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INTRODUCTION

Our research was principally centered on the com-
parative analysis of newly obtained geochemical and
isotopic data on the composition of basalts from the
MAR rift valley, collected at two geodynamically sig-
nificant segments of its axial zone: 12°49′–17°23′ N
and 29°59′–33°41′ N (Fig. 1). The former of them
includes a sharp-gradient geochemical anomaly at
14°48′ N and is located in the junction zone of the
15°20′ transform fault zone and two segments of con-
trasting magmatism: northern normal and southern
anomalous (Bougault et al., 1988; Dosso et al., 1991;
Sobolev et al., 1992; Silantyev et al., 1998). The other
segment is spatially restricted to the southern periphery
of the Azores plume province and includes an intersec-
tion area of the MAR axial zone and the Hayes trans-
form, with this area currently regarded as the boundary
between the anomalous northern MAR segment
(Azores megaplume) and its southern segment, which
is characterized by normal spreading magmatism
(Smith et al., 1998; Bideau et al., 1998). Thus, both
regions show obvious evidence of petrologic–
geochemical segmentation in the basaltic layer of the
MAR axial zone, which determines the importance of

these segments for the identification of the geochemical
nature of mantle reservoirs related to the rift-valley
magmatism and for the elucidation of the interaction
character of the geochemically contrasting melts. Obvi-
ously, the newly obtained data may provide a basis for
assaying the specifics of the magmatic products charac-
teristic of normal (spreading) and anomalous (plume)
MAR segments and for revealing possible differences
in the fluid regime of magmatism related to the
geochemical types of the sources. Our research is topi-
cal and urgent because:

(1) This publication reports our recently obtained
data on the geochemical characteristics of magmatic
products from segments of the MAR rift valley north
and south of the geochemical anomaly at 14°48′ N, the
largest and highest gradient anomaly in the Atlantic,
and makes it possible to revise the scale of this anomaly
and its spatial structure. A still uncertain issue is the
northern and southern boundaries of this anomaly.
Indeed, the composition of magmatic products in the
rift valley segments farther south and north of the
15°20′ transform fault zone is still poorly known, and
there are no corresponding data on the MAR segment
north of 17° N. The MAR segments between 12°49′
and 17°23′ N is now thought (see, for example, Xia
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et al., 1992; Cannat and Casey, 1995; Casey et al.,
1995) to be characterized by a low magmatic budget
and the absence of correspondence between the actual
structure of the crustal section and the thickness of the
basaltic layer estimated by petrological and geochemi-
cal methods. At the same time, recent deep-sea drilling

data obtained during Leg 209 of the drillship Joides
Resolution (Shipboard…, 2003) provide convincing
evidence that this MAR segment includes areas in
which residual peridotites are exposed that are the most
depleted among all currently known to occur in the
world system of mid-oceanic ridges (see, for example,
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Fig. 1. Surface topography of the axial MAR zone according to (Relief.., 1991).

Ellipses mark the sampling areas of chilled glasses. Numerals denote hydrothermal fields and occurrences of ore mineralization
within MAR: (1) Ashadze, (2) Logachev, (3) 16°38′, (4) Snake Pit, (5) TAG, (6) Broken Spur, (7) Lost City, (8) Rainbow, (9) Lucky
Strike, (10) Menez Gwen.
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Silantyev, 2003). The newly obtained data on the
geochemistry of basalts from the unexplored MAR seg-
ments between 12°49′ and 17°23′ N provide for the res-
olution of the inconsistency implied by the close spatial
association of extremely depleted peridotites and
enriched basalts in this region.

(2) The areas where the MAR axial zone intersects
the Atlantis, Petrov and Hayes transform fault zones
(29°59′–33°41′ N) are still poorly examined in terms of
the isotopic–geochemical parameters of their basalts.
Because of this, all new data on these areas are of prin-
cipal importance for reproducing the shortwavelength
compositional segmentation in the southern periphery
of the Azores superplume.

Our rock collection consisted of 71 samples of pre-
dominantly glassy pillow basalts recovered from 38
dredging sites; 40 glassy chilled crusts were analyzed
for major and trace elements, including volatiles, and
Sr, Nd, and Pb isotopic composition was determined for
21 samples.

Twenty samples of our collection were taken in the
MAR axial zone between 17° and 17°23′ N, in the ridge
segment at the northern termination of the 14°48′
geochemical anomaly. Until now any data on the com-
position of magmatic products from this MAR segment
were lacking. Our collection included 12 samples from
the rift valley segment between 12°49′ and 12°57′ N,
whose geochemistry is still also studied very poorly. At
the same time, any information of the rock composi-
tions in this segment of the MAR rift valley is of para-
mount importance in light of the recent discovery of an
extensive hydrothermal field (Ashadze field) at 12°58′ N
during a cruise of the R/V Professor Logachev.

METHODS

Concentrations of major elements, Cl and S were
analyzed on Cameca SX50 and SX100 microprobes at
the University of Tasmania in Hobart at an accelerating
voltage of 15 kV and a beam current of 20 nA (beam
diameter 5 µm). The analyses were conducted with the
use of the USNM 111240/2 standard (VG2 basaltic
glass), which was provided for this research by cour-
tesy of Dr. Jarosewich (Jarosewich et al., 1980). Major
elements were determined accurate to 2%. The detec-
tion limits for Cl ad S were 22 and 150 ppm, respec-
tively, and they were analyzed accurate to >30 and
50%, respectively.

Trace elements were analyzed by ICP-MS with laser
ablation (LA-ICP-MS mass spectrometry) at the Uni-
versity of Tasmania. The analyses were carried out
using a new UP213 Nd-YAF (213 nm) laser coupled
with an Agilent 4500 Quadrupled mass spectrometer.
The analyses were conduced in a He atmosphere at
spots ~100 µm in diameter, with a 10 Hz laser repeti-
tion rate and a laser energy density of ~12 J/cm–2. The
counting time of individual analyses was 90 s and
included 30 s for background measurements (in

switched-off laser mode) and 60 s for measurements at
a switched-on laser. The analytical setup was calibrated
using the NIST612 glass standard. All measured values
were normalized to the USGS BCR-2g standard glass.
Each of the analyses listed in Table 3 is an average of
two individual spot analyses spaced ~200 µm apart.

The H2O concentrations in the glasses were deter-
mined by infrared spectrometry (FTIR) on a Brucker
IFS 66 spectrometer equipped with an optical micro-
scope. Doubly polished glass platelets 50–250 µm
thick and 2–5 mm in diameter were analyzed at 3–
6 spots. The diameter of the analytical spots was
60 µm, which precluded the occurrence of microlites in
the analyzed volume. We did not detect any differences
greater than the analytical precision (2–3%) between
the H2O concentrations obtained in three replicate anal-
yses of the glasses at the same spots.

In all instances (except isotopic analyses), the mea-
surements were conducted within the same areas
(~1 mm in diameter) in chilled glass fragments. The
samples were first analyzed for H2O and then on an
electron microprobe and by LA-ICP-MS. To test the
compositional homogeneity of the analyzed fragments
of the chilled glasses, we analyzed them in two discrete
areas in eight samples (Tables 2 and 3). The results do
not display compositional variations greater than the
analytical accuracy, and this led us to regard our data as
reliable.

The Sr and Nd isotopic composition of the chilled
glasses was measured on a Finnigan MAT-261 7-col-
lector mass spectrometer at IFREMER, Brest, France,
by conventional techniques adopted at this research
center (Dosso et al., 1999).

MATERIALS

This research was conduced using glass samples
from the chilled crusts of pillow basalts dredged during
cruise 16 of the R/V Akademik Boris Petrov and cruises
19 and 20 of the R/V Professor Logachev (Table 1).
According to the sampling sites, our collection can be
grouped as follows: (1) MAR between 12°49′ and
17°23′Ν—axial high (35%), eastern wall of the rift
valley (16%), and western wall of the rift valley (49%);
and (2) MAR between 29°59′ and 33°41′ N—axial high
(25%), eastern wall of the rift valley (5%), western wall
of the rift valley (20%), and the intersection zone of the
transform and rift valley (50%). The rocks associated
with chilled glasses are dominated by basalts, and peri-
dotites and amphibolites were dredged only from the
western wall of the rift valley at 12°57′ N (Table 1).

The representative collection of rock samples exam-
ined in the course of this research most comprehen-
sively characterizes the mineralogical and textural
diversity of the petrographic types of basalts from the
rift valley of the MAR segment in question. Below we
give a concise petrographic description of the samples.
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MAR between 29°59′ and 33°41′ N

Axial high. The predominant type of basalts in the
axial zone of this MAR segment is olivine- and plagio-
clase-phyric pillow basalts with usually weakly altered
chilled glass. The varieties of these rocks rich in olivine
phenocrysts occasionally contain, along with olivine
and plagioclase, also clinopyroxene. The phase propor-
tions significantly vary from sample to sample. Sample
16ABP-7-9 consists of fresh olivine- and plagioclase-
phiric pillow basalt. Its matrix consists of acicular pla-
gioclase laths (up to 0.1 mm, 10%), rounded subhedral
olivine crystals (up to 0.1 mm, <1%), clinopyroxene
(<1%), and weakly altered glass (>80%). Sample
16ABP-10 is olivine- and plagioclase-phyric basalt,
which is fine-grained and has a groundmass of porphy-
ritic or microlitic texture. Olivine and plagioclase phe-
nocrysts account for 5–6% of the rock by volume. Oli-
vine (0.2–0.6 mm) and plagioclase (0.8–1.6 mm) phe-
nocrysts occur as euhedral or subhedral, often resorbed
crystals. The groundmass has a microlitic texture and is
made up of dark brown weakly altered glass with small
plagioclase laths and pores no larger than 0.1 mm. Sam-
ple 16ABP-35-7 is olivine-phyric pillow basalt, which
contains, together with olivine, single phenocrysts of
clinopyroxene and plagioclase. The groundmass con-
sists of olivine, clinopyroxene, plagioclase, and glass.
The cores of the pillows contain 60–70 vol % chilled
glass.

Eastern wall of the rift valley. Scarce samples col-
lected in this area represent mostly plagioclase-phyric
varieties of clinopyroxene-, olivine- and plagioclase-phy-
ric pillow basalts (for example, sample 16ABP-24-6).
The crystallinity of the matrix of these rocks varies
from vitrophyric to microlitic. In the latter case, the
weakly altered glass abounds in acicular plagioclase
microlites.

Intersection with the Atlantis transform fault
zone. The area is dominated by plagioclase-phyric pil-
low basalts (for example, sample 16ABP-45-77). The
plagioclase (10–25%) contains round or angular inclu-
sions of weakly altered glass. The texture of the matrix
is microlitic, grading in places into hyalopilitic. The
matrix contains plagioclase and olivine microlites.

Intersection with the Petrov transform fault zone
(between the Atlantis and Hayes transforms). The
samples collected in the area commonly represent
fresh, glassy, highly porous pillow basalts (for example,
samples 16ABP-5-8 and 16ABP-6), which may be
either aphyric or plagioclase-phyric. The groundmass
consists of olivine (<1%), plagioclase (up to 10%), cli-
nopyroxene (<1%), and glass (80–90%) and has a vari-
olitic texture.

MAR between 12°49′ and 17°23′ N, North
of the 15°20′ Transform Fault

Axial high. The predominant rock type in this area
is fresh plagioclase- or olivine-phyric vitreous pillow
basalts. Sample 738-1 is plagioclase-phyric highly
porous basalt, whose groundmass consists of fresh
glass with tiny plagioclase needles. Sample 744-1 is
vitreous basalt with rare olivine phenocrysts and a sub-
intersertal matrix of brown glass with plagioclase micr-
olites. Sample 807-4 is aphyric hyalobasalt with an
intersertal texture and a matrix of fresh glass with
minute olivine, plagioclase, and clinopyroxene crys-
tals. Sample 794-1 is olivine-phyric hyalobasalt with
fresh glass. The groundmass glass contains acicular
plagioclase microlites. Sample 792-1 is plagioclase-
phyric basalt. Its matrix of brown weakly altered glass
includes large phenocrysts and laths of prismatic pla-
gioclase.

Eastern wall of the rift valley. In the eastern wall
of this MAR segment, the predominant rocks are oliv-
ine-phyric hyalobasalts. Sample 801-5 is variolitic
porous hyalobasalt with very rare olivine phenocrysts
and fresh glass. Sample 804-2 is olivine- and plagio-
clase-phyric hyalobasalt with a subintersertal texture
and a groundmass with minute plagioclase needles.
Sample 805-1 is olivine-phyric porous basalt with a
variolitic matrix. Sample 811-1 is olivine-phyric
porous hyalobasalt with fresh glass.

Western wall of the rift valley. The samples col-
lected in this area are dominated by the following vari-
eties of pillow basalts. Sample 719-1 is variolitic basalt
with weakly altered glass and rare plagioclase and oli-
vine phenocrysts. Sample 719-3 is an olivine-phyric
porous variolitic basalt. Sample 792-2 is aphyric vari-
olitic hyalobasalt with very rare large partly melted pla-
gioclase phenocrysts. Sample 741-3 is olivine- and pla-
gioclase-phyric basalt with a vitreous mesostasis with
submerged acicular plagioclase laths and euhedral oli-
vine crystals. The texture of this rock is intersertal, and
its glass is fresh. Sample 733-1 is porous variolitic
hyalobasalt with rare plagioclase needles. Sample 743-2
is porous aphyric hyalobasalt with a subintersertal tex-
ture. The matrix of the rock is dominated by plagio-
clase. Sample 773-6 is aphyric recrystallized basalt
with very rare small olivine phenocrysts. Along with
olivine and plagioclase, the matrix contains clinopyrox-
ene. Sample 773-3 is olivine-phyric hyalobasalt whose
matrix contains corroded olivine crystals and whose
glass is weakly altered.

MAR between 12°49′ and 17°23′ N, South
of the 15°20′ Transform Fault

Eastern wall of the rift valley. The relatively sparse
samples collected at the eastern wall of the rift valley of
this MAR segment are dominated by highly porous var-
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iolitic basalts with sheaves of acicular plagioclase crys-
tals (for example, in sample 860-2).

Western wall of the rift valley. The western wall of
the rift valley south of the 15°20′ transform fault is
dominated by the following types of basaltoids. Sam-
ples 16ABP-65-1 and 16ABP-65-27 are porous aphyric
pillow basalts with chilled crusts. Sample 841-5 is pla-
gioclase–clinopyroxene dolerite with a microblastic
texture and weak traces of amphibolization. Sample
892-19 is weakly porous olivine- and plagioclase-phy-
ric hyalobasalt. Its matrix likely contains, along with
olivine and plagioclase, clinopyroxene. The ground-
mass texture of the rock is subintersertal. Sample 892-
20 is plagioclase-, olivine-, and clinopyroxene-phyric
hyalobasalt with an intersertal texture. Its matrix con-
tains acicular plagioclase laths. Sample 900-2 is porous
plagioclase-phyric basalt with rare minute olivine phe-
nocrysts. Its intersertal matrix consists mostly of brown
glass and plagioclase. Sample 827-2/3 is plagioclase-
and olivine-phyric hyalobasalt with a subintersertal tex-
ture.

As can be seen from Table 1, our samples from both
of the MAR segments are dominated by chilled glasses
(57 samples), whereas aphyric and subporhyritic variet-
ies of recrystsallized basalts are represented by a rela-
tively insignificant number of samples in our collection
(14 samples).

It should be emphasized that 20 samples of the collec-
tion were taken from the MAR segment north of 17° N.
Data on the composition of basalts from the rift valley
in this region were lacking as of yet. Equally significant
12 samples were collected at the rift valley segment
between 12°49′ and 13°01′ N, including the hydrother-
mal field recently discovered at 13° N (Ashadze field),
to which a large occurrence of base-metal sulfide ore
mineralization can be related.

GEOCHEMISTRY

Major Elements

In terms of major-element composition, our chilled
glasses characterize the whole MORB spectrum in the
MAR axial zone (Table 2, Fig. 2a). According to the
currently adopted classifications (Wilson, 1989; Sun
and McDonough, 1989), the variations in the K2O/TiO2

ratio (0.12–0.35) of these rocks testify to the predomi-
nance of P-MORB (plume type) in the MAR segments
between 12°49′ and 17°23′ N. In contrast to this area,
the region between 29°59′ and 33°41′ N contains exclu-
sively N-MORB (normal or spreading type). Newly
obtained data shown in Fig. 2a are consistent with mod-
ern concepts of the longwavelength geochemical seg-
mentation of the MAR axial zone in the northern hemi-
sphere (see, for example, Schilling et al., 1983; Dmit-
riev et al., 1990; Bougault et al., 1988; Dosso et al.,
1991, 1999). At the same time, the MAR segment north
of the 15°20′ transform fault was determined to include
a sharply localized geochemical anomaly at 16°06′–
16°10′ N (Fig. 2b), which has not been known previ-
ously. Recently obtained results testify to the small-
scale heterogeneity in the distribution of the K2O/TiO2

ratio in these segments of the MAR rift valley. In the
segment immediately south of the 15°20′ transform
fault, the most enriched glasses (K2O/TiO2 = 0.35) were
found in the inner corner high area in the western wall
of the rift valley. Farther southward, the rift valley seg-
ment between 12°49′ and 12°56′ N was determined to
contain rocks with lower K2O/TiO2 = 0.15–0.25, with a
symmetric distribution across the strike of the ridge
axis. In the northern MAR segment, the maximum
K2O/TiO2 values (0.30) were found in glasses from the
axial high of the rift valley and its eastern wall (0.25)
near 16°00′–16°01′. Much lower values of the

MAR,
16°07′–17°18′ N
Axial high

Eastern wall of the rift

Western wall of the

MAR, 16°44′ N
MAR,

12°49′–12°56′N
Eastern wall of the rift

Western wall of the rift valley

MAR, 15°02′ N,

western wall of the rift valley

MAR, 29°–34° N

Axial high,
30°35′ N
Eastern wall of the rift
valley, 33°32′ N
MAR, 29°–31° N,
intersection
with transform
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Fig. 2. Distribution of the K2O/TiO2 ratio in chilled glasses along the MAR axis in MAR segments between (a) 12°49′ and 17°23′
and between 29°59′ and 33°41′ N and (b) between 12°49′–17°23′ N. Small crosses correspond to glass compositions from the cat-
alogues (RIDGE…, 1999; Smithsonian…, 2000).
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K2O/TiO2 ratio (0.03–0.10) were detected in glasses
from the axial high and the western wall of the rift val-
ley near 17° N.

It is commonly thought that the whole length of
MAR along its strike in the northern hemisphere is
characterized by alternating segments with a thick
basaltic layer (these are usually areas of plume magma-
tism) and segments whose basaltic layer is reduced and
whose oceanic crust belongs to the Hess type (see, for
example, Klein and Langmuir, 1987; Bougault et al.,
1988; Dosso et al., 1991; Gracia et al., 1998; Silantyev
et al., 2001). The geochemical indicators of the thick-
ness of the basaltic layer of the oceanic crust and petro-
genetic conditions in mid-oceanic ridges most often
applied in petrological practice are the Na8 and Fe8 con-
centrations in basaltic glasses (recalculated to MgO =
8 wt % in the rock). The former of these parameters
makes it possible, according to (Klein and Langmuir,
1987), to evaluate the degree of melting and corre-
sponding thickness of the basaltic crust (Na8 decreases
with increasing degrees of melting). The latter parame-

ter allows one to assay the depth from which MORB
were derived (Fe8 increases with increasing pressure).
Inasmuch as most of the glass compositions considered
in this publication correspond to a narrow range of
MgO concentrations (6.5–9.5 wt %), we used the Na2O
concentrations of the rocks as an indicator parameter of
the degrees of melting and the thickness of the basaltic
layer. The character of Na2O distribution in chilled
glasses from the two regions and the Na8 values of
glasses from the rift valley segments between 12°49′
and 17°23′ N led us to conclude that the MAR segment
between 29° and 34° N is characterized by a degree of
melting of the source comparable to the analogous val-
ues for the plume MAR region between 12° and 17° N.
However, the sharply localized zones of plume magma-
tism at 15°02′ and 16°07′ N show the lowest degrees of
melting. Judging from the Na2O concentrations in the
chilled glasses, the maximum degrees of melting in the
two MAR segments corresponded to the inner corner
high and the western wall of the rift valley near the
15°20′ transform fault. This idea finds support in esti-
mates of the degree of melting obtained for the Cr# of
spinel from mantle residues that are associated with
basalts in this area and which are, judging from the data
in (Silantyev, 2003), the most depleted spinel harzburg-
ites of the Mid-Atlantic Ridge. It is also important to
stress that, in spite of the aforementioned consistency
of the estimated degrees of melting of the associated
basaltic glasses and mantle residues, this MAR seg-
ment displays apparent inconsistency between the
actual crustal stratigraphy and the thickness of the
basaltic layer determined by geochemical techniques.
Basaltic magmatism in this area is reduced, and the
mantle residues are a strongly dominating type of the
basement rocks. It also follows from the data of Table 2
that the MAR segment south of the 15°20′ transform
fault is characterized by generally higher degrees of
melting than degrees of melting in the northern MAR
segment.

The comparison of the Na8 parameter in our chilled
glasses and the cotectic crystallization pressure of
basaltic melt estimated for the same samples by the
method proposed in (Danyushevsky et al., 1996) led us
to suggest that the most enriched basaltic glasses col-
lected at MAR between 12° and 17° N correspond to
the lowest cotectic crystallization pressures (Fig. 3a).
Obviously, these chilled glasses were produced by
melts ascending to the surface from shallow magmatic
sources. The depths at which the basaltic melts were
generated and which were estimated for the chilled
glasses from the Fe8 values are in good agreement with
the pressure estimates for cotectic crystallization calcu-
lated according to (Danyushevsky et al., 1996)
(Fig. 3b).

The variations in the N2O, Na8, and Fe8 values in our
chilled glasses suggest that basaltic magmatism
between 12° and 17° N and between 29° and 34° N at
MAR is characterized by various degrees of melting

9

0 2

Fe8, wt %

Cotectic crystallization
4 6

10
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12

(b)

8
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2.4
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2.6

2.8
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2.2

3.0
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pressure, kbar

Fig. 3. Dependence of (a) the Na8 and (b) Fe8 parameters of
the chilled glasses from MAR segments adjacent to the
15°02′ transform fault zone on the cotectic crystallization
pressure of basaltic melt (estimated according Danyush-
evsky et al., 1996). See Fig. 2 for symbol explanations.
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and various depths of the mantle magmatic sources
beneath the axial zone.

REE and Other Trace Elements

The concentration levels of highly incompatible ele-
ments is an efficient geochemical tool for distinguish-
ing between the products of basaltic magmatism of the
plume and spreading types. In this context, highly
incompatible elements are particularly useful, because
they are not significantly fractionated in the process of
partial melting. It is usually believed that the elements
conventionally used in geochemical discriminant dia-
grams can be arranged in the form of the following suc-
cession according to their increasing incompatibility:
Hf, Zr, Ta, and Nb (Niu and Batiza, 1997). The compar-
ison of the K2O/TiO2 ratio with Nb/Ta, Zr/Hf, and
Zr/Nb in our samples of chilled glasses led us to the fol-
lowing conclusions important for interpreting the
geochemical types of the magmatic products and their
mantle sources in the two MAR segments. Evidently,
the two major compositional groups of our chilled
glasses (normal and plume) are characterized by differ-
ent distribution types of incompatible elements (Fig. 4).
The glasses corresponding to the N-MORB family
(29°–34° N at MAR) display a narrow range of
K2O/TiO2 variations at a significant scatter of Nb/Ta
(Fig. 3a), Zr/Nb (Fig. 3b), and Zr/Hf, which suggests
that they may have been formed with the participation
of a compositionally similar melt that separated, how-
ever, from a mantle source with a heterogeneous distri-
bution of incompatible elements (Table 3). At the same
time, the compositional points of the chilled glasses of
the P-MORB type (12°–17° N at MAR) define system-
atic trends in the diagrams, suggesting that the glasses
may have been formed via the mixing of composition-
ally different parental melts, with the most enriched

glasses found at 15°02′ N and 16°07′ N. It is worth
mentioning that, judging from the data presented
above, chilled glasses from the axial high and the west-
ern wall of the rift valley at 17°09′–17°18′ N composi-
tionally correspond to N-MORB and are geochemically
close to glasses from 29°–34° N at MAR (Fig. 2). These
relations are also confirmed by the variations in the
K2O/TiO2 and Ce/Pb ratios in our samples of chilled
glasses, which, in turn, point to the possible heteroge-
neous Ce and Pb distributions in the mantle reservoirs
beneath these MAR segments. The REE patterns of
samples in our collection are consistent with the data
presented above for the concentrations of major and
trace elements in these samples. In the MAR segments
between the Atlantis and Hayes transforms (29°–34°
N), the (La/Sm)cn ratios in glasses from the axial high,
eastern wall of the rift valley, and its intersection zones
with the Atlantis, Petrov, and Hayes transform faults
vary from 0.42 to 0.56. Chilled glasses from various
segments of the MAR rift valley between 12° and 17° N
are characterized by the following (La/Sm)cn ratios: (1)
in the area at 17° N: 0.40–0.74 for the axial high and
0.44–0.59 for the western wall of the valley; (2) in the
area at 16°44′–16°50′ N: 0.51–0.72 for the western wall
of the valley; (3) in the area of the sharply localized
anomaly at 16°07′ N: 1–1.63 for the axial high and
0.94–1.92 for the eastern wall of the valley; (4) in the
corner high area at 15°02′ N: 1.65–1.84 for the western
wall of the valley; (5) in the area of 12.82°–12.92° N:
0.90–1.36. Relations between the (La/Sm)cn and
K2O/TiO2 ratios are illustrated in Fig. 5b. The values of
the (La/Sm)cn ratio of our glasses is correlated with
Zr/Hf and Zr/Nb in the same manner as with K2O/TiO2.
Figure 5a clearly illustrates the contrasting character of
the distribution of LREE concentrations in chilled
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glasses from the MAR segments in question, with this
distribution reflecting the specifics of the mantle
sources of magmatism at MAR between 29° and 34° N
and between 12° and 17° N.

The distribution of incompatible elements in our
glasses is generally analogous to that determined previ-
ously for the association of depleted and enriched
MORB in the vicinity of the Iceland superplume
(Chauvel, 2000): the most depleted glasses display pos-
itive anomalies of primitive mantle- or CI chondrite-
normalized concentrations of Sr and Ba and negative
anomalies for Zr and Hf. As in the rocks examined in

(Chauvel, 2000), these anomalies in chilled glasses
from the two MAR regions become lower with increas-
ing sums of the concentrations of trace elements in
these glasses.

The data presented above allow for the occurrence
of a small-scale compositional heterogeneity, which is
manifested in the distributions of trace elements and
REE in chilled glasses across the trend of the rift valley
of MAR between 16°06′ and 16°07′ N. It is also reason-
able to conclude that the concentration levels of highly
incompatible elements (or the degree of enrichment of
magmatic products in the rift valley) in the MAR seg-
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ments at 15°02′ N and 16°07′ N are comparable with
those in the area of a geochemical anomaly at 14°48′ N
(Bougault et al., 1988; Dosso et al., 1991; Xia et al.,
1992).

Water, Chlorine, and Sulfur

One of the most principally important issues in
interpreting data on volatiles in geochemically con-
trasting MORB series is the identification of the possi-
ble source of these elements and the evaluation of the
effects of magmatic and hydrothermal processes on the
behavior of these elements during the accretion of the
oceanic lithosphere.

It was demonstrated in one of the first large publica-
tion devoted to the estimation of the behavior and accu-
mulation of water in the suboceanic mantle (Michael,
1998) that glasses enriched in incompatible elements
are characterized by higher H2O concentrations than
those in glasses of the N-MORB family. The same
author also noted a systematic increase in the H2O con-
tent with decreasing Mg/(Mg + Fe) ratio within each of
the examined glass groups and suggested that H2O
behaves as a more compatible element than K, Rb, Nb,
and Cl but a less compatible element than Sm, Zr, and
Ti during the fractionation of trace elements in the sub-
oceanic upper mantle. Later, Michael (1995) proposed
the following succession of incompatibility of elements
in magmatic systems generating MORB: La > H2O ≈
Ce > Nd (i.e., H2O/La is close to Nd/Ce). Sobolev and
Chaussiidon, 1996) published analogous evaluations
for the H2O concentrations in melt inclusions from
depleted and enriched MORB.

The results of our research show that low-K spread-
ing basalts (N-MORB) that occur at 29°–34° N, 12.82°
N, and 17° N are characterized by high H2O/K2O ratios,
which indicates that H2O dominates over K2O in the
magmatic source (Fig. 6a). The products of plume mag-
matism (13°–15° N and 16° N) are characterized by
lower H2O/K2O ratios (Fig. 6b, Table 2). Recall that the
highest H2O/K2O ratio was previously determined also
in highly depleted melt inclusions from MAR (Sobolev
and Chaussiidon, 1996).

Judging by the H2O and MgO proportions in the
chilled glasses from MAR between 29° and 34° N, the
variations in the H2O contents at MgO variations within
a very narrow range reflect local variations in the H2O
contents in the magmatic source of N-MORB in the
area. As in (Danyushevsky et al., 2000), these data tes-
tify to a strong correlation between the H2O concentra-
tions in the chilled glasses and other incompatible ele-
ments and the (La/Sm)cn parameter. The data presented
in Fig. 5b confirm the idea expressed in (Danyushevsky
et al., 2000) that H2O behaves similarly to La in melts
generating MORB. It is worth mentioning that the
(La/Sm)cn ratio reaches its highest values in plume
basalts with the lowest H2O/K2O = 0.5–1.5.

Michael (1995) examined variations in the contents
of H2O and some trace elements in laterally separated
mantle sources of depleted MORB and managed to
prove that the H2O/Ce ratio is constant in N-MORB and
E-MORB within each of the areas but significantly var-
ies from region to region. The variations in H2O/Ce
determined in our chilled glasses from MAR are gener-
ally consistent with the estimates reported in (Michael,
1995). Glasses from between 29° and 34° N are charac-
terized by a H2O/Ce ratio corresponding to the range of
its values typical of N-MORB and E-MORB from
MAR north of 22° N: 240–280 (Fig. 7a). At the same
time, the region of 12°–17° N is characterized by
extremely broad variations in the H2O/Ce ratio, corre-
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sponding to the whole spectrum of ratio reported in
(Michael, 1995) for the worldwide MOR system: 155–
280 (±50 for each region) (Fig. 7a). Note that the
H2O/Ce ratio principally differs from those of the two
aforementioned sharply localized areas of plume mag-
matism: 15°02′ N and 16°06′ N (Fig. 7b). Inasmuch as
the H2O/Ce ratio shows no correlations with such
parameters as the spreading velocity and the degree and
depth of melting (Michael, 1995), it is reasonable to
believe that this ratio reflects some primary characteris-
tic of the mantle source.

The most comprehensive and updated review of data
on Cl concentration in MORB and its correlation with
the concentrations of major elements is presented in
(Michael and Cornell, 1988), which comprises data on
more than 400 samples of basaltic glasses collected in

20 regions in the ocean. Available data indicate that Cl
concentrations in primitive MORB are 20–50 ppm, and
these values in the glasses systematically increase with
decreasing MgO contents, so that the most fractionated
basalts (Fe–Ti MORB) contain approximately
1100 ppm Cl (Michael, 1989; Michael and Cornell,
1998).

The MAR segments examined in the course of our
research principally differ by Cl concentrations in their
chilled glasses: the MAR axial zone between 29° and
34° N is characterized by notably lower Cl concentra-
tions in glasses than the anomalous MAR segments
between 12° and 17° N (Fig. 8). The highest Cl concen-
trations were found in glasses from the local geochem-
ical anomalies at 15°02′ N and 16°06′ N. Our chilled
glasses displayed a negative correlation of the Cl con-
centrations with the H2O/K2O ratio and a positive cor-
relation with the (La/Sm)cn ratio (Fig. 9) and the Sr con-
centrations. Michael and Cornell (1998) have demon-
strated that MORB crystallizing under high pressures
have low Cl/K ratios: close to 0.01 for N-MORB and
0.05–0.08 for P-MORB. Our data confirm this conclu-
sion and testify that the highest Cl concentrations are
typical of melts that crystallize in the shallowest envi-
ronments, which is consistent with the aforementioned
interpretation of the variations in the Fe8 value in our
collection.

The Cl/K parameter is used in (Michael and Cornell,
1998; Kent et al., 1999) as an indicator of the assimila-
tion of hydrothermally recycled oceanic lithosphere
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hosting magmatic sources by melts. Applying the
approaches used in these papers, it can be assumed that
the differences in the variations in the Cl concentrations
of glasses from the MAR segments described here
reflect the assimilation of various types of crustal con-
taminants by the melts. For glasses from the MAR seg-
ment between 29° and 39° N, this contaminant could
be, according to (Kent et al., 1999), the material of low-
temperature altered basalts, whereas the melts generat-
ing plume MORB should have assimilated oceanic
crustal material containing hydrothermal brines that
had been formed during the exsolution of hydrothermal
solutions at high temperatures (Fig. 10). However, it
should be mentioned that the variations in the Cl/K
parameter in our glasses may also reflect the differ-
ences in the K2O concentrations (and the H2O/K2O

ratio) in the parental melts that generated MORB in
normal MAR segments between 29° and 34° N and in
anomalous segments between 12° and 17° N.

The S concentrations in our samples were obviously
directly related to the fractionation of the parental
melts, because our samples display a clearly pro-
nounced correlation between S and the Mg# of the
rocks (Fig. 11).

The data presented above on the concentrations of
volatile components in our collection of chilled glasses
testify that the sources of plume magmatism in MAR
between 12° and 17° N differ from the source of
spreading magmatism at 29°–34° N in the relative H2O
concentration in the magmatic system (the H2O/K2O
ratio) and, perhaps, also in having much higher Cl con-
centrations. The isotopic data presented above make it
possible to more reliably assay how the geochemical
features of the chilled glasses discussed above reflect
the primary characteristics of the mantle magmatism
sources.

Sr, Nd, AND Pb ISOTOPIC GEOCHEMISTRY

The Sr and Nd isotopic signatures of our samples and
the differences between these parameters of rocks from
the two axial MAR segments are consistent with the
longwavelength geochemical segmentation described in
several fundamental publications (Schilling et al., 1983;
Hart, 1984; Klein and Langmuir, 1987; Bougault et al.,
1988; Dmitriev et al., 1990; Dosso et al., 1991, 1999;
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Taylor et al., 1997). The distribution character of Sr,

Nd, and Pb isotopic ratios in MORB along the MAR

axis in the northern hemisphere allowed the authors of

the aforementioned publications to state that the isoto-

pic segmentation of the MAR axial zone is defined by

alternating spreading and plume regions, and the whole

spectrum of characteristic isotopic ratios typical of

MORB in the Central Atlantic may be accounted for by

the mixing of two mantle end members: DM (depleted

mantle) and HIMU (enriched mantle with high
238U/204Pb ratios). Glasses from the 29°–34° N MAR

segments are isotopically analogous to typical

N-MORB derived by the melting of DM. The Sr and Nd

isotopic composition of chilled glasses collected at the

MAR axial zone between 12° and 17° N indicate that

this region is characterized by shortwavelength

geochemical segmentation with alternating rift valley

segments containing N-MORB and sharply localized

zones bearing enriched basalts of the P-MORB family

(Table 4). The most enriched P-MORB between 12°
and 17° N are spatially restricted to localized anomalies

at 15°02′ N and 16°07′ N and are characterized by the

lowest 143Nd/144Nd isotopic ratios (Fig. 12a). The Sr

isotopic composition of our glasses suggests the

absence of obvious evidence of the low-temperature

interaction of most of the rocks with seawater. The

exception is one sample, which was taken between 29°
and 34° N, and has a Cl concentration and the

K2O/TiO2 ratio as in other samples from this segment

but an elevated 87Sr/86Sr ratio (Fig. 13). It should also be
mentioned that this sample is characterized by a high S
concentration.

The distribution character of the 143Nd/144Nd ratio in
samples from our collection display pronounced corre-
lations between the Nd and Sr isotopic compositions
and the concentrations levels of volatiles. Samples with
high Cl concentrations and low H2O/K2O ratios exhibit
the lowest 143Nd/144Nd ratio (Fig. 12b) and the highest
87Sr/86Sr ratio (Fig. 13b). It is worth mentioning that the
Cl/K ratio, which reflects, according to (Michael and
Cornell, 1998), the degree of assimilation of hydrother-
mally altered crustal material by the MORB melt, is
correlated with the 143Nd/144Nd ratio so that the lowest
values of this ratio are inherent in the most enriched
glasses from the localized plume anomalies at 15°02′ N
and 16°07′ N. The lowest S concentrations were
detected in samples of the most primitive chilled
glasses, which were characterized by a high Mg# and
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low 143Nd/144Nd ratios. It is reasonable to hypothesize
that these correlations suggest lower S concentrations
in the mantle sources of magmatism of the localized
anomalies at 12°–17° compared with the mantle
sources of N-MORB at 29°–34° N.

In the course of this research, we determined Pb iso-
topic composition only in glasses from the MAR axial
zone between 12° and 17° N. The 206Pb/204Pb and
207Pb/204Pb ratios of the chilled glasses are well corre-
lated with the 143Nd/144Nd and 87Sr/86Sr ratios for the
same samples (Fig. 14). The most enriched glasses with
low H2O/K2O ratios exhibit the highest 206Pb/204Pb
ratios. The highly depleted glasses of the N-MORB
type from the rift valley between 17°09′ and 17°24′ N
show 206Pb/204Pb ratios that are likely the lowest among
all values for MAR basalts in the northern hemisphere
(see, for example, Dosso et al., 1999).

The data presented above on the Sr, Nd, and Pb iso-
topic composition of chilled glasses from MAR
between 29° and 34° N and between 12° and 17° N indi-
cate that the mantle magmatism sources in these rift val-
ley segments show evidence of shortwavelength isoto-
pic heterogeneity. This heterogeneity is most conspicu-
ously pronounced in MAR between 12° and 17° N. The
northernmost part of this segment includes a zone with
high gradients in the distributions of indicator isotopic–
geochemical characteristics of magmatic products in
the rift valley. The correlations revealed between the
87Sr/86Sr, 143Nd/144Nd, and 206Pb/204Pb ratios and the Cl
concentrations in our glass samples suggest that the dif-
ferences in the Cl concentration of glasses from the two
MAR segments reflect the primary geochemical specif-
ics of the mantle magmatic sources. This assumption
finds further support in a correlation between the Cl

Table 4.  Sr, Nd, and Pb isotopic composition of chilled glasses from the studied MAR segments

Sample no. 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb

16ABP-7-9A/AR1 0.702662 0.513203 n.a. n.a. n.a.

16ABP-10 0.702564 0.51323 n.a. n.a. n.a.

16ABP-35-7 0.70268 0.513155 n.a. n.a. n.a.

16ABP-7-3 0.70268 0.513166 n.a. n.a. n.a.

16ABP-24-6 0.703084 0.513235 n.a. n.a. n.a.

16ABP-45-77/AR1 0.702688 0.513124 n.a. n.a. n.a.

16ABP-6-4/AR2 0.702589 0.513184 n.a. n.a. n.a.

16ABP-65-1/AR1 0.70279 0.512961 n.a. n.a. n.a.

L20-729-2/GL 0.702175 0.513316 17.5905 15.397 37.002

L20-744-9 0.702453 0.513176 18.036 15.4861 37.619

L20-792-3/GL 0.702737 0.513113 18.5136 15.5201 38.033

L20-793-2/GL 0.702568 0.513162 18.4463 15.5178 37.991

L20-794-2/GL 0.702805 0.512989 18.4204 15.5365 37.909

L20-796-3/GL 0.702576 0.513159 18.4238 15.5053 37.947

L20-733-1 0.702264 0.51326 17.9665 15.4495 37.457

L20-733-13b n.a. n.a. 17.9653 15.4533 37.458

L20-738-1 0.702163 0.513364 17.5288 15.3963 36.969

L20-811-2 0.702902 0.513076 18.6904 15.5473 38.301

L20-719-1 0.702268 n.a. 17.5217 15.3937 36.961

L20-773-3 0.702488 0.513204 18.2349 15.4935 37.784

L20-827-2-3 0.702693 0.513098 18.8185 15.5428 38.371

Note: n.a.—means that the isotopic composition was not analyzed.
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concentrations in the chilled glasses and their
K2O/TiO2 and H2O/K2O ratios.

CONCLUSIONS

The results of our research make it possible to eval-
uate the composition of the mantle sources of basaltic
magmatism in two geodynamically contrasting MAR
segments: at 12°–17° N and 29°–34° N. The recently
obtained data presented in this publication provide
insight into the shortwavelength compositional seg-
mentation in MAR segments that have not studied in
this respect.

It was demonstrated above that the differences
between the concentrations of major and trace elements
and the Sr, Nd, and Pb isotopic composition in chilled
glasses from the MAR segments between 29° and 34°
N point that the mantle magmatic sources in the corre-
sponding latitudinal interval of the rift valley belonged

to the DM type, which is parental for N-MORB. Our
data testify that the magmatic sources in the MAR seg-
ment between 29° and 34° N have homogeneous distri-
butions of LREE and K2O but heterogeneous distribu-
tions of some strongly incompatible elements. All of
our data reported above demonstrate geochemical and
isotopic similarities of the chilled glasses from the axial
high and the western wall of the rift valley at 17°09′–
17°18′ N and 29°–34° N, which led us to ascribe the
magmatic products in the rift valley north of 17° N to
the N-MORB family. Low-K spreading basalts (N-
MORB) at 29°–34° N, 12°49′ N, and north of 17° N are
characterized by high H2O/K2O ratios, which provide
evidence that H2O dominated over K2O in the mag-
matic source. It is also reasonable to think than the
magmatic sources of N-MORB at 29°–34° N are
locally heterogeneous with respect to H2O content. The
examined MAR segments show basically different Cl
concentrations in their chilled glasses: the axial ridge
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zone between 29° and 34° N is characterized by much
lower Cl concentrations in the glasses than the anoma-
lous MAR segments at 12°–17° N. The character of
variations in the S concentrations in the glasses demon-
strates stronger fractionation of the melts that produced
P-MORB at 12°–17° N compared to the melts that gave
rise to N-MORB in the MAR axial zones between 29°
and 34° N, which may reflect the effect of a low-tem-
perature hydrothermal process on the rocks, which is
also pronounced in the Sr isotopic composition of the
sample.

Signatures of plume magmatism are clearly pro-
nounced within a long MAR interval between 12° and
17° N, which includes two sharply localized zones of
plume magmatism at 15°02′ N and 16°07′ N. These
localized zones display the lowest degrees of melting in
the magmatic sources. Judging from our data, the most
enriched basaltic glasses from the area correspond to
the lowest pressures of cotectic crystallization. Evi-
dently, the parental melts of P-MORB in these localized
areas ascended to the surface from shallow magmatic
chambers. This idea is consistent with the model for the
genesis of enriched MORB in the Central Atlantic (Hal-
liday et al., 1995), which assumes the existence of near-
surface fractionated (NSF) sources beneath the axial
zone of the ridge, which are characterized by high
206Pb/204Pb ratios, i.e., having isotopic–geochemical
signatures close to HIMU. The products of plume mag-
matism at 12°–17° N are generally characterized by

lower H2O/K2O ratios that those of N-MORB from
29°–34° N but much higher Cl concentrations. These
geochemical features are most conspicuous in the
localized plume sources at 15°02′ and 16°07′ N.

The MAR segment between 12° and 17° N is char-
acterized by shortwavelength compositional segmenta-
tion along its axis and local geochemical heterogeneity,
which is manifested in the concentrations of trace ele-
ments and REE in the chilled glasses across the trends
of some segments of the MAR rift valley. It has been
demonstrated (Dosso et al., 1991) that the rift valley of
MAR north of the 15°02′ transform fault contains
basalts geochemically belonging to N-MORB, and
their degree of enrichment increases from north to
south. This geochemical phenomenon was interpreted
(Dosso et al., 1991) as reflecting the influence of an
anomalous mantle magmatic source situated in the area
of 14° N. At the same time, Sobolev et al. (1992)
reported data testifying to the existence of another
(northern) maximum in the degree of enrichment of the
basalts in incompatible elements, which coincides with
the southern boundary of the transform fault (15°10′–
15°15′ N). Isotopic–geochemical data presented above
suggest that plume magmatism is widespread north of
the 15°02′ transform fault, within the northern MAR
segment, which was previously thought to be an area of
exclusively spreading magmatism. It should be added
that the level of the concentrations of strongly incom-
patible elements in the sharply localized geochemical
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Fig. 15. Variations in the composition of the chilled glasses in a K2O/TiO2 vs. H2O/K2O distribution and the major geochemical
types of basaltic associations in MAR segments between 12°49′ and 17°23′ N and between 29°59′ and 33°41′ N. See Fig. 2 for
symbol explanations.
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anomaly discovered in the course of our research at
16°07′ N is comparable with that at the geochemical
anomaly at 14°48′ N. The anomaly at 16°07′ N is likely
also reflected in the surface topography of the seafloor,
which shows there an axial high in the rift valley (Le
Douaran and Francheteau, 1981).

As was mentioned above, the chilled glasses from
the localized plume anomalies at 15°02′ N and
16°07′ N display geochemical differences in such indi-
cator parameters as the H2O/K2O and H2O/Ce ratios.
These differences can likely reflect the participation of
two mantle sources of plume magmatism in the genesis
of P-MORB in these MAR segments, with these
sources characterized by different H2O concentrations.
The possibility of the participation of two mantle
source in MAR magmatism between 12° and 17° N is
illustrated in Fig. 15, which exhibits the variations in
the H2O/K2O and K2O/TiO2 ratios in our collection of
chilled glasses. The diagram shown in Fig. 15 suggests
the occurrence of three major magmatic MORB series
in the Central Atlantic: (1) spreading (29°–34° N); (2)
transitional from spreading to plume, with isotopic–
geochemical signatures of the interaction of two com-
positionally contrasting magmatic sources (12°–17° N),
which corresponds to T-MORB; and (3) plume proper
(15°02′ N and 16°07′ N). This conclusion is consistent
with the currently adopted systematics of MORB,
according to which the whole diversity of the geochem-
ical types of MOR basalts can be described in
N-MORB vs. T-MORB vs. P-MORB space.

It is reasonable to suggest that melts were generated
in the MAR segment between 29° and 34° N from
depleted mantle sources like DM with a homoge-
neously distributed K2O/TiO2 ratio, in a geodynamic
environment typical of normal MAR segments. MAR
segments between 12° and 17° N combine contrasting
geodynamic environments of their magmatism that
determined the development of a large plume region
with widespread mixing of the melting products of
geochemically distinct mantle sources. At the same
time, this region was characterized by conditions favor-
able for the origin of sharply localized zones of anom-
alous magmatism of the plume type. These sporadic
magma sources are spatially restricted to MAR seg-
ments with Hess crust (with the predominance of man-
tle peridotites), whose mechanical and compositional
characteristics may facilitate the focusing and localiza-
tion of plume magmatism.

Thus, one of the most principal geochemical param-
eters in the discrimination of mantle magmatic sources
that generate N-MORB and P-MORB in MAR in the
northern hemisphere may be the H2O/K2O ratio. Low
values of this ratio in true MORB, whose 206Pb/204Pb
ratios are the closest to those of mantle sources with
HIMU signatures, are determined by high K2O concen-
trations in the magmatic source. The data presented
above provide evidence of variations in the Cl concen-
trations and the Cl/K ratio in the chilled glasses of N-

MORB and P-MORB. Persistent correlations between
these parameters and isotopic–geochemical indicators
of the nature of mantle sources parental for the glasses
provide sound grounds to believe that the variations in
the Cl concentrations and Cl/K ratio in these glasses
most probably reflect the geochemical specifics of the
mantle magmatic sources but not a result of assimila-
tion of altered crustal material. With regard for data on
and considerations of Cl behavior in the magmatic sys-
tem of MOR presented in (Michael and Cornell, 1998),
an alternative explanation can be proposed for this fact
based on the assimilation of the material of ancient
recycled oceanic lithosphere by the parental melts.
However, in such interpretation of the Cl distribution in
MORB chilled glasses, it should also be concluded that
the Cl concentrations in the crustal contaminant in the
plume segments of the MAR axial zone (particularly, in
the sharply localized segments) should be higher than
in the contaminated material of normal MAR segments.

The comparison of the results obtained in our
research with currently available information on the
geochemical segmentation of MAR allowed us to hope
that the MAR segment immediately north of 16° N is
highly promising for searches for new hydrothermal
fields. The high-gradient geochemical anomaly discov-
ered in this MAR segment and the wide occurrence of
mantle residues in it are mandatory attributes of hydro-
thermal fields recently found south of the 15°02′ trans-
form fault zone.
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