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Summary

Previous studies on propagating rifts suggested that segmentation of a spreading axis
could represent the superficial mark of mantle behavior (Sinton et al., 1983; Nicolas,
1989; Gente et al., 1995). The study of North–South Propagating Spreading Center (NS-
PSC) from the North Fiji Basin (NFB) brings new insights to this debate. Basalts from the
central part of the propagator have more variable incompatible and isotopic ratios then
those from its northern tip. A model of dynamic partial melting of a thermally and
slightly geochemically and isotopically heterogeneous mantle is proposed. Beneath the
central segment, the partial fusion starts deeper (ca. 30 km) and reaches a higher rate (ca.
22%). Further open system differentiation occurs within shallow permanent magma
reservoirs along most of the central segment. Below the segment closest to the tip of
the propagator the partial fusion starts shallower (ca. 25 km) and stays at a lower rate (ca.
16%). The maximum of differentiation occurs close to the propagator, in small, periodi-
cally disconnected, magma bodies resulting in the production of ferrobasalts close to the
tip. In order to explain these variations, the presence of an asthenospheric diapir focused
beneath the central part of the NS-PSC is proposed. The petrogenetic processes of
propagating spreading centers of mature oceanic basins or back-arc basins are identical.



Introduction

Propagating spreading centers (called PSC hereafter) were first described by Hey
(1977). PSCs are limited by pseudofaults with a V-shaped pointing toward the
sense of the migration of a spreading axis. The pseudofaults limit two different
portions of oceanic crust: younger one generated at the axis of the propagating
spreading center and older one into which the PSC migrates. The newly accreted
portion of PSC crust can then be defined by the magnetic anomalies parallel to the
axis (Hey and Sinton, 1979; Hey et al., 1980; Johnson et al., 1983; Phipps Morgan
and Parmentier, 1985; Wilson and Hey, 1995). Following this definition, different
types of PSCs have been described throughout the oceans: i) ‘‘Type 1’’ are up to
1000 km long, e.g. Galapagos spreading centers (Hey et al., 1986) and Reykjanes,
Pacific-Antarctic, Australia-Antarctic (Gilg-Capar, 1994); ii) ‘‘Type 2’’ are
100–300 km long, e.g. Juan de Fuca ridge (Hey and Wilson, 1982), the North–South
PSC from the North Fiji Basin (de Alteriis et al., 1993; Ruellan et al., 1994), and
the Lau Basin (Parson et al., 1990), and iii) ‘‘Type 3’’ are 50–80 km long, e.g. the
rhomboedric structures from the Mid Atlantic Ridge (Lewis, 1979; Gente et al.,
1995). PSCs exist in all oceanic basins, independent of spreading rate or geody-
namic settings e.g. back-arc basins or mature oceanic basins.

Previous petrogenetical studies on propagating rifts (Christie and Sinton, 1981;
Sinton et al., 1983; Fornari et al., 1983; Perfit and Fornari, 1983a, b) demonstrated,
on the Galapagos spreading center and the Juan de Fuca ridge, that tips of PSC
are a special class of ridge-transform intersection. They showed that the balance
between cooling and supply rates of new magma batches into shallow reservoirs
is conducive to the development of advanced degrees of differentiation over an
expanded length of ridge. While significant variations of Fe concentration are often
evident in basalts erupted at propagating spreading centers, the highest Fe content
is not always found at the tip, but often at some distance behind it (Christie and
Sinton, 1981; Sinton et al., 1983; Juteau et al., 1995).

Furthermore, some other workers (Nicolas, 1989; Gente et al., 1995) showed that
segmentation along the ridge axis can reflect the activity of a mantle diapir beneath
magma reservoirs. In particular, Nicolas (1989) and Ceuleneer and Rabinowicz
(1992) indicated that one of the segments of the fossil ridge axis from the Oman
ophiolite showed different lines of flow in mantle diapir, along and across the axis.

Despite these recent progress in understanding the segmentation of spreading
centers and the behavior of PSCs, key questions still remain unanswered: i) Is there
an asthenospheric diapir beneath a PSC? ii) If so, is the diapir focused beneath the
center of PSC or elsewhere? iii) Is there magma transportation along the axis of a
PSC? iv) Is there any difference of behavior of a PSC related to its geodynamic
settings (e.g. mature oceanic basin versus back-arc basin)? This paper, focused on
an example located in a mature back-arc basin, gives new insights into the origin
and implications of the process of propagation of spreading axes.

Geological setting

The North Fiji Basin is a �12 Ma old back-arc basin, located in the SW Pacific.
Different reconstructions of the evolution of the North Fiji Basin (called NFB
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hereafter) have been proposed over the last 25 years (Chase, 1971; Gill and
Gorton, 1973;Falvey, 1975;Dubois et al., 1977;Malahoff et al., 1982;Auzende et al.,
1988a, b, 1995; Pelletier et al., 1993, 1999). The latest ones have shown that the
basin began to open around 12 Ma, after the Vitiaz subduction ceased in response
to the collision of the large Otong Java Plateau with the arc, causing a reversal of

Fig. 1. Location of the study area: a general map of the North Fiji Basin (NFB); 1¼NS-
propagating spreading center (NS-PSC); 2¼N15-segment; 3¼N160-segment; MHZ
Matthew-Hunter Zone; b simplified axial segmentation S1, S2 and S3 of the NS-PSC; N15
seg¼N15-segment; c simplified structural map of the segment S1 of the NS-PSC with the
location of the dredges from the ProFeTi cruise (modified after Ruellan et al., 1994)
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the subduction from the souhwestward deeping Pacific slab along the Vitiaz trench
to the northeasthward deeping Australina slab along the New Hebrides trench.
Therefater, the NFB opened in a complex succession of stages until it reached
its present configuration (Auzende et al., 1995). It is presently delimited by the
New Hebrides island arc to the West, the Matthew-Hunter zone to the South, the
Fiji platform to the East and the fossil Vitiaz subduction zone to the North (Fig. 1a).
Between 15� S and 21� S, the active spreading system is divided into three main
parts (Fig. 1): the N160-segment, N15-segment and the NS-propagating spreading
center. The latter was emplaced 3 Ma ago over an older spreading system oriented
N140. Previous work completed during the French-Japanese STARMER program
revealed that the 280 km long NS-propagating spreading center (called NS-PSC
hereafter) has been propagating northward at the expense of the N15-segment at a
rate of 5.7 cm=yr. since at least 1 Ma (de Alteriis et al., 1993; Ruellan et al., 1994).
The NS-PSC is limited to the North and to the South by two pairs of pseudofaults.
The axis itself is divided into three sub-segments S1, S2 and S3 (about 110 km
long) delineated by secondary offsets (Fig. 1b). These segments are themselves
divided into smaller units (26 km long on average), separated by third order dis-
continuities.

In order to unravel the rock-forming processes of the NS-PSC in the NFB,
extensive sampling was undertaken in 1994 during the ProFeTi cruise onboard
R=V Alis. Dredges were evenly distributed with one dredge every 5 km along-
axis and one dredge every 3 km across-axis, along two sections on the western
side of the northern tip of the NS-PSC (Fig. 1c). This sampling allowed the
detailed study of the geochemical signature of zero-age abyssal lavas collected
along axis, and also for those collected across-axis between zero and 1 Ma (age
deduced from magnetic data, Ruellan et al., 1994). Only the northern 67 km
of the spreading center was sampled during the ProFeTi cruise, the rest of the
axis having been sampled previously (Eissen et al., 1991, 1994; Nohara et al.,
1994a, b).

Petrography and mineralogy

Most of the sampled lavas have a glassy texture and contain few vesicles
(0.01–1.4%; Table 1). They originate from two main kinds of effusive bodies:
pillow-lavas (80%) or draped massive lava flows. These basalts present the typical
mineralogy of MORB’s with plagioclase, olivine, clinopyroxene and accessory
spinel in decreasing order of abundance. Their modal content varies from aphyric
to porphyritic (percentage of phenocrysts ranging from 0 to 25 vol.%; see Table 1).
Representative minerals have been analyzed using the CAMEBAX SX50 electron
microprobe at Brest (France). Some representative results and the analytical con-
ditions are listed in Table 2.

Olivine

The olivine crystals are euhedral to sub-euhedral microphenocrysts to phenocrysts,
with composition varying with their geographical position. Along the N15-seg-
ment, compositions vary between Fo77 and Fo90 with the more magnesian olivines
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Table 1. Provenance and description of the collected samples and brief summary of the mineralogical
parageneses. Vol.% is the modal percentage of phenocrystals in each sample (optical estimation); Vesc.%
is the modal percentage of vesicles estimated by image analysis counting after treatment (Launeau et al.,
1998). Plagio plagioclase, Cpx clinopyroxene, microlite (<0.1mm) not estimated, mp microphenocryst
(0.1–0.5mm), ph phenocryst (0.5–2mm), M megacryst (>2mm), VZ variolitic zone, BG basaltic glass

Sample Sample Mesostasis Mineral types Vol.% Vesc.%
number texture

Plagio Olivine Cpx Spinel Plagio Olivine Cpx Spinel

N–S PSC axis: PFT94-D11 (18�07.680 S–173�32.650 E: 2930 m)

1A basaltic glass mp mp mp 25
1B variolitic zone mp phþ mp mp 20
2 BGþVZ þ þ þ þ ph mp 20 1.35

N–S PSC axis: PFT94-D12 (18�12.740 S–173�32.710 E: 3030 m)

1 BGþVZ þ þ Mþ ph ph M 20
1g basaltic glass þ þ þ phþ mp ph 20
2 BGþVZ þ (þ) þ ph 20 0.54
2g BGþVZ þ þ þ M ph Mþ ph 20

N–S PSC axis: PFT94-D13 (18�17.470 S–173�32.010 E: 3145 m)

1 sheet flow mp mp 0.5
2g BGþVZ þ þ mp Mþ ph 0.5 0.54

N–S PSC axis: PFT94-D14 (18�10.050 S–173�24.580 E: 3055 m)

1 basaltic glass Mþ mp mp (mp) 2
2 BGþVZ þ (þ) þ Mþ mp Mþ mp mp 5 0.65
3 BGþVZ þ þ (þ) mp mp mp 10
4 BGþVZ þ þ mp mp 10

N–S PSC axis: PFT94-D15 (18�28.180 S–173�31.340 E: 2920 m)

1 BGþVZ þ þ þ mp phþ mp phþ mp 10
1g basaltic glass mp mp mp <10
2 basaltic glass þ þ þ mp mp mp 10 0.60
2g basaltic glass þ þ þ mp mp mp 10

N–S PSC axis: PFT94-D16 (18�38.430 S–173�30.290 E: 2765 m)

1 fluidalþVZ þ (þ) phþ mp phþ mp 2
1g basaltic glass þ þ mp mp 3 0.51
2 BGþVZ þ þ Mþ mp mp 3
2g basaltic glass Mþ mp mp 1
3 BGþVZ þ þ Mþ mp mp 3
3g basaltic glass Mþ mp mp 1
4 basaltic glass þ þ Mþ mp mp 1

N–S PSC axis: PFT94-D17A (18�40.340 S–173�30.130 E: 2785 m)

1 BGþVZ (þ) þ mp mp mp 10 0.11
1g basaltic glass mp mp mp 9

N–S PSC axis: PFT94-D17B (18�44.370 S–173�30.070 E: 2740 m)

1 BGþVZ þ þ mp mp 9
1g basaltic glass þ þ mp mp 9

(continued)
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found towards the southern tip of the segment and with some crystals having
inverse zoning. Along the NS-PSC, on-axis compositions are between Fo66 and
Fo88 with no systematic geographical variations. Olivines collected off-axis and

Table 1 (continued)

Sample Sample Mesostasis Mineral types Vol.% Vesc.%
number texture

Plagio Olivine Cpx Spinel Plagio Olivine Cpx Spinel

N–S PSC axis: PFT94-D18 (18�43.570 S–173�25.690 E: 2845 m)

1 BGþVZ þ þ mp phþ mp 4 0.53
1g basaltic glass þ þ mp phþ mp 4
2 BGþVZ þ þ mp phþ mp 4
3 variolitic zone þ þ Mþ mp Mþ mp in oliv. 4

N–S PSC axis: PFT94-D19 (18�40.210 S–173�36.620 E: 2550 m)

1 BGþVZ þ þ mp mp <1
1g fluidalþVZ þ þ mp mp <1
2 fluidalþVZ þ þ mp mp <1

N–S PSC axis: PFT94-D20 (18�42.020 S–173�22.470 E: 2960 m)

1A doleritic þ þ þ mp mp mp 1
1B doleritic þ þ þ mp mp mp 1
1C BGþVZ þ þ þ mp mp mp 1 0.09
1D doleritic þ þ þ mp mp mp 1
1E doleritic þ (þ) þ phþ mp (mp) mp 6

N–S PSC axis: PFT94-D22 (18�44.270 S–173�19.020 E: 2915 m)

1 variolitic zone þ (þ) mp mp mp in oliv. 10
2 variolitic zone þ (þ) phþ mp mp mp in oliv. 10 0.44
2g basaltic glass þ þ phþ mp mp mp in oliv. 7

N–S PSC axis: PFT9-D24A (18�26.930 S–173�29.880 E: 2875 m)

1 variolitic zone 0
1g variolitic zone ph 0.1
1� basaltic glass þ þ (þ) ph ph 0.2

N–S PSC axis: PFT94-D25 (18�28.880 S–173�25.570 E: 2675 m)

1 basaltic glass þ 0
1g basaltic glass 0
2 basaltic glass þ 0
2g basaltic glass þ 0
3 doleritic þ þ phþ mp phþ mp 1 0.72
4 doleritic þ (þ) þ M 1
5 basaltic glass mp mp mp 2

N–S PSC axis: PFT94-D27 (18�04.570 S–173�33.460 E: 2750 m)

1 basaltic glass mp mp mp 9 0.65
1g basaltic glass mp mp (mp) 9
2 basaltic glass mp mp mp 10
2g basaltic glass mp mp (mp) 10
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along the pseudo-fault are more magnesian and have a more restricted composi-
tional range between Fo75 and Fo88 (Fig. 2a).

Olivine-liquid equilibrium (Roeder and Emslie, 1970) was investigated on a
few selected samples. Along the NS-PSC, most of the results fit inside the range of
equilibrium; 0.29<apparent Kd’s<0.36 (Ulmer, 1989). Only a small proportion of
olivine exhibits apparent Kd’s <0.29 in desequilibrium with their present host
glass. These crystals correspond to the most primitive olivine. Three generations
of crystals are recognized along the N15-segment;

1) a late stage generation in desiquilibrium (0.42<apparent Kd’s<0.55) corre-
sponding presumably to late crystallization during the lava extrusion;

2) generation at equilibrium corresponding to crystallization within the magma
chamber;

3) a generation in equilibrium with a more primitive liquid (0.25<apparent
Kd’s<0.29) found only at the southernmost sampling site (K6; Eissen et al.,
1991).

Using equations of olivine-liquid equilibrium (Roeder and Emslie, 1970;
Ulmer, 1989), the temperature of extrusion of the magma was calculated on oliv-
ine phenocrysts at equilibrium with their host magma. The temperature decreases
to the south along the N15-segment from 1200 to 1080 �C, and then increases at
the contact of the NS-PSC up to 1180–1220 �C. Along the NS-PSC, temperature
remains relatively uniform, i.e. higher compared with the N15-segment. There-
fore, it seems that magmatic temperatures directly correlate with the magma re-
servoir behavior. Calculated temperatures on off-axis samples from the NS-PSC
western pseudofault show that magma tapped at the tip is cooler since 1 Ma
(1160–1200 �C). Few kilometers from the tip, the magma has only recently
(0.3 Ma) been warmed-up.

Glomerocrystal of evolved olivine

Sample PFT94-D14-2 collected at 25 km from the propagator tip along the NS-
PSC contains a 5�3 mm olivineþ plagioclaseþ clinopyroxeneþ spinelþ glass
glomerocrystal. Its texture is similar to a gabbroic heteradcumulate, an oliv-
ine megacryst enclosing the other phenocrysts. Olivine oscillatory zoning
(Fo71�>Fo69�>Fo75) is first in the range of equilibrium with the host glass, then
becomes too mafic (Fig. 2b). Clinopyroxenes are the most iron-rich of this area
(�Fs30–40; Table 2). This glomerocryst presumably corresponds to a gabbroic
xenolith, pulled away from the crystallization zone at the top of the magma cham-
ber during magma extraction as described in other PSC (Eaby-Dixon et al., 1986).

Clinopyroxene

Clinopyroxenes are found as euhedral to sub-euhedral microphenocrysts to pheno-
crysts, associated most frequently in clusters with plagioclase and olivine. Along
the NS-PSC they are more abundant on the last segment just before the propagat-
ing tip. Clinopyroxenes are compositionally quite homogeneous (Fig. 2c) with no
correlation of composition with crystal size. Partition coefficients (Ulmer, 1989)
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calculated for the clinopyroxene-liquid equilibrium show that they crystallized in
equilibrium with their host glass, both on- and off-axis. The only exceptions are for
the pyroxene closest to the propagator tip, which are in slight disequilibrium and
for the pyroxenes in sample PFT94-D14-2 which crystallized in a more evolved
liquid as did the glomerocrystal included in this sample (see previous paragraph).
The along-strike variations of the apparent Kd’s show a decrease towards the
propagator tip. Using the Ti=Aliv ratio as a geobarometer (Thy, 1991), the calcu-
lated pressures seem to be lower from 3 Ma ago than on the present axis and lower
from the center of the PSC than towards to propagator tip. Clinopyroxenes from
the N15-segment crystallized in a slightly more evolved magma (apparent
Kd>0.23) and at a slightly lower temperature and pressure than observed along
the NS-PSC.

Fig. 2. Composition of the minerals: a olivine; b glomerocrystal of evolved olivine;
c clinopyroxene; d plagioclase
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Plagioclase

Plagioclase is the most common mineral phase, being present from microlites to
euhedral phenocrysts to megacrysts. They are generally chemically homogeneous,
but the larger phenocysts frequently show a small normal zoning towards their
external rim (over the last 500 mm), grown at the same time as the micropheno-
crysts and the microlites. Calculations of Kd’s (Drake and Weill, 1975; Grove and
Bryan, 1983) show that most of the phenocrysts crystallized in equilibrium with
their host magma except for the zoned external rims. The microphenocrysts and the
microlites crystallized from more evolved liquids compared with the core of large
phenocysts from the northern tip of segment S1 and N15-segment which crystal-
lized from more primitive liquids (Fig. 2d).

Spinel

Spinels consist mainly of very small size (diameter¼ 5–10 mm) titanomagnetite in
the mesostasis or small titanomagnetite laths (5�50 mm) and small ilmenite grains
(diameter �10 mm) in the segregation vesicles of the MORB’s and Fe–Ti basalts.
None of them crystallized as phenocrysts in the magma.

Alteration, maghemitization

Low-temperature alteration is marked by palagonitization and Fe–Mn coating of
the external glass rim, and by vesicles filled with secondary minerals (celadonite,
iron-oxihydroxides, etc) as samples are located farther from the axis. Sample
PFT94-D18-3 shows zeolites (thomsonite-type) filling in a few small vesicles,
indicating a higher temperature (>100 �C) alteration by fluids derived from hydro-
thermal circulation (Manac’h, 1997).

The joint analysis of magnetic and geochemical properties of the basalts col-
lected along and across-axis of the NS-PSC suggests that two effects control the
variations of the natural remanent magnetization (NRM): i) extensive magma dif-
ferentiation up to Fe–Ti basalts increases with the intensity of NRM and both
increase towards the NS-PSC northern tip; ii) low-temperature oxidation (maghe-
mitization) seems to be already effective along the ridge axis for the zero age
basalts (Horen and Fleutelot, 1998).

Geochemistry

Analytical procedure

ICP-AES

47 samples, finely powdered in an agate mill, were analyzed in Brest (UMR 6538).
To obtain a clear solution of 100 ml, 300 mg of sample were digested at 80 �C
with 4 ml of a concentrated acid mixture (HF, HNO3) in a 30 ml screw cap PFA
bottle and then 96 ml of an H3BO3 solution was added to dissolve the precipitate
fluoride and neutralize the excess HF. Major and trace elements were measured by
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inductively coupled plasma atomic emission spectrometry (ISA Jobin-Yvon JY 70
PLUS), except Rb which was analyzed by flame atomic emission spectrometry
(Perkin-Elmer 5000). For operating conditions see Cotten et al. (1995). Calibra-
tions were made using our own reference samples and controlled with international
standard materials (BE-N, PM-S, JB-2). Relative standard deviations were �1%
for SiO2 and �2% for the other major elements except MnO and P2O5 (�0.01%)
and K2O (�0.005%) and �5% for trace elements. The limits of detection are
calculated on the basis of three times the standard deviations for low trace element
content and are given in Table 3.

ICP-MS

ICP-MS trace element analyses were performed on 19 samples at the University of
Montpellier using a PQ2þ TURBO mass-spectrometer of VGElemental. Operat-
ing parameters are: RF forward power¼ 1.350 kW; RF reflected power¼ 5 W;
coolant argon flow rate¼ 13.5 l=min; auxiliary argon flow rate¼ 0.5 l=min; Mein-
hardt nebuliser argon flow rate¼ 0.900 l=min; spray chamber¼ double pass, water
cooled (2 �C). ICP-MS data acquisition: ions lens setting: optimized on 115In;
typical sensitivity¼ 3.107counts=s=mg 	 g�1; detection mode¼ pulse counting;
acquisition mode: peak jumping; dwell time: 10.24 to 40.98 ms (depending on
isotopic abundances); 3 repeated integrations of 40 s each. Detection limits are
calculated on the basis of three times the standard deviations for low concentration
(BIR-1).

Sample preparation: 100 mg of sample were digested in a mixture of HF and
HClO4 for 24 hours. Following evaporation on a heating table, 3 successive addi-
tions of HClO4 and evaporation cycles eliminate the residual HF. The dry residue
was then mixed with a solution of HNO3 at 20 g with water and stored in a poly-
carbone tube. A dilution of 2 to 10 achieve the preparation of the solution which
was injected in the plasma at a 1ø final dilution. This treatment did not dissolve all
the refractory minerals but all the solutions obtained were limpid and without any
precipitate.

Data acquisition: All the elements were determined by external calibration.
Multielement standards were prepared with a separation of LREE and HREE.
Interferences were low, of the order of 1% for Gd (157Gdþ interfere with CeOHþ

and PrOþ) and for Yb (173Ybþ interfere with GdOþ). Nb and Ta were stabilized in
the solution by HF. In order to minimize memory effects, Nb and Ta standards were
prepared the day of their use without HF addition. Indium and Bi were used as
internal standards. Results obtained on simultaneously analyzed international stan-
dard BIR-1 are also given in Table 3 and show good agreement with the compiled
values (Govindaraju, 1994).

Electron microprobe

Major element microprobe analyses (Table 4) were performed on 31 fresh
glass rims with a CAMECA SX50 microprobe at Hobart (Tasmania). Each
reported analysis is the average of at least four separate points of homogeneous
composition.

70 C. Fleutelot et al.



T
ab

le
4

.
S
el
ec
te
d
g
la
ss

ri
m

a
n
a
ly
se
s
p
er
fo
rm

ed
o
n
th
e
C
A
M
E
C
A
S
X
5
0
el
ec
tr
o
n
m
ic
ro
p
ro
b
e
a
t
th
e
U
n
iv
er
si
ty

o
f
Ta
sm

a
n
ia
,
H
o
b
a
rt
,
A
u
st
ra
li
a

(a
n
a
ly
st
:

L
.

D
an

y
u

sh
ev

sk
y
).
A
n
a
ly
ti
ca
l
co
n
d
it
io
n
s;

a
cc
el
er
a
ti
n
g
vo
lt
a
g
e
¼
1
5
kV
;
b
ea
m

cu
rr
en
t¼

2
0
n
A
;
b
ea
m
d
ef
o
cu
se
d
to

a
sp
o
t
o
f
1
0
�
8
�
m
.

F
eO

� ¼
to
ta
l
ir
o
n
g
iv
en

a
s
F
eO

.
H
2
O

w
a
s
d
et
er
m
in
ed

b
y
F
o
u
ri
er

tr
a
n
sf
o
rm

in
fr
a
re
d
sp
ec
tr
o
sc
o
p
y
o
n
th
e
sa
m
e
g
la
ss

ch
ip

(D
an

y
u

sh
ev

sk
y
et

a
l.
,

1
9
9
3
).
A
co
m
p
le
m
en
ta
ry

d
a
ta
se
t
o
f
1
4
a
n
a
ly
se
s
is
a
va
il
a
b
le

u
p
o
n
re
q
u
es
t
fr
o
m

th
e
co
rr
es
p
o
n
d
in
g
a
u
th
o
r

J.
P.

E
is

se
n

S
am

p
le

D
1

1
-1

A
D

1
2

-1
g

D
1

3
-1

D
1

4
-1

A
D

1
4

-2
D

1
5

-1
g

D
1

6
-1

g
D

1
7

A
-1

g
D

1
7

B
-1

g
D

1
8

-1
D

1
9

-1
g

D
2

0
-1

g
D

2
2
-1

g
D

2
4

A
-1

g
D

2
5

-1
g

D
2

7
-1

S
iO

2
5

0
.0

0
4

9
.6

6
5

0
.0

5
5

0
.5

6
4

9
.9

2
4

9
.6

8
4

9
.3

0
4

9
.7

0
5

0
.1

3
4

9
.5

5
4

9
.8

5
4

9
.5

9
4

9
.8

0
4

9
.5

6
4

9
.5

6
4

9
.6

2
T

iO
2

2
.6

3
2

.1
8

2
.0

3
1

.3
2

2
.4

0
1

.8
2

1
.2

4
1

.7
4

1
.3

5
1

.8
7

1
.2

7
1

.5
5

1
.2

5
2

.3
2

1
.5

6
2

.1
8

A
l 2

O
3

1
2

.7
0

1
3

.0
1

1
3

.6
5

1
4

.5
5

1
3

.0
5

1
3

.4
4

1
4

.7
8

1
3

.9
0

1
4

.6
6

1
3

.8
1

1
4

.9
3

1
3

.8
4

1
4

.9
4

1
3

.0
1

1
4

.4
7

1
3

.5
9

F
eO

�
1

5
.0

3
1

3
.7

8
1

2
.8

9
1

0
.7

8
1

4
.4

8
1

2
.8

1
1

0
.5

2
1

1
.8

1
1

0
.8

0
1

2
.3

2
1

0
.4

6
1

2
.0

9
1

0
.7

1
1

4
.3

5
1

1
.0

1
1

2
.9

3
M

n
O

0
.2

4
0

.2
3

0
.2

1
0

.2
0

0
.2

1
0

.2
4

0
.1

9
0

.1
6

0
.1

7
0

.1
7

0
.1

9
0

.2
0

0
.2

1
0

.2
1

0
.1

3
0

.2
1

M
g

O
5

.4
7

6
.0

9
6

.4
8

7
.5

6
5

.9
1

6
.4

5
7

.9
4

7
.1

3
7

.7
9

6
.5

1
7

.8
7

7
.1

0
7

.8
7

5
.8

8
7

.2
9

5
.9

8
C

aO
9
.9

9
1
0
.6

6
1
1
.1

2
1
2
.2

7
1
0
.2

5
1
1
.2

1
1
2
.4

3
1
1
.7

5
1
2
.1

5
1
1
.2

4
1
2
.3

0
1
1
.5

7
1
2
.5

8
1
0
.2

0
1
1
.6

8
1
0
.7

5
N

a 2
O

2
.6

9
2

.5
7

2
.4

3
2

.1
6

2
.5

2
2

.5
3

2
.1

5
2

.3
4

2
.1

7
2

.6
0

2
.2

8
2

.3
6

2
.2

4
2

.6
2

2
.4

1
2

.8
6

K
2
O

0
.1

3
0

.0
8

0
.0

9
0

.0
5

0
.1

1
0

.0
7

0
.0

4
0

.0
6

0
.0

5
0

.1
1

0
.0

6
0

.0
6

0
.0

4
0

.1
2

0
.0

9
0

.1
8

P
2
O

5
0

.2
6

0
.1

3
0

.1
5

0
.0

8
0

.2
1

0
.1

1
0

.0
6

0
.1

4
0

.0
8

0
.1

4
0

.0
6

0
.0

8
0

.0
7

0
.2

0
0

.1
4

0
.2

0
C

r 2
O

3
0

.0
3

0
.0

1
0

.0
3

0
.0

5
0

.0
3

0
.0

4
0

.0
6

0
.0

4
0

.0
4

0
.0

4
0

.0
5

0
.0

3
0

.0
1

0
.0

1
0

.0
3

0
.0

1
H

2
O

0
.3

9
0

.2
6

0
.2

9
0

.1
6

0
.3

7
0

.2
2

0
.1

2
0

.2
2

0
.1

4
0

.2
9

0
.1

4
0

.2
1

0
.1

2
0

.3
6

0
.2

4
0

.4
0

T
o

ta
l

9
9

.5
6

9
8

.6
6

9
9

.4
2

9
9

.7
4

9
9

.4
6

9
8

.6
2

9
8

.8
3

9
8

.9
9

9
9

.5
3

9
8

.6
5

9
9

.4
6

9
8

.6
8

9
9

.8
4

9
8

.8
4

9
8

.6
1

9
8

.9
1

Petrogenetic variability along the NS-PSC 71



Analytical comparisons of element concentrations measured by ICP-AES on
whole rocks (glassy or not) and electron microprobe on glasses show correlation
coefficients close to 1, with variations within the range of the analytical uncertainty
(between 1 and 5%).

Isotopic measurements

Basalts and glasses were crushed in an agate mortar after cleaning with ultrapure
water. All samples (powder) were systematically leached with 0.1 N HCl for
10 min in an ultrasonic bath and carefully rinsed with ultrapure water to eliminate
seawater or alteration contributions. Separations of Pb, Sr and Nd were per-
formed on the same aliquot in Brest according to the procedure described in
Dosso et al. (1991). Sr and Nd ratios were measured in dynamic mode. The
correction values used for mass fractionation are 8.3752 for 87Sr=86Sr and
0.721903 for 146Nd=144Nd. The average values for the standards are NBS 987:
0.71026� 3 (n¼ 68) and LA JOLLA: 0.511852� 10 (n¼ 34). Pb isotope data
were corrected to the values given in Todt et al. (1984) with a fractionation factor
of 0.0011 per mass unit. The average values for the Pb isotope standard were
16.908� 3, 15.451� 4, 36.579� 15 (n¼ 34) for 206Pb=204Pb, 207Pb=204Pb,
208Pb=204Pb, respectively.

Geochemical results

Major elements and volatiles

Samples from the NS-PSC and those from the N15-segment have a homoge-
neous basaltic composition (all in wt.%) with 48<SiO2%<52 and 2.2< (Na2O%þ
K2O%)<3.5. But samples from the northern tip of the NS-PSC are, on average,
Fe-richer and Qz-normative compared with those coming from the central part of
the NS-PSC and from the N15-segment which are Ol-normative. However, major
elements plotted against MgO reveal slight variations that define several geochem-
ical groups (Fig. 3): a first one for the basalts from the northern tip of the NS-PSC
(both axial and off-axis samples) is characterized by clear liquid lines of descent as
MgO varies from 8.7 to 5.2 wt.%, with CaO and Al2O3 contents respectivelly down
to 9.9 and 12.6 wt.%; a second one for the samples from the central part of the NS-
PSC (grey field in Fig. 3) displays a smaller variation of MgO from 8.3 to 7.4 wt.%
and higher TiO2, K2O or Na2O contents. And finally, the evolution of the composi-
tions of samples from the N15-segment is different (dotted field in Fig. 3): MgO
varies in a small range and TiO2, FeO�, P2O5, Al2O3 and K2O increase faster when
MgO decreases.

The different trends could result from distinctive magmatic series. For each one,
the mineral phases subtracted from the liquid, to evolve from one composition to
another, would be mostly plagioclase, olivine and to a lesser amount clinopyroxene.
Fractionation of plagioclase is even attested with a Eu=Eu�<1 for all the samples.
Titanomagnetite, absent as phenocryst, does not fractionate what is consistent with
the enrichment in titanium and iron of the magmas as the MgO content decreases.
The different features of geochemical evolution of the two first groups are consistent
with a distinction of behavior between two parts of the NS-PSC. The differentiation
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index is maximal on the northern tip (Mg#¼ 48), with the eruption of Fe–Ti basalts
(Fleutelot et al., 1996). These Fe–Ti basalts are the most phyric basalts of all the
samples containing 20–25 vol.% of phenocrysts in modal composition.

Fig. 3. Major element concentrations plotted versus MgO. All analyses in wt.%. Open trian-
gles: samples collected at the axial zone; grey squares: off-axis samples; grey field: central part
of the NS-PSC: dotted field; N15-segment (data from Eissen et al., 1991, 1994; Danyushevsky
et al., 1993). Ol olivine, Plg plagioclase, Cpx clinopyroxene, tmt titanomagnetite
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Water behaves as an incompatible element and increases with decreasing MgO.
None of the basalts shows any abnormal H2O enrichment (K2O=H2O<0.5), as
already observed for back-arc basin basalts (Danyushevsky et al., 1993).

Fig. 4. Trace and rare earth element composition versus La and Nb. All analyses in ppm
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Trace and rare earth elements and isotopic ratios

Geochemical results are presented as a function of La and Nb (Fig. 4) and using
trace or isotopic ratios plots and spidergrams (Fig. 5). They define two different
kinds of magmatic evolution related to the geographical provenance of the
samples: Type A and B samples are from the northern tip and the central part of
the NS-PSC, respectively.

Type A is characterized by:

1) a wide MgO range (5.2–8.7 wt.%) and the presence of basalts to Fe–Ti basalts
(Fig. 3);

2) more constant Ta (0.19� 0.09) contents (Fig. 4);

Fig. 5. Trace element ratios (a, b) versus Zr. Nd isotopic ratio (c) versus trace Nb. Trace
element ratio versus Nb (d) or La (e). Same symbols as Fig. 3. Chondrite-normalized rare
earth element patterns (f) of collected samples from segment S1 of NS-PSC. The grey field
represents the patterns from the samples coming from the central part of the NS-PSC
(Eissen et al., 1991, 1994; Price et al., 1990; Nohara et al., 1994a, b). Normalization
values from Sun and MacDonough (1989)
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3) more variable Sm (4.0� 1.5), Yb (2.1–6.3), Hf (3.0� 1.5) Cr and Ni contents
(Fig. 4);

4) more constant incompatible element ratios (e.g. La=Yb¼ 0.8� 0.3; Nb=Zr¼
0.24� 0.05; Figs. 5d, e);

5) spidergrams more depleted in LREE (Fig. 5f);
6) constant 143Nd=144Nd ratios (�0.5131) and narrower ranges of 87Sr=86Sr

(0.7028–0.7031) and 206Pb=204Pb ratios (18.05–18.30) (Figs. 5c and 6).

Type B is characterized by:

1) a narrow MgO range (7.1–8.2 wt.%) shifted towards higher values (Fig. 3);
2) more constant Sm (3.2� 0.8), Yb (3.2� 1.0) and Hf (2.1� 0.6) contents

(Fig. 4);
3) more variable Ta (0.30� 0.15) contents (Fig. 4);
4) more variable incompatible element ratio e.g. La=Yb (1.1� 0.6), Nb=Zr

(0.45� 0.25) (Figs. 5d, e);

Fig. 6. 143Nd=144Nd versus
87Sr=86Sr isotopic ratios (a),
208Pb=204Pb versus 206Pb=204Pb
(b) and 207Pb=204Pb versus
206Pb=204Pb (c) isotopic ratios

76 C. Fleutelot et al.



5) spidergrams less depleted for LREE (Fig. 5f);
6) more variable 143Nd=144Nd ratios and higher 207Pb=204Pb ratios (Figs. 5c, 6a, c).

Sample of the N15-segment present similarities for both types. There are char-
acterized by:

1) a narrow MgO range (7.1–8.2 wt.%) shifted towards higher values (Fig. 3);
2) more variable compatible (Ni, Sc, Cr, Ni) and incompatible (La, Yb, Sm) ele-

ments (Fig. 4);
3) higher variations in incompatible element ratios e.g. La=Yb (2.0� 1.5), Nb=Zr

(0.50� 0.42) (Figs. 5d, e);
4) much larger ranges of 87Sr=86Sr and 143Nd=144Nd ratios (Fig. 6a);
5) a wider variability of the spidergrams (not presented) with N-type MORB and

BABB affinities (with e.g. Nb negative anomaly).

Discussion

Basaltic samples from the central S2 segment and southern part of the S1 segment
of the NS propagator (Fig. 7) have a different geochemical signature from those of
the northern segment S1: they are characterized by 1) less variation in MgO,
shifted towards high values (Fig. 3); 2) variable LREE=HREE ratios (Fig. 5e);
and 3) variable Sr and Nd isotopic ratios that are however still within the N-
type-MORB field (Fig. 7a, b). Therefore, fractional crystallization alone cannot
describe the evolution of such non-cogenetic samples which show, however, a
restricted differentiation range.

Partial melting processes

The central segment of the NS-PSC produces only Ol-normative tholeiitic basalts.
Mg# values (56–63) of these samples do not characterize a differentiation series
towards evolved compositions such as Fe–Ti-basalts. This relatively constant Mg#
is not correlated with the constant incompatible element concentration as their
variation range is at least equal to that of samples from the northern tip. On the
other hand, compatible element concentrations such as Ni, Cr, V, Sc and Co stay
relatively constant as the incompatible element concentrations increase. These
features cannot be explained by fractional crystallization, which, basically, en-
riches the magmatic liquids in incompatible elements while it depletes them
in compatible elements. However, a partial melting process could explain the
relatively constant compatible element concentrations associated with variable
concentrations of incompatible elements. But if this is the case, the problem of
the variations of isotopic and incompatible element ratios still has to be solved.

Variations of the Ca8=Al8 ratio (Niu and Batiza, 1991) plotted along axis of the
NS-PSC (Fig. 7d) indicate that the melting extent calculated after Niu and Batiza
(1991) is higher and more variable for the central part (13–22%) than for the
northern tip (13–16%). For the central part of the NS-PSC, the initial pressure
of melting (Po), calculated according to the method of Albar�eede (1992), shows a
variation between 0.8 and 1.2 GPa which is on average higher than the 0.7–0.9 GPa
range calculated for the northern tip (Fig. 7e).
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The mineralogy of the mantle, which undergoes melting along the axis of the
propagator, seems to be homogeneous along the axis; The weak variation of Ce=Yb
ratio versus Ce (Fig. 7f) observed is consistent with melting in the spinel-lherzolite
field (Niu, 1997). Moreover, a pressure-temperature diagram of partial melting
conditions of peridotites (after Jaques and Green, 1980; not shown) indicates that
the thermo-barometric conditions evaluated according to Albar�eede (1992) for the
samples from the central part of the propagator fall within the spinel peridotites
field.

Fig. 7. Along axis variations of different geochemical ratios (a) 143Nd=144Nd, (b)
87Sr=86Sr, (c) Nb=Zr, (d) Ca8=Al8¼CaO=Al2O3 ratio calculated for a MgO concentration
of 8 wt.%, according to the method of Klein and Langmuir (1987). This ratio, which erases
the fractional crystallization effect, indicates the variations of the melting rate of the mantle
because it is not sensitive to the variations of initial pressure of melting (Niu and Batiza,
1994), excepted for high pressures (Klein and Langmuir, 1987); (e) Po: initial pressure of
partial melting, the empirical equation of Albar�eede (1992) is based upon SiO2 and MgO
concentration of basalts; LnPo (kbar)¼ 0.00252 � [2000 MgO=(SiO2þMgO)þ 969]�
0.12SiO2þ 5.027; (f) Ce=Yb versus Ce. Error bar is 2s. Open triangles are samples col-
lected at the axial zone, open field S4 literature: data from the literature (Eissen et al., 1991,
1994; Nohara et al., 1994; Boespflug et al., 1989). The number given within a field
indicates the number of data used to define it
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Therefore, basalts from the NS-PSC are the liquids resulting of partial melting
of a mineralogically homogeneous spinel-lherzolite mantle. However, small var-
iations are observed in the trace elements ratios (e.g. Nb=Zr; Fig. 5d; La=Yb;
Fig. 5e), as well as some isotopic results (Figs. 6, 7) as already mentioned by
Boespflug (1989, 1990). Variations of both the Nd and Sr isotopic ratios as well
as that of some incompatible element ratios (Nb=Zr) which are not fractionated
much one to another during partial melting processes have been ploted versus
latitude (Fig. 7a–c). The variability of ratios from the central part to the north-
ern tip of the propagator implies a small (generally within the MORB field), but
significant geochemical and isotopic heterogeneity of the mantle source (Eissen
et al., 1994; Nohara et al., 1994; Boespflug et al., 1989). This heterogeneity re-
sults probably of a contamination from the New Hebrides slab, inherited of the
rotation of this arc during the opening the NFB as it has been observed on
several other segments of this back-arc basin (e.g. lower Nb content; Eissen
et al., 1994).

Dynamic partial melting beneath the NS-PSC

Klein and Langmuir (1987, 1989) and Scarrow and Cox (1995) proposed a
model of adiabatic upwelling in which the mantle is thermally heterogeneous.
Therefore, the ‘‘hottest’’ parts of the mantle cross the solidus at a higher pres-
sure (deeper), resulting in a longer time for partial melting and therefore a higher
degree of partial melting. The ‘‘coldest’’ parts cross the solidus at a lower pres-
sure (shallower) resulting in a lower partial melting extents. This model implies
a dynamic partial melting operating at different depths all along a diapiric col-
umn of rising asthenosphere. The along strike variations of calculated depth of
initiation of partial melting (Fig. 7e) as well as the variations of partial fusion
rate (Fig. 7d) suggest the presence of such a diapir focused underneath the
central part of the NS-PSC. This rising column of partial melt is therefore

Fig. 8. Schematic longitudinal section of the NS-PSC axis and interpretative view of the
petrogenetic processes. The section presents as a sketch the variations in depth of the
extend of partial melting as well as the diverse sizes of the shallow magma reservoirs
located below each spreading segments. Crystallization processes in magma chambers are
discussed and modeled in more detail in Caroff and Fleutelot (2003)
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sampling the spinel lherzolite mantle and the tapped liquids record the vari-
ability of the isotopic ratios and in some incompatible element ratios. Even if the
spreading rate is uniform along the NS-PSC (Auzende et al., 1995), the thermal
structure of the upper mantle seems to be heterogeneous, resulting in various
depths and degree of partial melting. It is significative to notice that the main
geochemical shift is observed at the limit between sub-segments S1 and S2
(Figs. 1b, 7). This might reflect clear modification in the magma origin; the
depth of initiation of partial melting (Fig. 7e) is deeper (�30 km) below segment
S2 than below segment S1 (�25 km) as well as the extend of partial fusion rate;
respectively up to 22% versus 16%, or even less towards the propagator tip
(�12%).

Therefore, basalts from the central part of the NS-PSC (segments S2 of Fig. 1b)
would be the liquids resulting of higher rates and deeper depth of partial melting of
a mineralogically homogeneous mantle with a spinel-lherzolite type mineralogy.
These observations are consistent with the presence of a permanent, probably
relatively large and constantly fed, magma reservoir located below the center of
the segment (Fig. 8). However, small variations are observed with trace elements
ratio (e.g. Nb=Zr; Fig. 5d; La=Yb; Fig. 5e), as well as some isotopic results (Figs. 6
and 7) as already mentioned by Boespflug (1989, 1990).

Northern tip of the NS-PSC

The dredged basalts along segment S1 are cogenetic in a broad sense; they ex-
ibit quite constant isotopic and incompatible trace elements ratios, at least in
comparison to the basalts from sub-segment S2. Even if all these lavas have
normal mid-ocean ridge basalt (N-MORB) mineralogical and geochemical fea-
tures, three homogeneous compositional groups can be distinguished (Fleutelot
et al., 1996); the most differentiated ones being of Fe–Ti basalt composition. Each
group, spatially ordered, corresponds to the evolution of individual small magma
chambers, of even smaller volume towards the propagator tip (Fig. 8). The petro-
genetic mode of such a compositional evolution can be approached by an open
system behavior of periodically replenished and tapped steady-state magma cham-
bers (Caroff and Fleutelot, 2003). The two most mafic lava groups were erupted
from cyclically periodically replenished magma reservoirs. To allow the differen-
tiation observed, a small volume of the magma migrates along strike between
different reservoirs. The differentiation starts within open system reservoirs and
ends up in closed system reservoirs as shown by the modellings done by Caroff
and Fleutelot (2003). The Fe–Ti basalt group is related to closed system magmatic
fractionation in small disconnected magma bodies, located close to the pseudo-
faults, which end the PSC. In that sense, pseudofaults represent cold walls, which
stop the along-axis magma migration. This observation is in agreement with those
from Sinton et al. (1983) for the Galapagos and southern Juan de Fuca propagating
spreading centers. The variable degree of differentiation may be related to the
proximity of pseudofaults and the balance between rate of cooling and supply rate
of juvenile magma.

The succession of off-axis valleys and domes suggests a temporal persistence
of this kind of magmatic behavior, the duration of each cycle being about 120000
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years (Gracia et al., 1996). Thus, the northern part of the NS-PSC seems to have
been produced by several magma chambers interconnected by a sill and pipe net-
work (Fig. 8). But along the last 18 km of the northern tip, only isolated smaller
magma chambers are present. Consequently the NS-PSC suggests that only a small
fraction of magma expelled from each open-system magma chamber actually
reaches the surface as lava flows, because a larger fraction of it migrates along
strike from one reservoir to another one.

Summary

The studied set of samples clearly confirms that the NFB has reached a mature
stage of magmatic evolution. Indeed, it produces magmas with a signature similar
to N-MORB e.g. similar to those from the East Pacific Rise with respect to major
and trace elements as well as Sr and Nd isotopes (Fig. 6). However, some basalts
from the central part of the propagator show more variation in the isotopic ratios,
that could be interpreted as the remnant fingerprint of a subduction-related com-
ponent as has already been noted by Boespflug (1990) and Eissen et al. (1994),
probably inherited from the nearby New Hebrides subduction zone (Auzende et al.,
1995). The small variations observed along the central part of the propagator might
be related to the fact that the rising asthenosphere is slightly more heterogeneous
beneath the central part compared with the tip of the propagator.

A schematic along strike section of the NS-PSC axis with an interpretative view
of the petrogenetic processes is proposed in Fig. 8. The long column of dynamic
partial melting beneath the central part of the propagator suggests variation in the
depth and rate of partial melting. Moreover, a larger volume of magma is expelled
in the central area compared with the northern part, attested by the presence of
more off-axis seamounts (Gracia et al., 1996).

A quasi similar case has been described from the Mid-Atlantic ridge on the
basis of geophysical investigations (Magde et al., 1998). Indeed, small scale seis-
mic tomography identified a low-velocity zone focused beneath the central part of
some segments. These segments are pseudo-identical to the V-shaped pattern
propagator-type; these are the rhomboedric structures reported by Gente et al.
(1995). These low-velocity zones are interpreted as ‘‘hot’’ regions with high partial
melting rates that suggest the presence of a focused rising astenospheric diapirs.
The petrogenetical evolution proposed is in agreement with the results obtained by
Sinton et al. (1983) for the Galapagos and southern Juan de Fuca propagating
spreading centers.

Conclusions

1) The geochemical variations observed along the NS-PSC of the NFB suggest
variations in the petrogenetic processes between the different segments of the
NF-PSC.

2) Variations along strike are observed on the large and deep scale. Partial fusion
started deeper (ca. 30 km) and reached a higher rate (ca. 22%) below the central
S2 sub-segment, whereas it starts shallower (ca. 25 km) and at a lower rate
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(ca. 16%) below the northern S1 sub-segment. Dynamic partial melting at
different depths of a thermally heterogeneous rising mantle can explain these
observations.

3) The partial fusion affects a geochemically and isotopically slightly heteroge-
neous mantle. This heterogeneity is probable inherited from the complex open-
ing history of this back-arc basin, surrounded by subduction zones.

4) At a shallower scale, the magma differenciation takes place within a large and
permanent magma reservoir below the central sub-segment S2. On the other
hand, along sub-segment S1, the maximum of differentiation occurs right from
the tip of the propagator until some 20 km behind it, within periodically closed
small magma reservoirs. In order to explain these variations, the presence of
an asthenospheric diapir focused beneath the central part of the NS-PSC is
proposed.

5) The present results are in agreement with the morphological segmentation
observed at the Mid-Atlantic Ridge (Magde et al., 1998) and the petrogenetic
evolution proposed for the Galapagos and southern Juan de Fuca propagating
spreading centers (Sinton et al., 1983). There is no evidence to distinguish
magmatic processes of propagating spreading centers from mature oceanic
basins and back-arc basins.
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