)
89-21 F 8 0.07 25.11 44.12 17.25 13.75 0.28 0.09 100.66 0.62 0.541 (16)
89-24 N 4 0.03 53.03 14.91 12.50 19.44 0.13 0.32 100.37 0.77 0.159 (8)
89-25 N 10 0.04 53.99 14.67 11.20 20.06 0.12 0.34 100.43 0.79 0.154 (11)
89-27 N 6 0.02 55.08 13.79 12.25 20.07 0.15 0.34 101.71 0.78 0.144 (8)
89-28 N 4 0.02 53.70 14.52 12.63 19.37 0.13 0.32 100.69 0.76 0.154 (4)
89-30 N 7 0.11 34.89 32.85 17.01 15.61 0.23 0.15 100.85 0.67 0.387 (12)
90-14 ^ 9 0.04 53.79 14.18 12.91 19.28 0.15 0.30 100.66 0.76 0.150 (5)
90-19 ^ 2 0.21 38.63 29.49 16.56 15.60 0.16 0.15 100.79 0.65 0.339 (^)
90-20 H 8 0.10 37.41 30.84 16.03 15.85 0.22 0.13 100.57 0.67 0.356 (11)
90-21A H 4 0.16 39.65 29.35 13.16 16.66 0.22 0.18 99.38 0.69 0.332 (11)
90-23 ^ 8 0.04 51.38 16.73 12.64 18.90 0.14 0.27 100.10 0.76 0.179 (10)
90-25 H 9 0.21 33.00 35.80 16.70 15.16 0.24 0.11 101.22 0.65 0.421 (7)

Grouping based on REE patterns (N, normal; F, £at; H, hump-shaped). FeO t denotes total iron as FeO; Mg# (2+) using only
ferrous iron calculated after [64]. Number in parentheses denotes one standard deviation.
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form compositions. All spinel clasts are fresh and
show no sign of alteration.

3.2. Mineral compositions

Relict primary phases (pyroxenes and spinel)
were analyzed for major elements on a ¢ve-spec-
trometer Jeol JXA 8900RL electron probe micro-
analyzer at the University of Mainz. Spinels were
measured using an acceleration potential of 20
kV, a beam current of 20 nA and a spot size of
2 Wm. For cpx and opx, these conditions were
reduced to 15 kV and 12 nA.

Cpxs were analyzed for trace elements (selected
rare earth elements (REE) and Ti, V, Cr, Sr, Y,
Zr; Table 4) by secondary ion mass spectrometry
on a recently upgraded Cameca IMS-3f at the
Max-Planck-Institut fu«r Chemie in Mainz. Spots
were selected for ion probe analysis after detailed
petrographic and electron microprobe study. Only
optically clear domains that show no signs of al-
teration or opx exsolution were analyzed. A pri-
mary beam current of 10 nA and a spot size of
V10^15 Wm were used, applying an energy o¡set
of 380 V to ¢lter for molecular interferences. De-
tailed analytical conditions are reported in [24].
For a single analysis, the overall accuracy, based
on the long-term reproducibility of a low-concen-
tration standard GOR132-G [25], is better than
20% for all REE and better than 12% for all other
trace elements (95% con¢dence level).

3.2.1. Spinel
Spinel major element compositions could be de-

termined for 18 samples (Table 2). Peridotites in
both dredge hauls display a very large variation in
average spinel Cr# [ = molar Cr/(Cr+Al) ratio],
which covers almost the entire spectrum of pla-
gioclase-free abyssal peridotites. Most samples are
relatively fertile with Cr# between 0.14 and 0.16.
Signi¢cant within-sample variation (standard de-
viation on Cr#sV0.02) was observed for three
samples (89-13, 89-14, 89-21). All other samples
were compositionally homogeneous on a thin sec-
tion scale. The low Ti concentration in the spinels
of dredge 89 peridotites attests to the residual
(plagioclase-free) nature of these samples (Fig.
2a), since spinels of plagioclase-bearing peridotite

generally have elevated Ti contents [26]. Spinels in
two samples of dredge 90 have slightly elevated Ti
concentrations (V0.2 wt% TiO2). More than 100
individual spinel compositions were determined
on two rectangular thin sections of the breccia
sample 90-21. In terms of Cr#, the spinel frag-
ments in the breccia display a bimodal distribu-
tion, with a broad maximum around 0.37 and a
more narrow maximum around 0.19 (n= 104).
These maxima coincide with the values of the co-
herent peridotite samples of both dredges (Fig.
2b). However, dredge 89 has signi¢cantly more
fertile samples with much lower spinel Cr# than
dredge 90. Many of the Cr-rich spinel fragments
also have elevated Ti concentrations (Fig. 2a).

Fig. 2. (a) Cr# ( = molar Cr/([Cr+Al]) vs. TiO2 (wt%) in
spinels from Lena Trough peridotites. Field for RAPs shown
for comparison. RAP data [24,29,32,46,53,56] and unpub-
lished results. (b) Spinel Cr# histogram showing bimodal dis-
tribution of spinel fragments in breccia 90-21 (white bars), in
agreement with the compositions of the coherent peridotite
samples of dredge 89 (black) and 90 (gray).
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Table 3
Clinopyroxene major element compositions (in wt%) of Lena Trough peridotites

Sample Group n SiO2 1 S.D. TiO2 1 S.D. Al2O3 1 S.D. Cr2O3 1 sd FeO 1 S.D. MgO 1 S.D. MnO 1 S.D. CaO 1 S.D. NiO 1 S.D. Na2O 1 S.D. K2O 1 S.D. Total Mg#

89-7 N 8 51.92 0.26 0.20 0.04 6.43 0.28 1.19 0.07 2.63 0.31 15.50 0.94 0.09 0.04 21.38 1.12 0.04 0.03 1.12 0.08 0.00 0.01 100.50 0.913
89-9 F 4 52.71 0.38 0.15 0.03 4.91 0.04 0.97 0.03 2.33 0.18 16.57 0.59 0.10 0.01 22.14 0.76 0.05 0.03 0.61 0.06 0.01 0.01 100.54 0.927
89-11 N 9 52.55 0.33 0.23 0.03 5.70 0.48 1.02 0.13 2.58 0.21 15.85 0.77 0.10 0.03 21.49 0.88 0.05 0.03 1.11 0.09 0.01 0.01 100.68 0.916
89-13 N 14 51.91 0.26 0.19 0.04 6.40 0.35 1.17 0.09 2.61 0.19 15.45 0.53 0.11 0.03 21.57 0.66 0.05 0.02 1.10 0.06 0.00 0.00 100.56 0.913
89-14 N 15 52.38 0.34 0.21 0.05 5.77 0.50 1.02 0.12 2.56 0.19 15.89 0.67 0.09 0.03 21.46 0.64 0.05 0.02 1.08 0.09 0.01 0.01 100.52 0.917
89-17 N 2 51.86 0.16 3.02 1.19 2.32 16.37 0.06 22.30 0.04 0.78 0.02 98.11 0.926
89-21 F 4 54.34 0.33 0.03 0.03 2.52 0.20 1.16 0.02 2.29 0.42 18.65 1.47 0.09 0.03 20.89 2.15 0.06 0.04 0.55 0.11 0.00 0.01 100.59 0.936
89-24 N 14 52.19 0.36 0.20 0.04 5.77 0.23 1.03 0.06 2.49 0.17 15.67 0.76 0.09 0.02 21.66 0.96 0.04 0.03 1.13 0.05 0.01 0.01 100.26 0.918
89-25 N 13 52.50 0.40 0.29 0.05 6.24 0.34 1.07 0.06 2.43 0.16 15.81 0.47 0.09 0.02 20.93 0.56 0.04 0.02 1.24 0.07 0.01 0.01 100.65 0.921
89-27 N 7 52.58 0.25 0.23 0.05 5.84 0.23 1.00 0.11 2.60 0.14 15.98 0.50 0.10 0.03 22.14 0.53 0.04 0.02 1.11 0.05 0.01 0.01 101.62 0.916
89-28 N 7 51.98 0.44 0.23 0.03 6.16 0.59 1.11 0.08 2.46 0.13 15.23 0.28 0.09 0.03 21.93 0.26 0.04 0.02 1.11 0.05 0.00 0.01 100.35 0.917
90-20 H 4 53.73 0.27 0.15 0.06 4.71 0.09 2.07 0.08 2.21 0.13 15.73 0.24 0.10 0.03 20.72 0.66 0.05 0.02 1.50 0.03 0.01 0.00 100.96 0.927
90-21A H 5 52.73 0.17 0.24 0.04 5.53 0.24 1.79 0.02 2.37 0.17 15.41 0.28 0.11 0.03 20.59 0.42 0.05 0.03 1.62 0.10 0.00 0.01 100.45 0.921
90-25 H 11 53.48 0.24 0.27 0.05 4.64 0.24 2.02 0.07 2.08 0.09 15.79 0.29 0.10 0.03 20.95 0.57 0.03 0.02 1.72 0.08 0.01 0.01 101.10 0.931

Grouping is based on REE patterns (N, normal; F, £at; H, hump-shaped). See text. 1 S.D. is one standard deviation.
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peridotites from dredge 90. All cpx grains are ho-
mogeneous and signi¢cant within-sample varia-
tion has not been observed.

Based on their REE patterns, the Lena Trough
peridotites can be divided into three groups: nor-
mal (N), £at (F) and hump-shaped (H). Nine out
of 14 cpx-bearing samples are light (L-) REE-de-
pleted and have £at middle (M-) to heavy (H-)
REE patterns around six to nine times chondrite.
This is typical of LREE-depleted RAPs [24,27^30]
(Fig. 4a). In an extended REE diagram, the N-
group samples are also characterized by negative
Zr and Ti anomalies and no signi¢cant Sr anom-
aly (Fig. 4c). In terms of major element composi-
tion, the N-group samples have uniformly low
spinel Cr# (V0.15), and intermediate sodium
(1.1^1.3 wt% Na2O) concentrations (Fig. 3).

Five samples have trace element signatures that
are not typical of melting residues. Compared to
the N-group REE patterns, the F-group samples
89-9 and 89-21 have almost £at REEs, nearly
chondritic LREE concentrations, but di¡erent
HREE contents (V¢ve and one times chondritic,
respectively). Furthermore, 89-21 has a signi¢cant
positive Sr anomaly, which is absent in 89-9. Both
samples have negative HFSE anomalies. Samples
90-20 and 90-25 have a hump-shaped REE pat-
tern, which is well pronounced in the former
((Sm/Yb)N = 2.7). A Zr anomaly is absent in
both samples (Fig. 4d). Coarse cpxs intergrown
with spinel clasts of the mylonitic peridotite 89-
17 have a trace element pattern that is intermedi-
ate between the ultra-HREE depleted £at pattern
of 89-21 and the normal patterns.

As shown in Fig. 5, all N-group peridotites lie
on the well-established correlation between Cr# in
spinel and HREE concentrations in associated
cpx [31]. Only the samples with the hump-shaped
REE patterns (90-20 and 90-25) plot o¡ the melt-
ing trend. Such REE patterns can be explained by
late-stage deep entrapment of LREE-depleted
melt [24]. Remarkable is the good ¢t of the F-
group samples. Despite their nearly £at REE pat-
terns, the HREE Er and Yb appear not to be
strongly a¡ected by the process(es) that disturbed
the correlation between major element melting in-
dicators and the highly incompatible trace ele-
ments (e.g. the LREE).T
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4. Discussion

4.1. Melting

4.1.1. Degree of melting
It has been shown previously that spinel Cr#

serves as a good qualitative indicator for the de-
gree of melting that plagioclase-free and vein-free
peridotitic residues have undergone [32]. Applying
the good correlation between HREE concentra-
tions in cpx and Cr# in associated spinels, this
melting indicator can be used quantitatively to
estimate the absolute degree of melting [31]. Based
on this method, which assumes a DMM spinel
lherzolite starting composition [27], the average
degree of fractional (i.e. minimum) melting for
the N-group peridotites is 5%. Melting models
that account for a residual melt porosity would
not yield signi¢cantly higher degrees of melting.

Dredge 90 contained peridotites with hump-
shaped cpx REE patterns that plot o¡ the corre-
lation between Cr# in spinel and HREE in cpx
(Fig. 5). Hump-shaped patterns are not residues
of garnet melting [27], but instead are consistent

with melt refertilization [24]. The dredge 90 sam-
ples, similar to some other samples with hump-
shaped REE patterns, lie slightly above the
HREE^Cr# trend, suggesting that the HREE
can be a¡ected during this process. In any event,
the degree of melting cannot be estimated from
the spinel Cr# in samples with hump-shaped REE
patterns.

4.1.2. The e¡ect of garnet in the melting residue
The N-group peridotites in dredge 89 are char-

acterized by fractionated M-HREE ratios at rela-
tively high HREE concentrations, which cannot
be explained by fractional melting in the stability
¢eld of spinel peridotite (Fig. 6). Such fractiona-
tions can be generated by initial melting of a gar-
net peridotite followed by spinel-facies reequili-
bration and subsequent melting of spinel
peridotite [24]. Fig. 6 shows the results of such a
polybaric fractional melting model. Both melting
trajectories for cpx in equilibrium with residual
garnet, and spinel-facies-projected cpx composi-
tions are displayed. The projection simulates ces-
sation of melting under garnet-facies conditions,
followed by an instantaneous breakdown reaction
from a garnet to a spinel peridotite assemblage. It
presents the equilibrium cpx composition after as-
cent into the spinel peridotite stability ¢eld. A

Fig. 4. Chondrite-normalized REE and trace element abun-
dances in cpx from Lena Trough peridotites. Shown for
comparison (gray ¢eld) are the Southwest Indian and Ameri-
can^Antarctic Ridge peridotite cpx data [27]. Most samples
(n= 9, no symbols) in dredge 89 (panels a and c) are LREE-
depleted normal melting residues denoted N-group in the
text. Two unfractionated samples in this dredge haul have
relatively £at REE patterns (F-group). Hump-shaped REE
patterns (H-group) in dredge 90 peridotites (panels b and d)
indicate late-stage melt entrapment. Chondrite values are
from [63].

Fig. 5. Cr# in spinels vs. chondrite-normalized Yb concentra-
tion in associated cpx of continental peridotite xenoliths
(gray diamonds), RAPs (open diamonds), plagioclase-free
OCT peridotites (gray circles) and Lena Trough peridotites
(closed symbols). The hump-shaped peridotites of dredge 90
plot o¡ the correlation, supporting a non-residual origin.
Data sources in the caption of Fig. 3.
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detailed explanation of this calculation is given by
[24].

The fractionated Sm/Yb ratios and high Yb
concentrations of the N-group peridotites can be
explained by 4^6% melting in the stability ¢eld of
garnet peridotite, followed by another 3^4%
under spinel-facies conditions. This value deviates
strongly from the degree of melting obtained on
the spinel compositions. The reason for this is
most likely that melting in the stability ¢eld of
garnet peridotite will not fractionate Cr from Al
as strongly as melting with residual spinel. After
ascent and melting under spinel-facies conditions
this leads to an underestimation of the true degree
of melting using the spinel Cr#.

This is particularly important for the Lena
Trough samples, because roughly half of the total
melt extraction occurred in the garnet^peridotite
stability ¢eld. Compared to other abyssal perido-
tites, these samples have undergone the highest
extent of garnet-¢eld melting relative to the total
amount of melt extraction. On the one hand, the
garnet-¢eld signatures suggest that the onset of
melting occurred at depths exceeding V80 km,
which implies a relatively high mantle potential

temperature [33^35], or a signi¢cant water content
which would lower the solidus temperature [36].
On the other hand, the relatively limited spinel-
facies melting suggests that the ¢nal depth of
melting is deep compared to faster-spreading
mid-ocean ridge settings.

These results are consistent with the tectonic
setting of Lena Trough on a slow-spreading,
highly oblique ridge near to a continental margin.
Here, the lithosphere is probably thicker than at
faster-spreading mid-ocean ridges. Such a thick
conductively cooled lithospheric cap will lead to
cessation of melting at depths that signi¢cantly
exceed those of faster-spreading mid-ocean ridge
settings. This may be the direct consequence of
the extreme obliquity of the Lena spreading center
and the resulting low e¡ective spreading rate of
V7.5 mm/yr, as well as the immediate vicinity to
colder subcontinental lithosphere.

Deep melting in the presence of residual garnet
is further supported by high La and low Yb con-
tent (10 and 1.8 ppm, respectively) of the dredge
90 alkali basalts [23]. Considering the di¡erent
ascent velocities of melt and associated residue,
deep melting underneath Lena Trough could
have been occurring for one or possibly several
million years. In a transform-parallel transect in
the Vema Fracture Zone (equatorial Atlantic),
systematic variations in the chemical composi-
tions of basalts and residual peridotites were
found [37]. Melting indicators in both basalts
and peridotites display similar oscillatory varia-
tions, but the basalts appear to have been erupted
1.3 Myr before the associated peridotites reached
the sea£oor. In the case of Lena Trough, this
would mean that the basalts that are associated
with the studied peridotites should now be located
o¡-axis.

4.2. Chemical variability

Because of the lack of spatial relationships be-
yond the size of a single sample, dredged perido-
tites are not ideally suited to address the scale,
extent and causes of heterogeneities in residual
mantle. Nevertheless, signi¢cant chemical varia-
tions in plagioclase-free and vein-free peridotites
are present in some mid-ocean ridge dredge hauls

Fig. 6. Chondrite-normalized Yb vs. Sm/Yb in cpx. Also
shown are results of fractional melting models of spinel and
garnet peridotite sources, as well as garnet-facies melting fol-
lowed by spinel-facies melting. N-group Lena Trough perido-
tites have strongly fractionated Sm/Yb ratios at relatively
high Yb concentrations, which requires 4^6% garnet-¢eld
melting followed by another 3^4% spinel-¢eld melting. This
suggests deep onset, as well as deep cessation of melting.
Symbols and data sources as in Fig. 5.
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and absent in others [24]. The two ODP drill holes
with signi¢cant penetration into residual mantle
lithologies (Leg 147, Hess Deep and Leg 153,
MARK area) are homogeneous almost to the lev-
el of analytical precision across several hundred
meters of core [29,30]. The only exception to this
is in the vicinity of late-stage magmatic veins [38].

The Lena Trough peridotites show nearly the
entire variation in Cr# seen in ocean £oor peri-
dotites in just two dredge hauls. While adequate
statistics have not as yet been compiled to address
quantitatively whether this variation is more than
on other mid-ocean ridges, qualitatively this ap-
pears so. The N-group Lena Trough peridotites
have low spinel Cr# and normal LREE-depleted
trace element patterns as is common for relatively
fertile RAPs. As a group, they do not show large
compositional variation. The non-residual sam-
ples (£at and hump-shaped REE patterns), which
have clearly undergone some interaction with a
percolating melt, have higher spinel Cr# and
thus largely control the magnitude of local chem-
ical variation. Spinel Cr# in dunite channels in
the mantle section of ophiolites are generally
higher than in the surrounding peridotites [39].
Their cpxs cover a large range from ultra-depleted
to MORB-type compositions [39,40]. Similarly
large chemical variations on an outcrop- to sub-
km scale have not been observed in plagioclase-
and vein-free peridotites from mid-ocean ridges
and associated fracture zones. Arguably however,
the abyssal peridotite data used for comparison
are biased, because commonly less than ¢ve pla-
gioclase-free samples per dredge haul are studied
and considered to be representative.

The bimodal spinel Cr# distribution of the
breccia 90-21 provides further constraints on the
relative abundance of residual to non-residual
mantle rocks at the dredge 90 outcrop. The low-
Cr# peak, which is relatively tight, represents
roughly a third of the total number of spinels in
the breccia. It coincides with the Cr# of the
LREE-depleted N-group samples, suggesting
that the chemical signature of roughly a third of
the dredge 90 slope/outcrop is dominated by near-
fractional melt extraction. The high-Cr# peak
with spinel Cr# around 0.35 is broader and co-
incides with the samples that have hump-shaped

REE patterns. It is likely that these non-residual
peridotites were formed by a reaction of an N-
group-type wall rock with an exotic melt. In order
to generate the clear bimodal spinel Cr# distribu-
tion, melt transport must have been focused
rather than di¡use. Without spatial information
between the individual dredge 90 samples, it is
unclear whether there are two separate units or
a number of small-scale inter¢ngering di¡erent
melt transport channels. At dredge 89, which is
located V6.5 km north of dredge 90, the N-group
peridotites dominate, and non-residual peridotites
play a subordinate role. These non-residual
dredge 89 samples can obviously not be related
to a possible dredge 90 melt transport channel.
Alternatively, the bimodal distribution might be
sampling two distinct units separated by a fault.

4.3. Refertilization and the sodium problem

Sodium is one of the key elements for the
understanding of melting under mid-ocean ridges.
Systematic global variations of sodium content in
MORB glasses, if corrected for low-pressure frac-
tional crystallization, have been used to estimate
degrees of melting, variations in mantle potential
temperature and crustal thickness [34,41]. In con-
trast, the behavior of sodium in melting residues
is not well understood at all, as pointed out by a
number of studies [42^44]. Many plagioclase-free
abyssal peridotite cpxs exhibit higher sodium than
would be predicted by isobaric fractional or low
residual porosity melting. This is illustrated in
Fig. 3, where the Na2O content of cpx is plotted
as a function of the Cr# in the coexisting spinel.
Most RAPs plot on or just above the fractional
melting curve, but a signi¢cant fraction falls
above signi¢cantly.

4.3.1. Analytical artifacts
Analytical artifacts have been claimed to be the

cause of high sodium contents in some cpxs. A
large fraction of the published abyssal peridotite
cpx compositions was determined on fused, hand-
picked grains [45,46]. Both Baker and Beckett [44]
and Asimow [43] refer to a personal communica-
tion with H. Dick, who stated that this procedure
could have led to elevated sodium concentrations.
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However, recent in situ analyses of a number of
the same samples that were previously studied by
[45] have shown no signi¢cant discrepancies in the
sodium contents of cpx [24], indicating that the
sodium problem is not an analytical artifact.
The very substantial Na enrichment in the Lena
samples is far beyond what is explainable as an
analytical artifact in any event.

4.3.2. No Na^LREE fractionation during partial
melting

The cpx^melt distribution coe⁄cient (Dcpx=l) of
Na is very similar to that of Nd, with values
around 0.2 [42,47,48]. As shown in Fig. 7a, a frac-
tional melting trajectory of a DMM source nearly
forms a straight line. In this Na^Nd diagram,
many abyssal peridotites (the Lena Trough sam-
ples in particular) plot towards the Na-rich side of
the melting trajectory, even if a sodium-rich man-
tle is used as a source. This suggests that sodium
is less incompatible than Nd.

Recent partitioning experiments have shown
that Dcpx=l of Na is pressure-dependent, and de-
creases from V0.5, where melting may start
around 3 GPa, to values less than 0.2 at the top
of the melting column [48]. It therefore seems that
sodium-rich, Nd-poor cpxs can be residues of
high-pressure partial melting, and the sodium-
poor cpxs are dominated by low-pressure melt
extraction. Fig. 7a shows the results of a melting
model in which extreme partition coe⁄cients are
used to obtain maximum fractionation (Dcpx=l of
Na and Nd are constant at values of 0.5 and 0.2,
respectively). Although this model could explain
some of the observed Na^Nd fractionation, the
N-group Lena Trough cpxs still plot to the so-
dium-rich side of a melting curve.

The extreme Dcpx=l for Na and Nd discussed
above are probably unrealistic, and are shown
to illustrate the maximum fractionation that can
be obtained during partial melting. The reason for
this is that Dcpx=l of the REE are not constant
either, but instead become less incompatible as a
function of the sodium content of cpx [49]. There-
fore, less incompatible Ds for Nd would reduce
the curvature of the melting trajectory. Further-
more, such Ds for REE in cpx cannot generate
the required fractionation of middle from the

heavy REE at high HREE concentrations [24].
As discussed in Section 4.1, this is the main evi-
dence for initial melt extraction under garnet-fa-
cies conditions. Particularly the Lena Trough cpxs
show this residual garnet signature, which is not
in agreement with the high sodium concentra-
tions. This strongly suggests that the origin for
the high sodium concentration is not related to
partial melting.

4.3.3. No Na-LREE fractionation during melt
refertilization

Refertilization of depleted mantle peridotite by
a basaltic melt is an explanation proposed for the
sodium problem [42]. We modeled an Elthon-type
refertilization (i.e. melt entrapment after melting
and re-equilibration) for both sodium and the
REE concentrations in cpx. Such a post-melting
refertilization has been proposed to explain ele-
vated sodium concentrations in cpx [42] and
hump-shaped REE patterns in cpx [24]. This
model simulates entrapment of small amounts of
melt (melt^residue mixing), followed by crystalli-
zation and equilibrium trace element redistribu-
tion as a function of the mineral/liquid partition
coe⁄cients [24]. By varying the input parameters
(initial whole-rock composition and mineral
modes, composition of the in¢ltrating melt and
crystallization mode), we tried to match both
the REE pattern of the cpx and its sodium con-
tent, concentrating on the N-group Lena Trough
peridotites. The results of these models are shown
in Fig. 7b,c.

First we tested if any of the N-group Lena
Trough peridotites could have been a¡ected by a
LREE-enriched melt, such as the alkali basalts
collected in dredge 90. The starting mode was a
lherzolite with 7% modal cpx. In terms of its trace
element composition, we used the calculated resi-
due of 6% fractional melting in the garnet perido-
tite stability ¢eld, followed by 4% melt extraction
under spinel-facies conditions. As described in the
previous section, the resulting REE pattern
matches the M- to HREE of the N-group samples
(Fig. 6). Fig. 7b,c shows refertilization calcula-
tions for two extreme crystallization modes (Zol/
Zcpx = 0.9/0.1 and 0.1/0.9, respectively). The crys-
tallization mode Z does not in£uence the shape of
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the trace element pattern, solely the absolute cpx
trace element abundance. Entrapment and crystal-
lization of a LREE-enriched, Na-rich melt will
lead to a rapid increase of both Nd and Na in
the equilibrated peridotite cpx (Fig. 7b). These
curves are steeper than the melting curves, imply-
ing that refertilization with a LREE-rich, Na-rich
melting cannot generate a LREE-depleted, Na-
rich peridotite. Furthermore, small amounts of
melt entrapment would lead to an increase of
Sm/Yb, which would obscure the garnet ¢eld
melting signature of the N-group peridotites
(Fig. 7c).

A hypothetical melt that could produce the
Lena cpx compositions requires high sodium con-
tents (V4% Na2O), combined with extremely low
(6V3U chondritic) REE concentrations. Such a
REE-poor melt would not a¡ect Sm/Yb values
and obscure a garnet-¢eld signature. However,
neither has such a melt been observed anywhere,
nor do any peridotite melting models predict such
liquids. Therefore, a classical refertilization of
peridotite with a silicate melt cannot generate
the required extreme fractionation between so-
dium and the L-MREE.

4.3.4. Refertilization by metasomatism or di¡usive
fractionation

The calculations above have demonstrated that
sodium should behave like a similarly incompat-
ible REE during partial melting and silicate melt
refertilization. Therefore, sodium has to be frac-
tionated from the LREE, possibly by a £uid in
which sodium is more soluble than REE. Perva-
sive percolation of a hydrous £uid under subsoli-
dus conditions might alter the mineral composi-
tions of these residues, without necessarily leading
to formation of hydrous phases such as amphi-
bole or phlogopite. This type of metasomatism
is common in mantle xenoliths from the subcon-
tinental lithospheric mantle, but is believed to be
absent in abyssal peridotites. However, in an OCT
zone, such as the Lena Trough, elevated sodium
concentrations might be inherited from subconti-
nental metasomatism, which allows us to shift the
starting composition of the melting model to so-
dium values higher than DMM estimates (Fig.
7a). As discussed in Section 4.1, the degree of

Fig. 7. (a,b) Na2O in cpx vs. chondrite-normalized Nd, and
(c) Sm/Yb in cpx of Lena Trough and other abyssal perido-
tites. (1) Fractional melting of a depleted mantle source; (2)
critical melting with 1% residual melt porosity and a Na-rich
subcontinental lithospheric source; (3) same as (2) but with
Dcpx=l Na of 0.5. For all melting models 1% melting incre-
ment tick marks. (4,5) Refertilization models (0.5% melt ad-
dition increments) of a LREE-depleted lherzolite by a
LREE-enriched alkali melt using ol/cpx crystallization modes
of 0.9/0.1 and 0.1/0.9, respectively. Garnet-¢eld melting sig-
nature is obscured by rapidly increasing Sm/Yb. (6) Refertili-
zation by a Na-rich, REE-poor ‘melt’ can explain Lena
Trough data, but such a melt composition is unrealistic.
Symbols as in Fig. 5. See text for detailed discussion.
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melting has to be 10% in order to match the REE
depletion of the cpx. The sodium concentration of
the N-group samples is still much higher than the
values calculated by melting a sodium-rich source.
Thus, recent melting of a metasomatically modi-
¢ed (formerly subcontinental) mantle during the
opening of Lena Trough cannot explain the high
sodium contents either.

Finally, it is possible that Na is di¡usively frac-
tionated from other elements, either within an in-
¢ltrating melt [50], or in a solid state [51], or pos-
sibly, by a combination of both. Lundstrom’s
experiments [50] suggest that a melt that in¢ltrates
wall-rock peridotite near a melt transport channel
could have signi¢cantly higher Na/REE than the
original melt, as a result of the high melt di¡usiv-
ity of sodium. Such a di¡usively fractionated melt
that has obtained ‘unrealistically’ high Na/Nd val-
ues might have become entrapped within the
sampled N-group peridotite. Although a di¡usive
fractionation could be responsible for the ob-
served sodium enrichment in the Lena Trough
and other abyssal peridotites, the lack of chemical
gradients within and between samples does not
allow rigorous testing. Furthermore, in order to
maintain mass balance, in which Na is originally
not fractionated from the LREE, Na enrichment
has to be a local e¡ect, counterbalanced by a rel-
ative Na depletion elsewhere. It is therefore very
unlikely to obtain a widespread Na enrichment by
di¡usive fractionation within a percolating melt
following the Lundstrom hypothesis [50].

The results from the models presented above
provide a relative timeframe. First, near-fractional
melting generated LREE- and Na-depleted resi-
dues. Then, sodium was re-enriched by metaso-
matism, although at this stage we can only spec-
ulate about its physical mechanism.

4.4. Near-margin tectonic setting

Partial melting beneath mid-ocean ridges, and
thus crustal formation, are thought to be gov-
erned by a series of geodynamic ‘forcing func-
tions’ that can in principle be linked to measur-
able geophysical quantities such as spreading rate,
ridge obliquity, upwelling mantle temperature,
and mantle compositional heterogeneity. At Lena

Trough, the combination of ultra-slow spreading
and extreme obliquity are complicated by a third
factor, the presence nearby of continental litho-
sphere. As is clear from Fig. 1, the distance
from Lena Trough to the Greenland continental
margin and the Yermak Plateau (1000 m isobath)
is only 80 and 90 km, respectively.

4.4.1. Depression of the conductive geotherm
It is possible that the proximity to this conti-

nental margin serves to further depress the ther-
mal regime beneath the ridge. This would explain
certain qualitative aspects of the data sets, such as
the apparently high potential temperature re-
quired to produce melting in the garnet ¢eld con-
trasted to limited melting in the spinel ¢eld. This
would also help explain the apparently sudden
transition from magmatically robust sea£oor
spreading in the western end of Gakkel Ridge
[18] to amagmatic or sparsely magmatic crustal
generation in Lena Trough.

However, it implies that the deep melting
underneath Lena Trough was followed by a cryp-
tic metasomatic event that led to the elevated so-
dium concentrations discussed in the previous sec-
tion. If pervasive sodic metasomatism can occur
under oceanic conditions at Lena Trough, then a
similar process could be responsible for the gen-
eration of other sodium-rich abyssal peridotites
[24,45,46,52,53].

4.4.2. Inherited melting/metasomatic signature
An alternative hypothesis is that the Lena

Trough peridotites belong entirely to the subcon-
tinental lithospheric mantle and are part of a
nearly amagmatic rifted margin couple between
Greenland and Spitsbergen. This supposition is
not so far-fetched, as the distances involved are
comparable to the width of the amagmatic por-
tion of the Iberia Margin. It implies that the ob-
served variation is not caused by the spreading-
related decompression melting and reactive melt
migration, but is inherited from the exhumed sub-
continental lithosphere. The LREE depletion
could be inherited from an earlier melt extraction
event. The sodium enrichment would then result
from metasomatism, after accretion to the sub-
continental lithosphere.
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This hypothesis is supported by isotopic studies
on mantle rocks from other OCTs. The only
known present-day active OCT is in the Red
Sea. In this region between Africa and Arabia,
rift-related mantle rocks are only known from
Zabargad Island. Based on major element mineral
compositions, the exposed peridotites are thought
to represent the chemical transition from a sub-
continental mantle to a suboceanic mantle (Fig. 3)
[54]. However, osmium isotopic studies have
shown that the depletion recorded by this perido-
tite body may have occurred in the Proterozoic
[20]. This suggests that the chemical signature of
the mantle phases was not necessarily generated
during the opening of the Red Sea and that Za-
bargad may be an exhumed piece of subcontinen-
tal mantle [20]. In the Ligurian ophiolites [21],
volcanics bearing a distinctly mid-ocean ridge sig-
nature erupt in conjunction with mantle with a
much older melting history.

The principle that abyssal peridotites are to ¢rst
order the complementary residues of MORB re-
mains unchallenged, despite the scarcity of iso-
topic data [52,55]. It is not possible that abyssal
peridotites in general represent fragments of
an old passively exhumed mantle that inherited
its chemical signature from an ancient (sV100
Myr) melt extraction event without ‘zero-age’
melting. In such a case, their 143Nd/144Nd would
be extremely high, resulting from their highly
fractionated Sm/Nd ratios and the related rapid
ingrowth of radiogenic Nd. Their Nd isotopic
composition can only be explained by recent
partial melting of a MORB-type mantle under-
neath the ridge. Some of these Southwest Indian
Ridge peridotites, which have DMM-type Nd-
isotopic compositions, have LREE-depleted trace
element pattern and sodium concentrations in
cpx of up to 0.82 wt% [52]. Although these
values are less than half of the concentrations
observed at Lena Trough, they suggest that
sodic metasomatism may occur at spreading cen-
ters.

Although a passive exhumation origin is plau-
sible in the case of Lena Trough, an active melt-
ing scenario is more likely. It requires that sodic
metasomatism can occur here and elsewhere in
the oceanic lithosphere.

5. Conclusions

1. Serpentinized spinel peridotites were dredged
from sediment-free basement highs along the
previously unstudied Lena Trough. The pri-
mary mineral compositions of these outcrop-
ping melting residues are similar to other
RAPs, except for sodium in cpx, which is tran-
sitional between continental and oceanic man-
tle.

2. The Lena Trough peridotites are devoid of
magmatic veins and plagioclase and most sam-
ples have light REE-depleted trace element
patterns typical of oceanic melting residues.
Degrees of melting estimated from the cpx
REE patterns of these ‘normal’ samples range
between 7 and 10%.

3. The middle- to heavy REE characteristics in-
dicate that roughly half of the melt extraction
occurred under garnet-facies conditions. This
requires deep initial melting, possibly caused
by the presence of water (lowering the perido-
tite solidus) or a high mantle potential temper-
ature.

4. Low overall degrees of melting suggest deep
cessation of melting, most likely in£uenced by
the vicinity to cold lithospheric mantle and the
extremely slow e¡ective spreading rate caused
by the highly oblique opening of Lena Trough.

5. Sodium concentrations in cpx are too high to
be explained by partial melting and not consis-
tent with LREE-depleted residual cpx. Neither
refertilization by a melt, nor simple di¡usive
processes can generate the pervasive fractiona-
tion of Na from the LREE. Cryptic sodic
metasomatism, generally assumed to be re-
stricted to the subcontinental mantle, must
have occurred after partial melting.

6. No constraints are presently available for the
absolute timing of melting and metasomatism.
The Lena Trough peridotites could represent a
fragment of subcontinental lithospheric man-
tle, tectonically exhumed without signi¢cant
chemical modi¢cation. This implies that the
trace element signatures in Lena Trough and
possibly some other abyssal peridotite cpx
REE systematics might point to an ‘old’ or
inherited melt extraction event, not related to
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melting underneath the present ridge. Alterna-
tively, the opening of Lena Trough did lead to
partial melting of the upwelling mantle, fol-
lowed by sodic metasomatism in an oceanic
environment.
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