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Abstract

The largest known mid-ocean-ridge off-axis lava flow field occurs slightly off-axis near 14 °S along the East Pacific Rise
(EPR). It comprises at least four volcanologically discrete units. We collected lava samples from 24 sites within the off-axis lava
field and 7 sites on the adjacent ridge crest using the Shinkai-6500 submersible. The lava field comprises at least three distinct
MORB compositions, all of which are different from the lavas collected from the nearby ridge axis. The east and west cones and
the northern lobe of the lava field consist of normal MORB (N-MORB) lavas with a low concentration of incompatible elements
and low LILE/HFSE and LREE/HREE ratios. By contrast, the samples from the west plain of the field have a higher concentration
of incompatible elements and higher LILE/HFSE and LREE/HREE ratios indicating T-MORB character. The lava samples
collected from the summit of the east cone show the highest concentration of LILE elements and LREEs among the lava field (E-
MORB lava). The N-MORB of the off-axis lava field are more depleted in incompatible elements than the adjacent EPR axis lavas,
possibly reflecting the re-melting of the residual mantle in the off-axis region. The E-MORB lava was probably derived from fertile
mantle that did not undergo melting beneath the spreading center. T-MORB, which occupies the main part of the 14 °S lava field, is
the product of magma mixing between N-MORB and E-MORB magmas.
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1. Introduction

Recent surveys along the mid-ocean ridge system
have revealed the existence of many “off-axis” lava
fields close to the East Pacific Rise (EPR), the fastest
spreading center on the earth [1–4]. The presence of
these off-axis fields indicates that the magmatic
activity of the mid-ocean ridge system is not limited
to the ridge axis but is spread over several kilometers
extending away from the spreading center and
includes off-axis volcanism. Off-axis volcanic activity
adds to the pile of lava layers at the off-axis area.
More than half of the extrusive layer of the EPR was
possibly emplaced in the off-axis region [5,6],
suggesting the importance of off-axis magmatism in
the development of fast-spread ocean crust. Under-
standing emplacement mechanisms and the petrology
and geochemistry of off-axis lava flows is therefore
essential to comprehensively understand the evolution
of the oceanic crust and the magmatic plumbing
systems in fast-spreading ridges.

To investigate the off-axis magma plumbing
process in the EPR region, we surveyed the distribu-
tion of an off-axis lava flow field on the western flank
of the EPR 14 °S region and collected lava samples
from it during the NIRAI-KANAI Cruise (YK04-07)
in July–August 2004 using the R/V Yokosuka and
Shinkai 6500 submersible of JAMSTEC [7]. We
conducted four dives on the 14 °S lava flow field and
two dives on a nearby ridge crest ca. 30 km south of
the 60 center of the 14 °S lava field (Fig. 1). In
addition, we conducted one submersible dive on an
off-axis seamount at 16 °S. These dives provided the
first bottom observations of large off-axis lava field
and the volcano-tectonic features of the ridge axis in
this region. In this paper, we present the results of
the petrological examinations of the 14 °S lava flow
field.

2. Geographical and geological features

The 14 °S off-axis lava flow field occurs along the
western flank of the EPR, 2–19 km from the nearby
ridge axis. The lava field spreads from 13°40′S to
14°07′S and covers an area of approximately
49 km×16 km (Fig. 1A, B). The total area of the lava
field is 420 km2 and its volume exceeds 24 km3. Side-
scan sonar images reveal the 14 °S lava field is
recognized as a region of higher sonar backscatter as
compared to the surrounding seafloor (Fig. 1C) [7]. This
indicates that a thinner cover of soft sediment exists on
this field.
The lava flow field can be divided into four volcanic
domains based on topographic character: the east cone,
west plain, west cone, and northern lobe (Fig. 1A, B).
The east cone is a volcano with flat top and surrounded
by arcuate terraces. The summit of the east cone is
2.5 km from the present spreading axis. The volcano is
approximately 6 km across at the base and 350 m in
height. Small knolls, several tens of meters high, exist
on the flat top of the volcano. The surface of the cone is
covered with pillow lava running down from the
summit. Lavas erupted from the east cone cover an
area of approximately 72 km2 and the estimated volume
of the east cone is 7.2 km3.

The west plain comprises the central portion of the
14 °S off-axis lava field, covering an area of
approximately 251 km2, which is larger than that of
the previously largest-known off-axis lava on the EPR
[8]. Assuming the average thickness of the lava of the
west plain to be 50 m, the total volume is estimated to
be 12.6 km3. An alignment of the low ridges running
along the NNE–SSW direction occurs along the
highest region of the west plain. From the topographic
character and flow structure of the lava, this ridge is
likely to be an eruptive fissure of the central lava flow.
The main part of the west plain is characterized by
smooth-surface sheet flows with many collapse pits
and fissures.

The west cone is a circular flat-top seamount with a
diameter of 4 km and height of nearly 350 m with
smaller satellite cones aligned parallel to the present
ridge axis. The lava flows from the west cone are best
exposed at the western foot of the west cone and the
eastern half is probably covered by the lavas of the west
plain. The lavas of the west cone and the minor satellite
cones are exposed over an area of about 74 km2. The
total volume of the west cone is estimated to be
approximately 4 km3. The sides of the west cone were
covered by elongated pillow lava running down the
slope. The sonar backscatter is the weakest on the west
cone of the 14 °S off-axis lava field (Fig. 1C). This
suggests that the west cone has the thickest sediment,
and is likely the oldest part of the 14 °S off-axis lava
field.

The northern lobe, which is characterized by a shield-
like rise, is 7.5 km long and 4 km wide with a narrow
branch extending along a graben to the north. The
northern lobe covers an area of 22.3 km2. Its volume is
estimated to be 2.1 km3. In the 14 °S lava field, the sonar
backscatter is the highest for the northern lobe (Fig. 1C),
which suggests that this region might be the youngest
part of the lava field. The surface of the northern lobe is
covered by pillow lava.



Fig. 1. (A) Bathymetry map of the 14 °S off-axis lava field. Counter interval is 50 m. The outlines of the each flow unit of the off-axis lava are shown
by black line. WC: west cone, WP: west plain, EC: east cone, NL: northern lobe. Broken lines show the submersible track of each dive and the
numbers attached each line are dive number. (B) Relief map of the 14 °S off-axis lava field. (C) Backscatter intensity image of the side scan sonar of
the 14 °S off-axis lava field. Higher intensity is shown as darker area.
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In order to estimate the emplacement age of the flow
field, sediment thickness was measured along the survey
track by the sub-bottom sonic profiler of GSJ/AIST
attached to the Shinkai 6500 submersible. The sea-
floor age at the edge of the lava field is estimated as
120±5 ka, based on a linear interpolation of the local
plate spreading rate between the ridge axis and the edge
of the Jaramillo chron, where it is covered with 2 m of
sediment. Based on the thickness of the sediment and
the age of the basement, we estimate the average
sedimentation rate in this area as approximately
0.017 m/kyr. Using this sedimentation rate we calculate
an emplacement age of the lava of the west plain that is
covered with 0.3–0.4 m of sediment to be 18–24 ka.
Thinner sediment cover on the east cone and north lobe
suggests even younger ages for these areas.

3. Sampling and methods

We collected lava samples from 24 sites within the
lava field and 7 sites on the ridge crest in the 14 °S area.
Also, we conducted one submersible dive on an off-axis
seamount near 16 °S where 6 lava samples were
collected. The tracks of submersible dives in the 14 °S
area are shown in Fig. 1A. One or two pieces of lava were
collected from each sampling site. The whole-rock
compositions of the lavas were determined at the
Geological Survey of Japan/AIST using X-ray fluores-
cence (XRF) and inductively-coupled plasma mass
spectrometry (ICP-MS). Rock chips (ca. 50 g) were
ultrasonically cleaned and then soaked in distilled water
at 70 °C for 4 to 5 days to remove seawater contamina-
tion. The rock chips were then pulverized using an agate
mortar. The major elements were analyzed by a Philips
PW1404 spectrometer using glass beads prepared by the
fusion of 0.4 g of the samples and lithium tetraborate in the
ratio of 1:10 [9]. In general, the external error and accu-
racy in the process were<2% for the major elements. The
concentrations of trace elements and rare-earth elements
(REE) were analyzed by ICP-MS on the Micromass
Platform ICP using a VG Plasmaquad PQ2+ instrument.
Approximately 200 mg of powder was dissolved in HF-
HNO3. After evaporation to dryness, the samples were re-
dissolved in 2% HNO3 [10]. The reproducibility is better
than±4% (2 S.D.) for the REE, Rb, and Nb and better
than±6% (2 S.D.) for other elements. These results are
reported in supplementary Table 1.

The strontium and helium isotopic compositions for
representative samples were determined. A VG sector
mass spectrometer at the Geological Survey of Japan/
AIST was used for the analysis of the strontium isotopic
composition according to the procedure described by
Nakajima et al. [11]. The 87Sr/86Sr ratios were normal-
ized to 86Sr/88Sr=0.1194. Repeated analyses of the
NBS987 standard during this study gave a 87Sr/86Sr ratio
of 0.71025±0.00002 (1σ). The helium isotope composi-
tions were determined at IFREE/JAMSTEC using both
crushing and powder melting gas-extraction techniques
with a GVI5400 noble gas mass spectrometer. Typically,
0.2–1.0 g of glass chunks were selected and ultrasoni-
cally cleaned with 1% HNO3, acetone, ethanol, and de-
ionized water to remove surface contamination. After the
crushing gas extractions, the crushed samples were
retrieved and wrapped in Al-foil for melting gas
extractions (powder melting). The helium amounts were
calibrated by repeated measurements of diluted air whose
volume was also calibrated by EB-1 radiogenic argon
standard [12]. The measured 3He/4He ratios were
calibrated by HESJ helium gas standard and corrected
for instrumental mass discrimination [13]. All the
reported data were blank corrected. Further instrumental
details are reported in [14].

4. Results

4.1. Petrography

All the rocks are relatively unaltered in hand sample
and thin section, although minor weathered skins are
observed on some glassy surfaces. A major portion of
the lava of the west plain is almost aphyric with a very
minor volume of plagioclase phenocryst of up to 1.5 mm
in length. Some plagioclase-phyric lavas were found at
the east and west cones. These contain up to 5 vol.% of
plagioclase crystals (An=69–83) several mm in length.
Further, minor olivine microphenocrysts (Fo=80–89)
less than 1 mm in length are present.

4.2. Whole-rock compositions

4.2.1. Off-axis lava
The samples collected from the off-axis lava field

have whole-rock MgO contents ranging from 6.5 to
8.8 wt.% and whole-rock FeO⁎/MgO ratios ranging
from 1.0 to 2.0. The 14 °S off-axis lavas can be divided
into distinct compositional groups, corresponding to the
morphological divisions of the lava field described
earlier (Fig. 2). The lava of the west plain ranges from
6.5 to 7.8 wt.% MgO, while that of the east and west
cones ranges from 7.2 to 8.8 wt.% MgO, showing that
the lava of the west plain is more fractionated compared
to the east and west cones. It appears that the 14 °S off-
axis lavas can be divided into three groups based on the
whole-rock K2O contents: low potassium N-MORB,



Fig. 2. Whole rock compositions of the 14 °S off-axis lavas and ridge crest lava plotted against whole-rockMgO content. Dashed lines show the range
of the reported composition of the EPR ridge-axis lava [9,10]. Compositional range of N-MORB, T-MORB and E-MORB groups of 14 °S off-axis
lava are shown in TiO2, CaO and K2O diagrams.
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higher potassium T-MORB, and very high potassium E-
MORB (Fig. 2). The N-MORB group has higher CaO
and lower TiO2 and K2O concentrations at a given MgO
concentration (CaO=11.3–12.5 wt.%, TiO2=1.1–
1.6 wt.%, K2O=0.06–0.16 wt.%) and was found on
the east cone, west cone, and northern lobe. The T-
MORB group was found on the west plain and has lower
CaO and higher TiO2 and K2O concentrations at a given
MgO concentrat ion (CaO = 10.7–11.2 wt.%,
TiO2=1.8–2.3 wt.%, K2O=0.16–0.21 wt.%). Samples
828-5 and 828-6 collected from the summit of the east
cone comprise the E-MORB group having the highest
K2O content (0.46 wt.%) among the 14°S lava samples.
These three groups reveal discrete compositional trends
that are unlikely to have evolved from a common
parental magma by fractional crystallization of plagio-
clase and olivine.
N-MORB lavas exhibit a lower concentration of
REEs compared to the T-MORB (Fig. 3A). Primitive
mantle-normalized abundances of REEs in the N-
MORB lavas are less than 9, whereas the corresponding
HREE values in the T-MORB lava exceed 9. All the off-
axis lava samples, except those of the E-MORB lavas
(samples 828-5 and 828-6), show LREE-depleted
patterns (Fig. 3). The range of primitive mantle-
normalized La/Sm ratios is 0.73–1.01 for the N-
MORB lavas (except for 828-1) and 0.95–1.11 for the
T-MORB. The E-MORB lavas exhibit a LREE-enriched
character with La/Sm ratio of 2.1.

4.2.2. Ridge-axis lava
The lava samples collected from the ridge axis

adjacent to the 14 °S off-axis lava field have whole-rock
MgO contents ranging from 7.1 to 7.5 wt.% (Fig. 2), and



Fig. 3. A: Primitive mantle normalized trace element abundances of the 14 °S off-axis lava, B: 14 °S ridge-axis lava, C: trace element abundance of
the 14 °S off-axis lava normalized by the averaged composition of the 14 °S ridge-axis lavas.
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have relatively high concentrations of incompatible
elements – especially K, Rb, and Nb – compared to the
reported N-MORB lavas of the EPR axis [15] (Fig. 2).
Zr/Nb ratios of the ridge-axis lavas near 14 °S range
from 13.7 to 34.7, suggesting a T-MORB-like character
(Supplementary Table 1). Within the 14 °S region, the
concentrations of Ti, Y, and Zr in the ridge-crest lavas
are comparable to those in the N-MORB of the east and
west cones, and lower than those of the T-MORB of the
west plain. The concentrations of K, Ba, Rb, and Nb in
the ridge-crest lavas of the 14 °S region are higher than
those in the N-MORB lavas of the east cone and similar
to or higher than those in the T-MORB lavas of the west
plain. The Nb/Y and K/Ti ratios in all the ridge lava
samples, except for sample 830-1, are higher than those
in the T-MORB of the west plain. The primitive mantle
normalized REE concentrations in the ridge-axis lavas
range from 5.7 to 10.6, except for sample 830-1 (Fig. 3B).
The primitive mantle normalized La/Sm ratios in the
ridge-axis lavas, except for sample 830-1, range from



Fig. 4. Whole-rock Ti/K, Zr/K and Y/K ratios of the representative
samples of the off-axis lava field plotted against their whole-rock
87Sr/86Sr ratio. Filled circle: N-MORB, open square: T-MORB; gray
circle: E-MORB.
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1.05 to 1.36, which is higher than the average value for
the 14 °S off-axis lavas (Supplementary Table 1).

4.2.3. Isotopic compositions
The whole-rock 87Sr/86Sr ratio of six representative

lava samples of the 14°S off-axis lava field ranges
between 0.70241 and 0.70269 (Supplementary Table 1).
The E-MORB sample (828-6) shows higher 87Sr/86Sr
ratio (=0.70269) compared to the other N-MORB and T-
MORB samples (<0.70256) of the 14°S off-axis lava
field. The 87Sr/86Sr ratios of the two T-MORB lavas of
the west plain (832-5 and 833-2) are 0.70249 and
0.70252, significantly higher than that of the two N-
MORB lavas (833-1 from the east cone and 833-7 from
the west cone). Samples 828-1 and 834-4, which were
collected from the east cone and the north lobe with
higher K, Rb and LREE content, has higher 87Sr/86Sr
ratio (=0.70256) than other N-MORB lava. The
87Sr/86Sr ratio of the off-axis lava show good negative
correlation with Ti/K, Zr/K and Y/K ratios (Fig. 4).

The volatiles extracted from glass collected from the
chilled margins of the lava are fairly abundant in helium:
up to 3×10−6 cm3 STP/g by crushing and 1×10−5 cm3

STP/g by melting. The helium gas concentration is fairly
high in the case of the N-MORB lavas (e.g. [17]). All six
glass samples collected in the off-axis lava field exhibit
3He/4He ratios that are 8.13–8.98 times the atmospheric
value (RA) (Table 1), and the ridge-axis sample (830-2)
has 3He/4He ratios of 8.74 RA. These values are well
within the global variation of MORB and below the
values observed at some high-He hotspots [18]. Except
for the E-MORB sample (828-6), no clear sign of the in
situ ingrowth of 3He/4He ratio was obtained from powder
melting gas extraction. This appears to be consistent with
fairly young age of the lava field, ca. 20 ka, obtained from
sediment thickness calculation. On the surface of sample
828-6, an abundant reddish-brown colored rusty adherent
and apparent devitrification were observed; this suggests
that the glass chunk of 828-6 under study was subjected
to hydration, which resulted in the loss of He and
seawater contamination. Both seawater contamination
and helium loss prior to the in situ ingrowth of 4He
decrease the 3He/4He ratio; however, the accumulation of
4He in 20 kyr does not exceed 1×10−9 cm3 STP/g for 0.8
ppm Th. This accumulation is not sufficient to decrease
the 3He/4He ratio of sample 828-6, extracted by the
powder melting method, from 8.8 RA to 8.1 RA.

4.2.4. Comparison with other off-axis lavas of EPR
Many lava compositions of the off-axis volcanoes in

the EPR region have been reported [19–21]. Although
the compositions of these volcanoes show wide
variations from N-MORB to E-MORB, the Ti, K, Rb,
Y, and Zr concentrations in most of the off-axis
volcanoes are comparable to those in the N-MORB
lavas and lower than those in the T-MORB lavas at a
given MgO concentration [19]. The major element
compositions of the 8°17S lava [16], which is another
example of the large off-axis lava field at EPR, are
similar to those of the N-MORB lavas of the 14 °S off-
axis field (Fig. 2). One of the important characteristics of
he 8 °S off-axis lava is compositional uniformity: a
major part of the 8 °S lava consists of N-MORB-like
lava although up to four distinct compositional groups
can be recognized [16]. The 14 °S lava is, by contrast,
complex containing N-MORB, T-MORB, and E-
MORB lavas. While the 8 °S lava exhibits a composi-
tional similarity to the adjacent EPR ridge lava [16]; this
is a clearly not the case with the lavas from the west
plain of the 14 °S lava field, which have higher Ti and K
concentrations than the adjacent axial lavas.
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5. Discussion

5.1. Multiple plumbing systems

The co-existence of different types of volcanoes,
including conical volcanoes and flat lava, within the
14 °S lava field indicates that the lava field does not
comprise a single flow but rather is the product of at
least four different erupted units, each with its own
discrete vents and with different effusion styles. The
west and east cones and the northern lobe consist of a
pile of pillow lava, suggesting the lava extraction at a
low effusion rate. The west plain, which forms a major
portion of the off-axis lava field, has a low-angle shield-
like shape and is characterized by a widely distributed
sheet flow, suggesting that a short eruption occurred
with a high effusion rate [22,23].

The eruption of magma more than 10 km3 within a
short period for the west plain requires the storage of all
the erupted magma prior to the eruption. The evolved
compositional character of the lava of the west plain
(MgO=6.5–7.8 wt.%) supports the existence of magma
storage which allowed crystal fractionation to occur. In
contrast, the continuous low effusion rate eruption for the
west and east cones does not require storage and
Table 1
Summary of helium measurement of 14°S off-ridge lava, EPR

Sample Locality Rock type Extrac

Off-Axis
828-1 East cone N-MORB Crush

Powde
Total

828-6 East cone E-MORB Crush
Powde
Total

832-5 West plane T-MORB Crush
Powde
Total

833-2 West plane T-MORB Crush
Powde
Total

833-7 West cone N-MORB Crush
Powde
Total

834-4 North lobe N-MORB Crush
Powde
Total

On-Axis
830-2 Ridge axis N-MORB Crush

Crush
Powde
Total

Note: analytical uncertainties are generally 2% helium concentration, respec
accumulation of a large magma reservoir prior to
eruption. The less-evolved petrological character of
these lavas (MgO>7.2 wt.%) is consistent with the
absence of the salient evidence for crystal fractionation
process within the magma storage. Sinton et al. [24]
reported a similar relationship between the lavas from the
fissure eruptions and shield volcanoes in Iceland
volcanoes: lavas that erupt from fissures with a high
effusion rate have a more evolved composition than that
of shield volcanoes with a lower effusion rate, indicating
the presence of a large magma storage in the crust during
the fissure eruption. In the 14 °S region of SEPR, discrete
plumbing systems and probably separate events com-
bined to form the off-axis lava complex shown in Fig. 1.

5.2. Depleted and heterogeneous sources

All the lava samples collected from the 14 °S off-axis
lava field are compositionally distinct from those
collected from the adjacent EPR axis, indicating that
the source of the 14 °S off-axis lava is independent from
the magma system beneath the EPR. The N-MORB and
T-MORB lavas that comprise the major portion of the
14 °S off-axis lava field, are characterized by lower
LILE/HFSE element ratios and LREE/HREE ratios, as
tion [4He] (μccSTP/g) 3He/4He(R/RA)

×30
r melting

0.89 8.92±0.11
4.54 8.76±0.07
5.43 8.79±0.06

×30
r melting

0.11 8.79±0.10
1.61 8.09±0.08
1.72 8.13±0.07

×100
r melting

2.23 9.12±0.06
2.16 8.84±0.07
4.39 8.98±0.05

×100
r melting

0.75 9.22±0.10
4.06 8.55±0.09
4.81 8.66±0.08

×100
r melting

1.95 8.56±0.03
1.27 8.82±0.05
3.22 8.66±0.03

×100
r melting

2.17 8.51±0.03
7.46 8.80±0.04
9.64 8.74±0.03

×30
×100
r melting

0.75 8.84±0.03
0.39 8.91±0.05
4.39 8.72±0.04
5.54 8.74±0.03

tively.
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compared to the lavas collected from the nearby EPR
spreading axis during our cruise (Fig. 3). The depleted
compositional character of the 14 °S off-axis lavas is
consistent with formation by remelting of the residual
mantle previously melted beneath the spreading center.
Depleted off-axis lavas were also reported in the
northern EPR region [25] and Oman ophiolite [26];
and they suggest that the remelting of the residual
mantle may be a common source of off-axis lava. The E-
MORB lavas (samples 828-5 and 828-6), collected from
the summit of the east cone, with extremely high K and
Rb contents and enriched LREE, were most probably
derived from a relatively undepleted mantle that did not
undergo melting beneath the spreading center. The
difference of the strontium isotope composition between
the N-MORB and E-MORB (Fig. 4) also indicate that
they are derived from discrete mantle sources. The
existence of E-MORB lavas in the 14 °S off-axis lava
field indicates compositional heterogeneity within the
source mantle, as proposed in other EPR areas
[15,16,19–21].

The whole-rock composition of the aphyric lavas of
the N-MORB, T-MORB and E-MORB of the 14°S lava
field are plotted on a normative olivine–plagioclase–
quartz ternary projection [28] to estimate the melting
pressure [29] (Fig. 5). Lavas with evolved composition
(FeO⁎/MgO>1.5) are excluded from the plot to avoid
the effect of crystal fractionation. Both N-MORB and T-
MORB lavas of the 14°S lava field plot close to the
Fig. 5. Whole-rock composition of the 14 °S off-axis lavas plotted on a norm
after Hirose and Kushiro [29].
isobaric line of 1 GPa of Hirose and Kushiro [29]
suggesting that there is no significant difference of
melting pressure for these lavas (Fig. 5).

The compositional heterogeneity between the ridge-
axis lava and off-axis lava in the 14 °S area and the
range of the helium isotope variations of these lavas
over the area rule out the possibility of the contribution
of a deeper mantle source such as a hot-spot-like
component, in contrast to the samples of the 17 °S
region [27]. These results suggest that the origin of the
magma comprising the lava field is essentially similar
to or well within the normal mid-ocean ridge system,
and the compositional diversity within this area re-
presents the heterogeneity within the mid-oceanic ridge
system.

5.3. Origin of T-MORB lava

The T-MORB lava of the west plain is characterized
with higher concentration of K, Rb and LREE,
comparing to the N-MORB lava of the east cone, west
cone and northern lobe. The T-MORB lavas also have
higher 87Sr/86Sr ratio than that of the N-MORB lavas.
This lava composition can be modeled by mixing 10–
20% of E-MORB magma, such as 828-6, into N-MORB
magma (Fig. 6). The strontium isotope compositions
also support the idea that the T-MORB magma of the
west plain can be formed by the mixing of the depleted
N-MORB magma and enriched E-MORB magma (Fig.
ative olivine–plagioclase–quartz ternary projection. Isobaric lines are



Fig. 6. Incompatible element concentration plotted against the K2O concentration. Symbols are in Fig. 2. Broken lines show the mixing relationship
between the averaged composition of N-MORB lava (K2O<0.1 wt.%: gray star) and E-MORB lava (828-5 and 6; filled star) of the east cone. Open
star shows the assumed composition of the parental magma of T-MORB group.
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4). Some lava samples (828-1 and 828-2) collected from
the east cone also have T-MORB like character and they
also can be formed by mixing of E-MORB magma with
N-MORB magma (Fig. 6).

Relatively constant incompatible element ratios, such
as K, Ti, Zr, Y and Nb, among the T-MORB lavas
suggest homogenization during magma storage. We
suggest that N-MORB and E-MORB magmas were
generated in discrete source regions, gathered into a
shallow reservoir, and mixed before eruption. Storage of
magma in a shallow reservoir also promotes cooling and
fractional crystallization. Evolved composition of the T-
MORB lava of the west plain, with low MgO
concentration (6.5– 7.8 wt.%), indicates olivine fractio-
nation during their storage. Mass balance calculation
indicated that crystal fractionation of 4.9 wt.% of
plagioclase (An=77) and 1.6 wt.% of olivine (Fo=88)
from the hybrid magma (85% of the magma with the
averaged composition of the N-MORB lavas of the east
cone and 15% of the E-MORB with 828-6 composition:
shown in Fig. 6 with open star) can produce a magma
with averaged composition of the T-MORB lavas of the
west plain.

5.4. Comparison with the 8 °S off-axis lava

The only off-axis lava field comparable to the 14 °S
field described here is that at 8 °S [16]. The 8 °S lava
field is predominantly composed of sheet lava with a
flat surface that erupted from a vent on the eastern
slope of the ridge rise within 2.5 km from the spreading
center [8]. The 8 °S lava has a very low aspect ratio of
its topography with a smooth surface, suggesting a high
effusion rate during a short eruption like that of the
west plane of the 14 °S lava field. The petrological
character of the 8 °S lava is similar to that of the lavas
collected from the nearby ridge crest [16]; this suggests
that the 8 °S lava might have been directly supplied
from a magma reservoir beneath the spreading ridge
center. The 14 °S lava, by contrast, has a more depleted
composition as compared to those of the adjacent
ridge-crest lavas similar to the lavas of many off-axis
seamounts and flows reported in the EPR region. This
indicates that the plumbing system of the 14 °S off-axis
volcano is disconnected from the magma system of the
spreading center, although the eruption occurred only
3 km from the ridge center. Seismic surveys along the
southern EPR indicate that the sub-axial melt lens is
typically<1.5 km wide [30] and this is consistent with
the idea that the roots of the 14 °S off-axis flow was
disconnected to the magma system of the adjacent
ridge axis.

One of the prominent differences between the 8 °S and
14 °S lava flow field is the geologic setting. Location of
the 14 °S off-axis flow field coincides with the
intersection of the EPR axis and the Sojourn Seamount
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Chain– Sojourn Ridge, one of the major intraplate ridges
in the EPR region [7]. Upwelling of the mantle return
flow has been suggested as the cause of the volcanic
activity of Sojourn Seamount Chain– Sojourn Ridge
[7,31]. Fragments of fertile mantle carried by the
upwelling flow could produce the E-MORB magma
observed in the 14 °S off-axis lava. This upwelling would
also assist the remelting of the residual mantle to produce
N-MORB magma that is more depleted than that of the
adjacent spreading center. In this way, the mantle return
flow model also provides a mechanism to generate the
14 °S off-axis lava which is petrologically different from
that of the adjacent ridge axis. By contrast, no seamount
chain is associated with the 8 °S off-axis flow. The
petrological similarity between the 8 °S off-axis and its
adjacent spreading center [16] suggests that the source of
the off-axis lava flow is connected to the spreading center
and effect of any additional upwelling flow is negligible.
The magma source, plumbing system, and eruption style
are different for the two large off-axis lava fields in the
8 °S and 14 °S regions; this illustrates the diversity of the
near-axis lavas in a fast spreading system.

6. Conclusions

(1) The off-axis lava field discovered in the 14 °S area
of the EPR consists of at least four discrete areas
including the two volcanic cones and two flat lava
flows. This morphological difference among these
segments reflects the effusion rate and duration of
eruption.

(2) The 14 °S off-axis lava can be divided into three
discrete groups based on chemical composition:
N-MORB lava with low LILE/HFSE and LREE/
HREE ratios, comprising the east and west cones
and the northern lobe; T-MORB lava with high
LILE/HFSE and low LREE/HREE ratios com-
prising the west plain; and E-MORB lava with
extremely high concentrations of LREE and LILE
collected from the summit of the east cone.

(3) Depleted character of the N-MORB lavas in the
off-axis region, in comparison to the adjacent
ridge-axis lavas, suggests the remelting of mantle
previously melted beneath the EPR. A part of
magma was derived from a fertile mantle that
might have escaped melting beneath the ridge
axis. Helium isotope composition suggests no
contribution of hot-spot like deep source to these
magmas.

(4) The incompatible element concentration and the
strontium isotope composition indicate that the
mixing between N-MORB and E-MORBmagmas
produced T-MORB magma. Crystal fractionation
within a shallow magma reservoir enhanced the
evolved character of T-MORB.
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