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Abstract

Serpentinized spinel peridotites of the Newfoundland margin drilled during ODP Leg 210 at Site 1277 have preserved, relic
mineral compositions similar to the most depleted abyssal peridotites worldwide and different from those of the conjugate Iberian
margin. The samples are derived from mass flows containing clasts of peridotite and gabbro and from in-situ basement, and are
mostly mylonitic cpx-poor spinel harzburgites with Cr-rich spinels (Cr#0.35–0.66). Melting of the Newfoundland mantle occurred in
the spinel peridotite field and probably exceeded the cpx-out phase boundary for some samples. Using proposed spinel peridotite
melting models and experimentally derived phase diagrams, the Newfoundland harzburgites can be modeled as a residue after
extraction of 14 to 20–25% melting. Basalts that are interleaved with mass flow deposits on top of the peridotite basement resemble
normal to transitional mid-ocean ridge basalt. This, together with the unusually high Cr# of some spinel harzburgites suggest that
the formation of basalts and partial melting of the underlying peridotite are not cogenetic. Among mantle samples some of the
Newfoundland harzburgites approach mineral compositions of the Bay of island ophiolite and ophiolites from Japan that represent
peridotites formed in an arc-setting. Thus, the peridotites drilled at Site 1277 may represent inherited (Caledonian or older) subarc
mantle that was exhumed close to the ocean floor during the rifting evolution of the Atlantic.

Compared to the spinel harzburgites from Newfoundland, the peridotites from the conjugate Iberian margin are, on average, less
depleted and provide evidence for local equilibration in the plagioclase stability field. This can either be explained by an inherited,
primary, Ca-richer composition of the Iberia peridotite, or, alternatively, by local melt impregnation and stagnation during
continental rifting, and thus refertilizing previously depleted (arc-related) peridotite.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Non-volcanic (or magma-poor) passive margins have
been the subject of ongoing debates for the last 20 yr,
since rift-related decompression of the mantle is gen-
erally considered to produce substantial amounts of
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Fig. 1. Reconstruction of the Iberia–Newfoundland rift to anomaly M0 (~121 Ma), based on the reconstruction of [54]. Onset of oceanic crust formation was interpreted to initiate around magnetic
anomaly M3 (grey shaded area). Solid circles indicate locations of drill Sites (1276, 1277) during ODP Leg 210. Open circles indicate locations of peridotite highs, which were drilled during previous
ODP legs 103, 149 and 173, respectively. Modified from [19].
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melts. The observation, that peridotites might be ex-
humed on the ocean floor without being covered by
volcanic and/or plutonic products has long been known
for some passive margins [1,2], but the recent discovery
of basalt-‘free’ segments of (ultra-) slow mid-ocean
ridges [3–7] demonstrates that both rifting and spread-
ing are not necessarily expressed by volcanic activity at
Fig. 2. (a) Tentative geologic interpretation of the SCREECH 2 seismic reflec
apparent slow spreading oceanic basement. ODP Leg 210, Site 1277 cored
anomaly M1. (b) Detailed stratigraphy and recovery of Site 1277. The co
interleaved with sandstones and mass flows containing clasts of mafic rocks a
lower 40 m is made of serpentinized peridotite and minor gabbroic to monz
the surface. The highly variable volumes of volcanic
rocks produced during rifting and breakup of continents
has led to the distinction of ‘volcanic’ and ‘non-vol-
canic’ passive margins, meaning that in some margins
there is syn-rift decompression melting, while in others
there isn't. This concept, however, becomes invalid if
substantial amounts of magma are stored at depth by
tion profiles [20,21]. The rough topography oceanwards of M3 marks
about 80 to 100 m of apparent in-situ basement, just oceanwards of
res from the upper part show a complex assemblage of basalt flows
nd serpentinized peridotite and variably deformed gabbroic rocks. The
onitic veins.
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Table 1
Locations and petrological characteristics of samples from ODP Leg 210, Site 1277

Core section (3) Sample nr Depth mbsf Lithology (1) Texture (2) Primary min.

1W-2 95–98 z03 85–103 (3) sb pc spl
1W-P6 101–104 1W-P6 85–103 sb pc spl
4R-1 11–14 4R-1 123.12 sb pc, gb ol, spl, cpx, opx
4R-1 34–38 z10 123.34 sb pc spl
7R-2 127–129 z29 154.5 spm+gv pc spl, cpx, opx
9R-1 117–120 z39 171.87 spm pc spl, cpx, opx
9R-4 33–36 z45 175.34 spm pc spl
9R-4 138–141 z47 176.39 spm pc spl, opx
9R-6 68–71 z51 178.4 spm+gv pc spl

(1) sb: sedimentary breccia with peridotite components; spm: serpentinized peridotite mylonite; gv: gabbroic veins.
(2) Denotes mineral textures: pc: porphyroclastic; gb: granoblastic.
(3) Sample depth of core 1W can only be estimated [19].
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melt stagnation in the thermal lithosphere, which may be
a common process in actual and ancient slow spreading
systems (e.g. [8–10]).

On the other hand, some areas of the upper mantle are
initially too depleted to produce substantial amounts
of melt during decompression. This is because the
solidus of peridotite increases by more than 100 °C bet-
ween fertile upper mantle and the depleted upper mantle
[11–13]. Thus, for a given mantle potential temperature
(e.g. 1300 °C [14]), adiabatic decompression of fertile
mantle might produces substantial volumes of syn-rift
liquids, while decompression of depletedmantle remains
relatively unproductive. In addition, considering a ‘cold’
mantle potential temperature of 1200 °C (e.g. [15])
further reduces the productivity of syn-rift decompres-
sion melting. Thus, magma-poor passive margins play a
key role for investigating this process as they represent
an interface between advanced rifting and early (ultra-)
slow sea-floor spreading. Adiabatic decompression of
the mantle might still be in its infancy and thus compo-
sitional and/or thermal effects of the underlying mantle
are potentially reflected in the presence or absence of
syn-rift melts.

In this paper, we concentrate on constraints from the
conjugate Iberia–Newfoundland margin, to the genesis
of peridotites in magma-poor passive margins. Dredging
Fig. 3. Photomicrographs from serpentinized peridotites from ODP Le
(a) Serpentinized peridotite mylonite (7R-2, 17–20), cut by undeformed ta
extremely stretched, altered orthopyroxene (opx) in the centre of the image
matrix (7R-2, 17–20). (c) Opx porphyroclast with clinopyroxene (cpx) exso
exsolution lamellae are preserved in calcite (9R-3 119–123). (d) opx porphyro
olivine (4R-1, 11–14). (e) opx porphyroclast with coarse exsolution lamellae
opx, cpx) assemblages (4R-1 11–14). (f ) Oxide gabbro with coarse cpx, plagi
matrix. Note the deformed twin lamellae of large plagioclase, and the und
(g) Idiomorphic zircon in small gabbro vein, together with apatite (ap), plagio
igneous vein, with biotite (bt) and plagioclase (plg) (z36).
and drilling of the Iberia margin has led to the proposal
that the peridotites have a subcontinental origin, com-
parable to on-land peridotite massifs (e.g. Ronda, Lherz,
[16–18]) and that the peridotites record a subsolidus
exhumation history. Recent seismic interpretations of
the conjugate Newfoundland margin have proposed the
existence of exhumed, serpentinized mantle followed by
very thin oceanic crust from magnetic anomaly M3
onward [20,21]. To explore these interpretations further
we investigated serpentinized peridotites from the New-
foundland margin that were drilled during ODP Site
1277, providing the first dataset on peridotites from a
conjugate magma-poor margin.

One aim of this study is to determine the degree of
melting of peridotite for the conjugate Iberia–New-
foundland magma poor system. More generally, we
evaluate the spatial variability of peridotite composition
in a system, which is relevant for both advanced stages
of rifting and earliest (ultra-) slow sea-floor spreading.

2. Site characteristics

ODP Leg 210, Site 1277 in the Newfoundland
margin has penetrated about 80–100 m into a shallow
basement high just on the oceanic side of magnetic
anomaly M1 (∼121 Ma, Figs. 1 and 2). Overall core
g 210, Site 1277. All images are taken with crossed polarizers.
lc-rich veins (1), serpentine veins (2) and calcite veins (3). Note the
. (b) spinel and opx porphyroclasts, set in a (serpentinized) mylonitic
lution lamellae, partially replaced by calcite. Note that ghosts of cpx
clast, set in a matrix of dynamically recrystallized opx, cpx, spinel and
of cpx, surrounded by partially serpentinized spinel peridotite (ol, spl,
oclase and ilmenite phenocrysts, and a finegrained cpx+Ti-hornblende
eformed, small neoblasts, indicating dynamic recrystallization (z01).
clase (plg) and twinned Mg-hornblende (hbl) (9R-6, 68–71). (h) mafic
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Table 2
Major element concentrations (wt.%) in spinel from peridotites of ODP Leg 210, Site 1277

Sample z51_1 z51_5 z51_6 z51_7 z10_1 z10_2 z10_3 z10_4

Core section 9R-6 68–71 4R-1 34–38

n 5 2σ 5 2σ 5 2σ 6 2σ 4 2σ 5 2σ 9 2σ 6 2σ

TiO2 0.02 0.01 0.06 0.03 0.04 0.02 0.03 0.02 0.12 0.01 0.04 0.02 0.04 0.01 0.03 0.02
Al2O3 36.4 0.7 32.5 0.9 31.0 0.3 27.9 2.2 28.4 0.6 33.0 0.6 26.8 0.5 31.2 0.7
Cr2O3 32.3 1.0 37.6 0.9 37.0 0.3 36.5 1.5 41.9 0.6 36.5 0.8 40.7 0.5 37.5 0.2
Fe2O3 1.41 0.24 0.73 0.53 1.85 0.18 3.40 0.18 0.33 0.32 0.92 0.39 1.93 0.53 1.66 0.78
FeO 13.5 0.3 13.2 0.5 15.6 0.4 20.6 1.2 13.7 0.3 13.4 0.4 20.2 0.7 13.7 1.0
MnO 0.13 0.01 0.14 0.00 0.15 0.01 0.17 0.02 0.14 0.01 0.16 0.01 0.17 0.01 0.15 0.01
NiO 0.13 0.03 0.15 0.04 0.11 0.03 0.13 0.02 0.15 0.06 0.11 0.04 0.08 0.02 0.18 0.02
MgO 15.3 0.1 14.9 0.7 13.4 0.2 9.5 1.2 14.4 0.1 15.0 0.3 10.1 0.5 14.5 0.6
Σ 99.6 99.7 99.6 99.6 99.6 99.7 100.1 99.5
Cr# 0.373 0.437 0.444 0.468 0.498 0.426 0.504 0.447
Mg# 0.646 0.654 0.576 0.415 0.643 0.649 0.447 0.627

Sample z10_6 4R-1_1 4R-1_5 4R-1_3 4R-1_6 1WP-6_1 1WP-6_4 1WP-6_3

Core section 4R-1 11–14 1W-P6 101–104

n 10 2σ 6 2σ 6 2σ 2 2σ 5 2σ 10 2σ 9 2σ 10 2σ

TiO2 0.08 0.02 0.11 0.02 0.13 0.02 0.12 0.01 0.08 0.03 0.03 0.02 0.06 0.01 0.02 0.01
Al2O3 32.3 0.5 19.0 0.1 18.4 0.1 26.3 0.6 23.6 0.4 30.2 0.2 30.7 0.2 30.5 0.8
Cr2O3 38.7 0.2 50.4 0.3 50.8 0.4 42.1 0.1 45.1 0.4 38.9 0.3 39.4 0.3 37.0 0.9
Fe2O3 1.01 0.34 1.75 0.20 2.05 0.14 2.18 0.08 1.81 0.27 2.29 0.29 0.69 0.24 2.79 0.58
FeO 12.3 0.2 16.0 0.2 15.8 0.3 18.5 0.2 17.3 0.2 12.2 0.3 12.8 0.3 14.9 1.8
MnO 0.16 0.00 0.18 0.01 0.18 0.01 0.16 0.01 0.16 0.01 0.14 0.01 0.14 0.01 0.13 0.01
NiO 0.14 0.07 0.07 0.03 0.05 0.02 0.05 0.02 0.06 0.05 0.15 0.04 0.12 0.04 0.13 0.03
MgO 16.0 0.1 11.9 0.1 12.0 0.1 11.4 0.1 11.6 0.1 15.6 0.2 15.2 0.2 13.8 1.4
Σ 100.7 99.4 0.2 100.1 0.6 100.8 0.6 99.7 0.4 99.5 0.4 99.1 0.3 99.3 0.8
Cr# 0.446 0.641 0.649 0.518 0.562 0.464 0.463 0.449
Mg# 0.680 0.544 0.545 0.493 0.518 0.657 0.666 0.581

z47_3 z47_4 z47_5 z47_6 z45_1 z45_1 z45_5 z03_1Each measurement represents an average of a single grain. Mg# (molar Mg/Mg+Fetot); Cr# (molar Cr/Cr+Al).
Per: spinels from peridotite, brec: spinels from breccias; n: number of analyses; 2σ: standard deviation of the mean.
Fe2O3 calculated by stoichiometry (3 cations, 8 charges).
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recovery is ∼60%. Two lithologic units might be
recognized (Fig. 2b, see also [19]): (1) Cores from the
upper part (∼85–142 mbsf) show a complex assem-
blage of basalt flows (50%) interleaved with sandstones
(10%) and mass flows containing clasts of mafic rocks
and serpentinized peridotite (∼20%) and variably
deformed gabbroic rocks (∼20%). The material from
the sedimentary layers is interpreted to be derived
exclusively from the underlying basement [19]. (2) The
lower 40 m of the drilled material represents in-situ
basement and consists of serpentinized peridotite plus
minor gabbroic veins (less than 5%). Based on detailed
refraction seismic investigations it was concluded that
this part of the basement represents (a) serpentinized
peridotite or (b) (ultra-) slow spreading oceanic crust
[19–21].

The entire ultramafic section is extensively serpenti-
nized (N90%). The pebbles from the mass flows between
100 to 140 m depth are strongly serpentinized, weakly
deformed to mylonitic harzburgites. No dunites or py-
roxenites have been identified, although the high degree of
serpentinization makes the classification somewhat diffi-
cult. The matrix of the mass flow deposits is poorly sorted
and often composed of a serpentine–carbonate matrix,
with relic, fresh, mantle spinel and gabbro cpx grains
and, occasionally, with pseudomorphs of pyroxenes.
Secondary chlorite, and fibrous tremolite are found
along the contact to clinopyroxene.

3. Results

3.1. Petrography and microstructural observations

The samples investigated for this study were collected
by deep sea drilling during ODP Leg 210 (Site 1277)
along the Newfoundland margin [19]. Out of 25 samples,
nine were analyzed in detail. They comprise four breccias
containing serpentinized peridotite clasts and five samples
from the solid serpentinized peridotite in the lower part of
Site 1277. The downhole location of the different samples



Table 2 (continued)

z47_3 z47_4 z47_5 z47_6 z45_1 z45_1 z45_5 z03_1

9R-4 138–141 9R-4 33–36 1W-2 95–98

2σ 2σ 5 2σ 5 2σ 6 2σ 10 2σ 5 2σ 10 2σ 5 2σ

0.04 0.02 0.03 0.02 0.03 0.02 0.02 0.02 0.04 0.02 0.05 0.01 0.05 0.02 0.03 0.03
36.6 0.9 35.9 0.9 36.5 0.2 38.3 0.6 31.5 0.2 31.1 0.2 29.9 0.2 33.3 0.3
33.6 0.9 34.1 0.9 33.5 0.2 31.3 0.4 39.2 0.3 39.7 0.3 40.4 0.2 35.6 0.4
1.14 0.19 1.23 0.22 1.03 0.20 1.12 0.37 1.18 0.13 0.95 0.09 1.53 0.25 1.46 0.41
11.1 0.2 11.7 0.4 11.7 0.1 11.8 0.3 12.9 0.1 12.8 0.2 12.5 0.3 15.1 0.4
0.14 0.01 0.15 0.01 0.15 0.01 0.14 0.01 0.15 0.01 0.16 0.01 0.17 0.01 0.57 0.02
0.18 0.02 0.17 0.03 0.16 0.04 0.12 0.03 0.15 0.05 0.08 0.06 0.15 0.04 0.11 0.08
17.1 0.2 16.5 0.4 16.6 0.1 16.8 0.1 15.5 0.1 15.5 0.1 15.4 0.2 14.2 0.4
99.9 99.5 99.6 99.6 100.7 100.3 100.1 100.3
0.381 0.389 0.382 0.354 0.455 0.461 0.476 0.418
0.711 0.693 0.698 0.698 0.662 0.665 0.661 0.603

z03_2 z39_1 z39_2 z39_3 z39_4 z29_1 z29_2 z29_3

9R-1 117–120 7R-2 127–129

5 2σ 3 2σ 3 2σ 3 2σ 3 2σ 3 2σ 3 2σ 3 2σ

0.05 0.01 0.08 0.02 0.08 0.03 0.07 0.01 0.06 0.02 0.02 0.02 0.24 0.03 0.03 0.01
31.9 0.4 32.3 0.5 31.1 0.5 31.1 0.5 33.9 0.2 35.4 0.3 30.5 0.3 36.5 0.9
38.0 0.3 38.7 0.2 40.0 0.4 39.1 0.9 36.2 0.1 34.3 0.2 38.7 0.4 32.7 0.5
0.60 0.59 1.01 0.34 1.04 0.64 1.16 0.55 0.73 0.15 1.37 0.12 1.87 0.01 1.64 0.87
15.6 0.5 12.3 0.2 12.5 0.7 13.1 0.8 13.7 0.3 12.8 0.1 13.8 0.2 13.2 0.7
0.62 0.03 0.16 0.00 0.15 0.01 0.16 0.00 0.15 0.00 0.13 0.01 0.16 0.01 0.13 0.01
0.12 0.06 0.14 0.07 0.14 0.04 0.08 0.06 0.13 0.04 0.13 0.01 0.15 0.07 0.12 0.03
13.7 0.3 16.0 0.1 15.8 0.2 15.3 0.5 15.1 0.1 15.8 0.2 14.8 0.1 15.7 0.4
100.6 100.7 100.8 100.1 100.0 100.0 100.2 100.1
0.445 0.446 0.464 0.457 0.417 0.395 0.460 0.376
0.598 0.680 0.674 0.655 0.650 0.664 0.627 0.653
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is summarized in Table 1, together with the textures and
the primary mineralogy. All samples are strongly (N90%)
serpentinized, and locally pyroxenes show topotactic
overgrowths by carbonate. At least three generations of
late veins (talc, serpentine+magnetite, and carbonate
veins, respectively) are crosscutting the peridotites
(Fig. 3a).

Texturally, the spinel harzburgites are porphyroclastic
to mylonitic with mainly coarse orthopyroxene and spinel
porphyroclasts in the 0.5–1.5 mm range (Fig. 3b),
embedded in a mylonitic matrix. The shape of orthopyr-
oxene porphyroclasts depends on the orientation of the
(001) exsolution lamellae, varying from rounded clasts to
extremely stretched crystals, with aspect ratios exceeding
10:1 (Fig. 3a). Orthopyroxene porphyroclasts always
show fine clinopyroxene exsolution lamellae, which are
mostly replaced by calcite. A representative example of
calcitized orthopyroxene is shown in Fig. 3c. Apart from
these normal and representative textures, sedimentary
breccias contain spinel clasts, and occasionally serpenti-
nized peridotite fragments (less than 2 cm in diameter).
These fragments show the same porphyroclastic textures
as in the in-situ basement. We conclude that the breccias
are representative of the mantle drilled at Site 1277 (see
Section 4).

The mylonitic matrix surrounding and partially
replacing opx porphyroclasts is composed of dynami-
cally recrystallized ortho- and clinopyroxene, spinel and
olivine (Fig. 3d). Fresh olivine has only been found in
one sample (Table 2).

Fresh clinopyroxene has only been observed as small
grains (b100 μm) in the recrystallized mylonitic matrix,
and as exsolution lamellae within orthopyroxene
(Fig. 3c, e). Exsolution lamellae usually have relatively
constant thickness (b10 μm) and disappear towards the
grain boundaries, except in one sample coarse clinopyr-
oxene exsolutions (up to 0.1 mm) are preserved (Fig. 3e).
This unusual texture resembles exsolved pigeonitic
pyroxene, and both orthopyroxene host and clinopyrox-
ene lamellae are among the most depleted ones drilled so



Table 3
Major element concentrations in olivine and pyroxene from peridotites of ODP Leg 210, Site 1277

ol ol cpx cpx cpx cpx cpx cpx

Sample 4R-1_1 4R-1_2 4R-1_4 4R-1_3 4R-1_2 z39_1 z39_2 z29_3

Location gb gb gb exsol gb gb gb gb

n 7 2σ 4 2σ 4 2σ 4 2σ 4 2σ 5 2σ 4 2σ 5 2σ

SiO2 40.9 0.1 40.7 0.1 53.9 0.2 54.0 0.1 54.4 0.1 53.4 0.6 53.2 0.1 52.4 0.02
TiO2 0.01 0.01 0.01 0.03 0.07 0.02 0.04 0.02 0.05 0.02 0.08 0.02 0.08 0.05 0.09 0.01
Al2O3 0.00 0.00 0.01 0.01 1.32 0.11 1.34 0.02 1.10 0.06 2.74 0.19 2.49 0.35 3.40 0.05
Cr2O3 0.00 0.00 0.03 0.03 0.61 0.08 0.83 0.08 0.58 0.05 1.11 0.08 1.03 0.13 1.12 0.03
FeO 8.60 0.19 8.66 0.17 2.04 0.11 1.84 0.07 1.95 0.11 1.91 0.14 1.71 0.04 1.82 0.09
MnO 0.18 0.01 0.19 0.05 0.13 0.03 0.11 0.05 0.08 0.04 0.13 0.02 0.11 0.06 0.13 0.02
NiO 0.31 0.04 0.32 0.02 0.00 0.01 0.01 0.02 0.04 0.02 0.04 0.04 0.02 0.03 0.05 0.04
MgO 50.3 0.2 50.3 0.2 17.8 0.1 17.7 0.1 17.9 0.1 17.2 0.2 17.1 0.2 16.5 0.1
CaO 0.01 0.01 0.06 0.03 23.7 0.2 23.7 0.0 23.7 0.3 23.0 0.4 23.0 0.1 23.5 0.2
Na2O n.a. n.a. 0.34 0.01 0.37 0.01 0.27 0.01 0.46 0.04 0.44 0.03 0.27 0.02
Σ 100.3 100.3 99.9 99.9 100.1 100.0 99.2 99.2
Cr# 0.238 0.294 0.263 0.213 0.216 0.181
Mg# 0.912 0.912 0.939 0.945 0.942 0.941 0.947 0.942

oxp opx opx opx opx opx opx opx

Sample 4R-1_2 4R-1_5 4R-1_4 Z39_2 Z47_2 Z47_1 z29_2 z29_1

Type gb pc rim pc pc pc pc pc

n 7 2σ 5 2σ 6 2σ 3 2σ 4 2σ 3 2σ 1 1

SiO2 57.7 0.4 56.7 0.1 57.3 0.4 56.1 0.2 56.4 0.7 56.5 0.2 56.6 57.2
TiO2 0.03 0.03 0.05 0.03 0.05 0.03 0.04 0.02 0.02 0.02 0.04 0.01 0.00 0.05
Al2O3 0.71 0.07 1.14 0.04 1.11 0.08 2.51 0.08 2.84 0.07 3.06 0.10 2.78 2.76
Cr2O3 0.24 0.07 0.53 0.03 0.40 0.07 0.78 0.05 0.82 0.08 0.86 0.06 0.76 0.83
FeO 5.78 0.12 5.61 0.00 5.68 0.17 4.97 0.16 5.38 0.18 5.26 0.04 5.44 5.52
MnO 0.18 0.03 0.17 0.07 0.19 0.03 0.14 0.03 0.17 0.04 0.18 0.02 0.22 0.16
NiO 0.06 0.02 0.06 0.03 0.06 0.02 0.09 0.04 0.10 0.03 0.10 0.02 0.12 0.02
MgO 35.1 0.3 34.3 0.1 35.0 0.3 33.6 0.2 33.9 0.5 34.2 0.2 32.8 33.3
CaO 0.44 0.05 1.19 0.13 0.57 0.04 1.59 0.03 0.82 0.05 0.61 0.07 1.26 0.51
Na2O 0.01 0.01 0.04 0.12 0.01 0.01 0.07 0.02 0.02 0.01 0.00 0.01 0.06 0.01
Σ 100.2 99.9 100.4 100.8 100.5 100.7 100.1 100.3
Cr# 0.183 0.238 0.196 0.173 0.162 0.159 0.155 0.168
Mg# 0.915 0.915 0.916 0.923 0.918 0.921 0.915 0.915

Concentrations reported in wt.%; n.a. not analyzed; pc: porphyroclast core; gb: granoblast in mylonitic matrix;
exsol: exsolved from opx; n: number of analyses; 2σ: standard deviation of the mean.
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far (see below). The exclusive occurrence of clinopyr-
oxene in the matrix suggests that some of the spinel
harzburgites were virtually cpx-free, and that most
clinopyroxene probably exsolved from orthopyroxene.

The breccias in the upper part of Site 1277 contain
numerous clasts of gabbroic rocks ranging from gabbros,
gabbronorites to oxide gabbros and anorthosites
(Fig. 3f ). They are composed of variable proportions
of clinopyroxene (Mg#b80), plagioclase (an50–65),
ilmenite, Ti-pargasite and rare biotite and sulfides. Mm-
scale monzonitic clasts containing Mg-hornblende,
plagioclase (an8–14), potassium feldspar (or56–67,
ab31–40, an2–4), and rare, idiomorphic Ba-feldspar
(hyalophane), included in potassium feldspar (ce26–34,
kfsp66–74, ab1–2), zircon and rutile are occasionally
associated with ultramafic pebbles embedded in a
carbonate–serpentinite matrix. Actinolite and pure po-
tassium feldspar are probably alteration products of the
monzonitic veins. Thin potassium feldspar veins occa-
sionally cut gabbroic pebbles, supporting the interpreta-
tion that pure Kfspar is related to alteration.

The peridotite basement is cut by gabbroic veins
ranging in size from 2–3 mm to 3 cmmaximum thickness.
In general, they show a 1 to 2 mm hydrothermal reaction
rim, marked by acicular tremolitic amphibole and chlorite.
Two types of igneous veins can be distinguished: (a)
zircon- and Cl-apatite-bearing plagioclase (An31–35)–
hornblende veins (Fig. 3g) and (b) biotite–plagioclase–
rutile–zircon (±monazite and xenotime) bearing veins
(Fig. 3h). The hornblende-bearing veins are 113±2 Ma



Fig. 4. (a) Compositional cross section of a small (∼0.25 mm) spinel
grain. Cr# and Mg# are homogeneous in the core, but are affected by re-
equilibration at the outer ∼50 μm (4R-1). (b) TiO2 versus distance to
small gabbroic dikes within the Newfoundland spinel harzburgites.
Spinel TiO2 N0.2 wt.% is only observed within ∼2 mm from gabbroic
veins. In all other samples, including breccias, TiO2 is below 0.15 wt.%,
precluding equilibration within the plagioclase stability field. Error bars
indicate 1σ variation of at least 3 measurements on individual grains.
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(U–Pb on zircon, [22]), postdating continental break-up, by
approximately 10 Ma, while biotite-bearing rocks gave
126.5 Ma (Ar–Ar on biotite, [22]), an age slightly older
than the presumed age of anomaly M3.

3.2. Major element mineral chemistry

Mineral compositions were determined using a
Cameca SX-50 electron microprobe located at the
Institute of Geological Sciences at the University of
Bern (Switzerland), equipped with four wavelength-
dispersive spectrometers. Operating conditions com-
prised an acceleration voltage of 15 kVand a 20 nA beam
current. The spot size was about 2 μm for all minerals.
Element peak and background counting time on either
side of the peak was 20 s, except for Ni (40 s) and Na
(10 s). Natural and synthetic oxides were used as
standards. Where possible, four to eight points were
measured in the core of the minerals, and averages and
standard deviations are reported in Tables 2 and 3,
respectively. Each grain was checked for core–rim
zoning, and in most cases the minerals were homoge-
neous. Larger spinel grains in some samples show
appreciable zoning, with a small increase of Mg# and a
decrease in Cr#.

Fresh olivine crystals (Fo91.2) have only been found
in one peridotite clast (Table 3). Nickel in olivine ranges
from 0.31 to 0.32 wt.% NiO.

Orthopyroxene is present in most samples, but is only
rarely preserved. Mg# for all samples display little
variation (0.914 to 0.922) and seems independent of the
Cr# (0.155–0.238). Cr2O3 varies between 0.53 and
0.86 wt.%, while recrystallized opx in the mylonitic
matrix shows substantially lower values (∼0.25 wt.%).
Intracrystalline zoning has only been observed in sam-
ples with preserved porphyroclasts and neoblasts. There,
rim compositions of large porphyroclasts approach
recrystallized grains, indicating retrograde equilibration.

Clinopyroxene has been found in 3 samples. As for
opx, the Mg# is high, but displays little variation
(0.939–0.946), which contrasts with the large variation
in Cr# (0.181 to 0.294). The clinopyroxenes from New-
foundland are among the most depleted clinopyroxene
from abyssal peridotites and peridotites from ocean–
continent transition zones. They show substantial
variation in Al2O3 (1.32 to 3.4), but relatively little
variation for Na2O (0.27–0.46) and TiO2 (0.04 to 0.09).
The clinopyroxene TiO2 content is among the lowest
ever found on the ocean floor.

Spinel is present in virtually all samples, either as
porphyroclast or neoblast in a dynamically recrystallized
matrix. Cores of large grains are usually unzoned, rim-
wards a weak increase of Mg# and concomitant decrease
of Cr# has been found (Fig. 4a). Within-sample variation
is generally small, but can be significant in spinels from
sedimentary breccias (e.g. sample z10, Table 2) and in
the vicinity of small gabbroic dikes (Fig. 4b). Cr# varies
from 0.35 to 0.66,Mg# correlate negatively with Cr# and
varies from 0.54 to 0.71 for individual grains unaffected
by gabbro veins. TiO2 content is generally below
0.15 wt.%, with a few exceptions of spinel interacting
with mafic veins (Fig. 4b). Compared to spinels from the
Iberia margin, the Newfoundland spinels are TiO2 poor,
and also extend to higher Cr# (Fig. 5).

Fig. 4b illustrates spinel compositional variation as a
function of the distance from gabbroic veins. Both
samples show a consistent increase in TiO2 with respect
to the gabbroic veins. Spinels that are more than ∼2 mm
away from the gabbroic veins show background peri-
dotite compositions. This is strong evidence that ele-
vated TiO2 contents in spinel from Newfoundland
peridotite is related to the intrusion of mafic veins, and
do not represent a primary feature.

Cr# of coexisting spinels and clinopyroxene are
shown in Fig. 6, together with data from Iberia [16–



Fig. 5. (a) Cr# versus Mg# of spinels from the conjugated Iberia–Newfoundland rift. Cr# of Newfoundland spinels vary from 0.35 to 0.65. Note that
the associated Mg# are generally low, thus precluding substantial low temperature Fe enrichment. Exceptions are related to mm-scale gabbroic veins,
and dynamically recrystallized spinel in the matrix of 4R-1. (b) Cr# vs TiO2 of spinels. Newfoundland spinels have TiO2 contents below 0.15 wt.%.
Spinels with TiO2 N0.2 are related to small gabbroic dikes. Note that high TiO2 contents are found for all ODP sites from the Iberia margin, indicating
equilibration in the plagioclase stability field. Shaded fields are from [37] (A), [25] (B), [8] and our unpublished data, (C) spinel peridotites, and
(D) plagioclase peridotites. Data from Iberia from [16–18,23,24].
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18,23,24], Alpine ophiolites [8, and our unpublished
data], and abyssal peridotites [26]. Fig. 6 illustrates that
Newfoundland spinels, on average, have higher Cr#
in cpx and spinel than samples from Iberia. Spinel Cr#
(up to 0.65) even exceeds those from the most depleted
abyssal peridotites [26–28]. The positive correlation of
Cr# in spinel and cpx is indicative of equilibration in the
spinel peridotite field. The shift of spinel Cr# to the right
of the spinel peridotite trend for many Iberia and Alpine
peridotite samples reflects equilibration in the plagio-
clase peridotite field. The significance of the plagioclase
peridotites in Iberia will be discussed below.

3.3. Temperature estimates

Equilibrium temperatures of Newfoundland harzbur-
gites are subject to considerable uncertainty, because of
the strong alteration of the samples. Temperatures
estimated with defocused beam analyses of 20 μm on
orthopyroxene porphyroclasts are variable and produced
unsatisfactory results because of partial replacement of
cpx lamellae by calcite (Fig. 3c). For this reason, only
focused beam analyses have been used and temperatures
are calculated on the basis of mineral data summarized
in Table 3. Although the application of the Ca-in-opx
thermometer [29] might be problematic for some
samples approaching cpx-out, it can be applied to the
recrystallized, mylonitic assemblage in sample 4R-1, as
both pyroxene coexist and are devoid of any exsolu-
tions. Assuming a pressure of 1 GPa (above plagioclase
stability), the temperatures estimated lie between 840
and 890 °C, with an average around 870 °C. Application
of the Al–Cr in opx thermometer of Witt–Eickschen
and Seck [30] to the samples listed in Table 3 gave
values between 1030 and 1080 °C, with an average
around 1050°. The low Al–Cr opx of sample 4R-1,
however, is outside the limits where this thermometer
can be applied [30]. Despite these shortcomings, the
data indicate thermal equilibration of the spinel harz-
burgites at ∼1050 °C, followed by dynamic recrystal-
lization under decreasing temperatures of 850 to 900 °C.
However, the temperatures are inconsistent with the
estimated degree of melting (see below), and therefore
we propose that the Newfoundland harzburgites have
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been affected by post-melting thermal equilibration in
the mantle lithosphere.

4. Discussion

We will first discuss the main differences between
peridotites from the Newfoundland and Iberia margins
by evaluating available mineral compositions. We then
discuss the spatial variability of spinel peridotites across
the Iberia–Newfoundland transect ∼125 Ma ago and
present hypotheses for their origin as residues of partial
melting related to the opening of the Atlantic, or alter-
natively, as residues of a subduction-related magmatic
arc related to the Caledonian or an older orogeny.

4.1. Degree of melting of Newfoundland spinel
harzburgite

Spinel pyroxene relationships from Newfoundland
and Iberia mantle rocks preserve features from both
spinel and plagioclase peridotites. Because plagioclase
is often altered in strongly serpentinized peridotites, it is
difficult to determine the plagioclase peridotite–spinel
peridotite ratio of a particular drill site from core
description or thin section observations alone. We
Fig. 6. Cr# of cpx versus associated spinel in peridotites from the
Iberia–Newfoundland rift. Light shaded field (A) are spinel peridotites
from the Lena trough [25]. Dark shaded field (B) are spinel and
plagioclase peridotites from the Eastern Central Alps ([8] and our
unpublished data) (C) is from [26]. All samples from Site 1277 are
aligned along the Cr# covariation trend for spinel peridotites, while
many samples from Iberia show substantial deviation towards higher
Cr# in spinel. This offset results from partial equilibration with
plagioclase. Data sources and symbols as in Fig. 5.
therefore filtered the entire Newfoundland–Iberia data-
set, somewhat arbitrarily, for spinels with TiO2 b0.15,
and N0.15 wt.%, and used this criteria to calculate the
relative abundance of spinel peridotite from each site.
We excluded spinel from pyroxenites and those occur-
ring next to mafic dikes. The results of these calculations
are illustrated in Fig. 7a. The uncertainties for each site
are large, but the entire dataset shows that less than 40%
of the analyzed Iberia samples have spinel TiO2 b0.15,
while more than 98% of Newfoundland spinels have
less than 0.15 wt.% TiO2. This is strong evidence that
Newfoundland spinels are the residues of melting in the
spinel peridotite field, without obvious late stage im-
pregnation or reequilibration in the plagioclase stability
field. This is also supported by the good correlation
between the Cr# of spinel and clinopyroxene (Fig. 6),
which extends to the high end of the global abyssal
peridotite dataset [26–28], while such a correlation
cannot be observed for plagioclase peridotite as found
on the Iberian margin.

The remaining spinels with TiO2 b0.15 were used to
calculate the degree of melting ( f ). There are two non-
mutually exclusive approaches to determine f. One
possibility is to couple peridotite REE melting models
with spinel Cr#. Hellebrand et al. [31] have shown that
the heavy REE of cpx from abyssal peridotites are
highly correlated with spinel Cr#, and they presented a
quantitative formulation of spinel Cr# vs. f. Such
calculations are restricted to 4 phase spinel lherzolites
and spinel Cr# between 0.1 and 0.6. An alternative
possibility is to estimate the degree of melting from
high-pressure experimental studies, which have shown
that cpx-out occurs between 10 and 25% of partial
melting for different mantle sources [13,32,33]. In all
these studies, however, spinel Cr# exceeding 0.6 are rare
in experimental studies of dry peridotite systems rele-
vant for mantle melting.

Fig. 7b illustrates the calculated degree of melting for
Newfoundland spinels with Cr# b0.6, together with data
from Iberia. A modified version corrected for subsolidus
effects has been used [27]. There is a clear difference
between Newfoundland and Iberia spinels. First, the
minimum f for Newfoundland samples is 14% but
reaching up to 18%, while in Iberia much more fertile
spinel lherzolites are preserved, with a few samples
(b20%of the entire dataset) displaying degrees ofmelting
exceeding 10%. Second, Iberia spinel peridotites show a
larger variability in the degree of partial melting, similar to
many peridotite massifs that are exposed in ophiolites
[8,34] and in ultra-slow spreading oceanic crust [27].
Such a large variation on vertical distances of less than
100 m (the maximum drilling depth of individual holes in
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Iberia) is likely to be due to secondary enrichment
processes, and cannot be explained by incomplete melt
extraction of a partially molten peridotite.
Spinel Cr# exceeding 0.6 are extremely rare in
abyssal peridotites (e.g. [35]) and have not been reported
from the most depleted samples from the mid-Atlantic
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ridge (ODP leg 209 [36]), the Gakkel ridge [27], and the
East Pacific Rise (ODP leg 147, [26]. Although it is
possible that dredged and drilled peridotite samples do
not cover the entire variability found along slow
spreading ridges in terms of spinel Cr# (Hellebrand,
pers. comm.), we consider it unlikely that the depleted
Newfoundland harzburgites formed in a ridge environ-
ment related to the opening of the southern North
Atlantic, and there are two possible alternatives for the
formation of such high Cr# spinels: (a) formation in a
cratonic setting, or (b) formation in the sub-arc mantle.
Below we evaluate these alternative interpretations
further.

4.2. Possible origins of Newfoundland spinel harzburgites

To test whether the Newfoundland harzburgites could
represent exhumed cratonic mantle, we compared East
Greenland cratonic peridotite with our data (Fig. 5).
Although there is some overlap of Newfoundland spinels
with those reported by Bernstein et al. [37], a cratonic
origin is unlikely, for two reasons: At a given spinel Cr#
the Newfoundland spinel have, on average, lower Mg#.
In addition, Mg# of pyroxenes and olivine from
Newfoundland never reach the high Mg# reported
from cratonic peridotites and are about 2% lower than
these. An alternative explanation for high Cr# spinels is
that they are residues formed by hydrous partial melting
in the subarc mantle: Cr# exceeding 0.6 coupled with
extremely Al-poor orthopyroxene is known from
subduction-related peridotite massifs (e.g. Japan: Miya-
mori complex [38,39]; Papua New Guinea [40]; New-
foundland: parts of the Bay of island ophiolite, [35,41].
Hydrous partial melting of the mantle wedge at relatively
shallow pressures would produce melt fractions sub-
stantially exceeding 20% without invoking extremely
high temperatures, leaving a cpx-free harzburgite resi-
due, consisting of Ca-poor pyroxene, olivine and Cr-rich
spinel. As shown by several experimental studies, melt
fractions exceeding cpx-out under dry conditions require
substantially higher temperatures than reasonable esti-
mates of adiabatic upper mantle temperatures beneath
ridges (for a review, see [12]). Such high temperatures
Fig. 7. Spatial variability of spinel and clinopyroxene compositions across
M1 (∼123 My, after [19]). The samples represent a cross section of approx
spinel and plagioclase peridotites (excluding pyroxenites). Numbers indicate
the different peridotite sites (sources of data as in Fig. 5). (b) Calculated degr
spinel (TiO2 b0.15 wt.%) are considered. Note that spinels from Iberia indic
b8% for some samples), while Newfoundland samples all indicate high degre
spinel (TiO2 b0.15 wt.%); Newfoundland cpx show the lowest Al2O3 and Na2
Iberia–Newfoundland system.
are uncommon among abyssal peridotites (e.g. [26,42]).
We conclude that, at least for samples with spinel Cr#
N0.6, the Newfoundland peridotites acquired their
residual signature in an environment other than a mid-
ocean ridge, possibly in an arc environment.

4.3. Spatial variability of peridotite composition across
the Iberia–Newfoundland conjugate margin

In Fig. 7, the conjugate magma poor passive margins
of Iberia and Newfoundland are rearranged to illustrate
the spatial relationships of spinel and pyroxene data
from the Newfoundland magma-poor passive margin,
together with previously published data from Iberia
[16–18,23,24]. These data show systematic chemical
variations across the margin as a function of distance
(∼120 km), at the time of magnetic anomaly M1
(∼121 Ma). Despite the limited number of peridotite
samples from Iberia with coexisting cpx and low TiO2

spinel, there is a tendency of more fertile mantle mine-
rals being preserved in Iberia (Fig. 7c–e). Cpx from
Iberia has Al2O3 N4%, while cpx from Newfoundland
has b4 wt.% Al2O3. Similar results can be obtained
from opx (not shown here). The largest chemical vari-
ability is shown by Site 1070, which seems transitional
between depleted spinel harzburgites from Newfound-
land and more fertile samples close to the thinned
continental crust (e.g. Site 1068). It was suggested that
(syn-rift) melt percolation caused variability in mineral
chemistry and led to coarsening of the peridotite textures
at Site 1070 [23], while this is clearly not the case on
Site 1277, where peridotites are rather homogeneous
and preserve a porphyroclastic to mylonitic high tem-
perature foliation. Local melt infiltration and equilibra-
tion at shallow pressures (in the plagioclase peridotite
facies), coupled with recrystallization and coarsening
would explain why mantle peridotites on Iberia are
heterogeneous, however, this is debated. Most studies
on the plagioclase peridotites from Iberia consider an
exclusively metamorphic origin of plagioclase by cold,
subsolidus deformation related to extension [16,18,43],
while others emphasize, that plagioclase might have a
‘dualistic’ origin [17,44]. The hypothesis of local melt
the Iberia–Newfoundland passive margin, reconstructed to anomaly
imately 120 km between Site 1277 and Site 1068. (a) Spinel TiO2 for
spinel analyses with TiO2 b0.15, in % of the total spinel analyses from
ee of melting after [27]: Only samples with coexisting cpx and low Ti
ate that there are remnants of fertile peridotite (e.g. degree of melting
es of melting. (c, d, e) Compositional variability of cpx coexisting with
O, and the highest Cr#, indicating the most residual compositions of the
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infiltration on Iberia would also explain the contrast in
bulk rock compositions of peridotites from Iberia and
Newfoundland [23,45,46].

4.4. Inherited high degrees of melting: Caledonian or
older? Possible origins of subarc mantle exposed on
the Newfoundland margin

The high degree of melting (14b fb∼25%) of
Newfoundland peridotite is in apparent conflict with
the minor volumes of basaltic mafic rocks drilled from
Site 1277. Whole rock analyses of basaltic flows on top
of the peridotite indicate a transitional MORB compo-
sition [47] somewhat less enriched than basalts from site
897 and 899 [48,49]. In all drill sites of the conjugate
Iberia–Newfoundland margin, volumes of erupted mag-
mas are low (b1 km), and the trace element chemistry of
recovered basalts requires relatively low degrees of
mantle melting. It thus appears that the peridotite base-
ment of the Newfoundland margin records high degrees
of melt extraction, while the mafic rocks provide little
evidence of being produced by high degrees of mantle
melting. Whatever the ultimate origin of the Newfound-
land peridotite, the high degrees of mantle melting is
inconsistent with the simplest assumption that the
‘oceanic crust’ at Site 1277 is genetically related to the
peridotite basement immediately beneath. Instead, we
propose that the drilled Newfoundland mantle perido-
tites record a pre-rift (subduction-related) history that
might be related to the Caledonian, or an older orogenic
event. Evidence for Caledonian (subduction-related)
magmatism is present at the East Coast of Nova Scotia
and Newfoundland (e.g. [50,51]. We tentatively propose
that the drilled peridotites were exhumed from beneath
the Newfoundland continental crust, during the rifting
evolution of the Iberia–Newfoundland passive margin,
along large scale shear zones. The relatively high de-
grees of melting formed a mantle lithosphere that might
be compositionally buoyant, similar to cratonic litho-
sphere [52,53]. Although highly speculative, the
overall different basement topography of the New-
foundland margin compared to the Iberia margin might
be accentuated by ‘inherited buoyancy’, a hypothesis,
which is generally consistent with the compositional
differences between the Iberia and Newfoundland
peridotite.

5. Conclusions

The Newfoundland peridotites are highly depleted
spinel harzburgites, with a minimum degree of melting
of ∼14% up to melting degrees approaching cpx-out at
∼25%, that acquired their geochemical signature prior
to the extensional evolution of the Iberia-Newfoundland
rift, most probably in a subduction-related magmatic
arc. As a consequence, the mafic rocks that are covering
the top of the peridotite basement at Site 1277 are
genetically unrelated to the exposed mantle rocks.

There is neither textural nor geochemical evidence of
refertilization/equilibration in the plagioclase stability
field on the Newfoundland margin. Pyroxene equilibra-
tion temperatures vary between ∼1050 °C for porphyr-
oclasts, and∼850 °C for themylonitic equilibration. Such
a cold deformation history is consistent with exhumation
of mantle rocks on the seafloor via passive extension.

The near-absence of volcanic products on Site 1277 and
elsewhere on the Newfoundland–Iberia margin indicates
that decompression melting of the underlying astheno-
sphere was subdued, until at least the formation of pre-
sumed oceanic crust (e.g. at M3). This can either be
explained by a low mantle potential temperature, by a
refractory composition of the peridotite or by a combination
of both. Exhumation of depleted (arc) peridotites might be
a general mechanism to suppress the formation of syn-rift
melts.
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