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Abstract

Samples of volcanic rock, collected from the flanks of the East Pecific Rise at 10°30'N, were used to investigate changes
in the geochemistry of magmatism at the ridge axis, over the past 800 ka at this location. We show that there have been
large variations in the major element chemistry of the lavas erupted at the spreading axis on this ridge segment over this
period. For example, the average MgO content of lavas erupted at the ridge axis increased from about 3.0% at 600 ka,
to about 7.0% at 300 ka. Since 300 ka the average MgO content has systematically decreased, and the average MgO
content of lavas collected from within the neovolcanic zone at 10°30'N is 6.0%. These tempora changes in major element
chemistry are not accompanied by systematic changes in isotope composition or incompatible trace element ratios, and are
interpreted to reflect changes in the average rate of supply of melt to the ridge axis during this period. The data support
previous arguments that changes in melt supply rate over periods of 100—1000 ka have an important influence on the major
element chemistry of the lavas erupted at fast spreading ridges. At 10°30'N, the melt supply rate appears to have been
relatively low for much of the past 800 ka. Samples younger than 50 ka, collected from within 3 km of the ridge axis at
10°30'N (inside the neovolcanic zone), have a smaller range in major element chemistry compared to the samples dredged
from the ridge flanks. Variations in the chemistry of lavas erupted over periods of less than about 100 ka may be controlled
by the geometry of the magma plumbing system beneath the ridge axis. [ 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent geophysical studies of the East Pacific
Rise (EPR) have provided evidence that an ax-
ial magma chamber (AMC) exists beneath many
segments of this fast-spreading ocean ridge [1,2].
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Magma chambers have an important influence on the
chemistry of the lavas that are erupted at the ridge
axis[3,4]. For example, convective mixing within the
AMC will tend to homogenize melt compositions,
and the systematic chemical variations observed in
the lavas erupted along several well-studied seg-
ments of the EPR may reflect chemically and ther-
mally zoned magma chambers beneath the axis [5,6].
Abrupt changes in mid-ocean ridge basalt (MORB)
chemistry often occur across discontinuities in the
mid-ocean ridge spreading system such as transform
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faults, overlapping spreading centers or devals, sug-
gesting that the magmatic plumbing system beneath
the ridge axis may be offset beneath such discon-
tinuities [5,7-10]. Geochemical variations between
adjacent ridge segments may also partly reflect dif-
ferences in the composition of parental magmas that
feed different segments [11-13]. Clearly, geochem-
ical studies can give important information on the
structure of the magma chambers that exist beneath
mid-ocean ridges [14]. However, many aspects of the
melt supply process and magma plumbing systems
beneath mid-ocean ridges are not well understood.
For example, the importance of focussed melt supply
to the magma chamber and along-axis flow of melt
at crustal levelsis not clear, nor is the relationship
between tectonic and petrological segmentation of
theridge axis.

Most geochemical studies of mid-ocean ridge
magmatism have centered on young lavas recov-
ered from close to active spreading centers, and as
a result, very little is known about the temporal
variations in the geochemistry of MORB erupted
a a single segment of the mid-ocean ridge system.
However, a knowledge of how magma chemistry has
evolved with time could provide important insights
into magma chamber structure and evolution. For
example, it is uncertain whether magma chambers
are steady-state features, in which melt supply is bal-
anced by melt loss by eruption along each segment of
the ridge, or whether the volume, composition, and
segmentation of the AMC system varies with time.
Several authors have proposed that variations in the
magma supply rate and magma chemistry may occur
over periods of 10-1000 ka [15-23], but because
systematic off-axis sampling has been so limited, the
timescales of temporal variations in MORB chem-
istry, and the processes which control these chemical
variations are not well understood.

Most previous studies of off-axis lavas from the
flanks of the EPR have been limited to samples
collected from within about 10 km of the ridge axis
[17,18,20]. In this paper, we present geochemical
data for a suite of lavas dredged from up to 50 km
from the EPR axis, on each side of the ridge axis (on
the Pacific and Cocos Plates, Fig. 1) at 10°30'N. We
show that these samples can be used to investigate
changes in the chemistry of MORB erupted at the
ridge axis over the last ~800 ka. The 10°30'N region

of the EPR is an idea place to study temporal
changes in the chemistry of MORB erupted on a
single ridge segment, because the structure of this
ridge segment isrelatively ssimple, and the along-axis
geochemical variation is well known. In addition,
this region of the EPR has been the focus of severa
detailed geological and geophysical studies, which
have provided insights into the structure of the crust
and the dimensions of magma bodies beneath this
ridge segment [24—26].

The samples we have analyzed were studied pre-
viously by Batiza et a. [21], who showed that
the variation in major element chemistry of lavas
dredged from the flanks of the EPR at 10°30'N is
much greater than in lavas from the seafloor up to
50 km from the ridge axis at 9°30'N and 11°20'N.
Batiza et al. [21] argued that at 9°30'N and 11°20'N,
steady-state magma chambers beneath the ridge axis
have buffered the compositions of the lavas erupted
over the past ~800 ka, whereas at 10°30'N the rate
of melt supply has been relatively low over the same
period, leading to larger variations in the average
temperature and composition of the magma chamber
beneath the ridge. In this paper, we report combined
major and trace element and Sr, Nd and Pb iso-
tope data for the samples from 10°30'N, in order to
examine in more detail tempora variations in the
chemistry of the lavas that have been erupted at this
location, and to use these chemical variations to con-
strain the evolution of the AMC system beneath this
ridge segment.

2. Tectonicsand geochemistry of the EPR at
10°30'N

Samples were collected from along a flowline
across the EPR axis at 10°30'N (about 25 km to the
north of the Clipperton Fracture Zone), during the
Phoenix 02 (R/V Melville) expedition. The samples
are from 40 dredges from out to a distance of about
50 km from the EPR axis on both the Pacific and
Cocos Plates (Fig. 1). The oldest samples were col-
lected from seafloor close to the Matuyama—Brunhes
magnetic reversal (about 800 ka). Most samples col-
lected from off-axis were dredged from fault scarps,
but closer to the ridge axis, an additional 30 samples
were recovered by a rock-coring technique, which
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Fig. 1. (&) Simplified tectonic map of the northern EPR, showing location of the studied area. (b) Simplified tectonic map of the EPR
between 9° and 12°N, to show the location of the samples dredged from off-axis during the Phoenix 02 expedition. (c) Cross-section
through the EPR axis. (d) Detailed map of the EPR at 10°30'N, showing locations of samples collected by dredging and rock coring.

allowed more dense sampling (~2 samples/km?) of Thisregion of the EPR is free of large seamounts,
an area of ~12 km? within ~3 km of the ridge overlapping spreading centers and other complexi-
axis. ties in the axia rift system. At 10°30'N, the ridge
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axis lies at a depth of ~2800 m, about 200-300 m
deeper than much of the EPR axisin thisregion, and
plunges southwards to a depth of over 3000 m at the
Clipperton Fracture Zone (CFZ). In contrast to much
of the axial system of the northern EPR, the axial
rise is poorly developed, and the ridge flanks have
a‘rough’ topography [21]. Such characteristics may
reflect a relatively low magma supply to the ridge
axis[27,28]. Much of the EPR between 9° and 14°N
is underlain by a seismic reflecting horizon which
has been interpreted as evidence for the presence
of magma chambers at a depth of between 1 and
2.5 km beneath the seafloor [1]. In contrast, an ax-
ia reflector has not been detected beneath the ridge
axis at 10°30'N, although the presence of a crustal
low-velocity zone suggests that melt is present, pos-
sibly in a mush zone [24]. At 10°30'N, the crusta
thickness is essentially normal (~5.5 km [24]), de-
spite the inferred low magma supply. On the other
hand, recent studies on the EPR have shown that
crustal thickness does not vary in any simple way
with magmabudget as inferred from ridge axis depth
or cross-sectional area[29,30].

The chemistry of MORB from the present-day
EPR spreading axisinthe 10°30'N regionisrelatively
well known. Thompson et al. [5] analyzed a suite of
lavas dredged from between latitudes 10° and 12°N,
and the 10°30'N region was also sampled by Lang-
muir et a. [8]. Lavas dredged from the ridge axis
between 10°20'N and 11°15'N display regular along-
axis variationsin major and trace element chemistry,
although lavas from close to the CFZ have more vari-
ablemagjor and trace element compositions [5]. These
geochemical gradientsled Thompson et a. [5] to sug-
gest that the ridge axisis underlain by acomposition-
aly zoned AMC which extends from the CFZ at its
southern end, to the 11°15'N overlapping spreading
center (OSC) in the north. The AMC was interpreted
to be supplied with melt beneath the shallowest part
of the ridge at 11°N, close to where the hottest, most
MgO-rich lavas have been erupted [5].

3. Analytical techniques

Major and trace element data for glasses from
10°30'N are given in Table 1, and Sr, Nd and Pb
isotope datain Table 2. Mgjor element analyses were

carried out by electron microprobe at LDEO and
SOEST, and al dataare normalized to a Smithsonian
MORB glass reference standard VG-2, whose work-
ing values (SiO,, 50.57 wit%,; TiO,, 1.85%; Al,Os,
14.06%; FeO;, 11.59%; MnO, 0.22%; MgO, 7.07%;
Ca0, 11.12%; NaO, 2.63%; K,O, 0.19%; P,Os,
0.20%) were agreed upon by J. Karsten, E. Klein and
Y. Niu in 1993, and which is used as an inter-labo-
ratory standard for MORB glass probe analyses. The
major element analyses are available as an EPSL
Online Background Data Set *. Trace element anal-
yses were carried out on a Fisons Plasmaquad Il in-
ductively coupled plasma mass spectrometer at The
University of Queendand; details of sample prepa-
ration and analytical conditions are given elsewhere
[31].

All trace element and isotope measurements were
carried out on handpicked glass chips. Material with
visible Mn oxide coating or alteration products was
discarded. Before digestion for trace element and
isotope analysis, samples were leached for 10 min
at room temperature in H,O,—HCI, in order to re-
move Fe-Mn oxide coatings from the glass. 100—
150 mg of glass was dissolved for Sr and Nd
isotope analyses, Pb isotope analyses were carried
out on a separate dissolution. Sr, Nd and Pb were
separated using standard ion-exchange procedures,
blanks were below 0.7, 0.4, and 0.2 ng for Sr, Nd
and Pb, respectively. All isotope measurements were
carried out at The University of Queensland on a
VG Sector 54-30 mass spectrometer in static mode.
For Sr and Nd analyses, an exponentia fractionation
correction was applied using ®Sr/%Sr = 0.1194 and
146Nd/¥Nd = 0.7219. Ten analyses of the NBS
987 Sr standard over the period of analysis yielded
875r/85r = 0.710267 + 15 (20), and five analyses
of an Ames metal Nd standard gave **Nd/*Nd
= 0.511969 + 9 (20). Data in Table 1 have been
normalized to values of 0.710248 and 0.511972 (the
value of the Ames Nd standard relative to a value
of 0.511855 for the La Jolla standard). Pb isotope
measurements were corrected for mass fractionation
(typically 1.4%0 per amu) determined from 2 to 3
analyses of the NBS 981 Pb standard during each
run.

1 http: //www.elsevier.nl /locate/epsl, mirror site:
http: / /www.el sevier.com/locate/ epsl
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4. Were the samples erupted at theridge axis?

Samples collected from off-axis can be used to
examine temporal changesin MORB chemistry, pro-
vided that flows on the ridge flanks were originally
erupted close to the ridge axis, so that their ages
may be estimated from the spreading rate. Previous
geochemical and geological studies of the EPR have
shown that although magmatism generally appears
to be limited to within about 2 km of the ridge axis,
flows may aso be emplaced up to at least 4 km off-
axis[32]. Sampling of the topmost flows on theridge
flanks (for example by rock coring) could therefore
preferentially sample younger flows emplaced off-
axis. However, most of the samples analyzed in this
study were dredged from fault scarps which expose
100-200 m of section, rather than the uppermost
flows at any dredge location. On the other hand,
talus from younger flows, or lavas from syntectonic
eruptions, may have covered the fault scarps [33].
An PAr—Ar study of 11 samples from the flanks
of the EPR between 9°30'N and 11°20'N found that
of 17 analyses, 4 analyses (of 3 different flows) gave
ages that were younger (at the 1o level) than the age
predicted from the spreading rate [34]. The average
error on the “°Ar—°Ar analyses is 75 ka, suggesting
that most of the flows sampled were emplaced within
about 4 km of the ridge axis.

The likely effect of sampling flows erupted off-
axiswill be an increase in the geochemical variation
observed at each dredge location. The symmetrical
variation in the average major element chemistry of
samples erupted on each side of the spreading axis
at 10°30'N (Fig. 2) cannot be explained by off-axis
magmatism. Samples from both sides of the ridge
axis have a similar range in mgjor element chem-
istry, and lie along broadly similar liquid lines of
descent (Fig. 3). In detail, there are differences be-
tween the most evolved samples (MgO <4.5%) from
each side of the axis, but the range of compositions
in Fig. 3bis similar to that seen in the evolved suite
of lavas erupted along the East Galapagos Rift [35].

The mean spacing of the dredge samples (~1.6
km) is comparable to the dimensions of individual
flows (less than about 1 km [36]), but smaller than
the half-width of the neovolcanic zone at the ridge
axis (less than about 4 km, as discussed above). The
dredge samples can therefore be used to investigate
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Table 2

|sotope data for samples from 10°30'N

Sample 87Sr/86sr 143Nd/144Nd 206Pb/204pb 207Pb/204pb 208Pb/204pb
PH44-2 0.702679 £ 9 0.513157 + 7 18.315 15.484 37.738
PH45-1 0.702537 £ 9 0.513159 + 6 18.299 15.480 37.718
PH46-3 0.702542 £ 9 0.513148 + 7 18.285 15.478 37.693
PH47-3 0.702559 + 9 0.513152 + 7 18.337 15.494 37.769
49SG 0.702618 £ 9 0.513161+ 7 18.315 15.490 37.763
PH51-2 18.388 15.531 37.856
PH51-5 0.702519+ 9 0.513167 £ 7 18.311 15.479 37.723
PH52-2 0.702538 + 9 0.513150 + 7

PH54-3 0.702470 £ 9 0.513180 £+ 7 18.248 15.463 37.607
PH55-3 0.702527 £ 9 0.513153 + 7 18.321 15.467 37.706
PH56-2 0.702549 £ 9 0.513159 + 7 18.322 15.492 37.758
PH59-2 0.702548 £ 9 0.513145 + 6 18.322 15.488 37.749
PH6E0-2 0.702534 + 9 0.513157 + 6 18.296 15.475 37.703
PH62-1 0.702540 £ 9 0.513150 + 6 18.321 15.497 37.762
PHG3-1 0.702546 £ 9 18.347 15.492 37.779
PH64-2 0.702536 £ 9 0.513140 + 6 18.270 15.460 37.663
PHE5-1 0.702531+9 0.513162 + 7 18.303 15.484 37.724
PH64-3 0.702530 £ 9 0.513162 + 7

PH6E6-2 0.702545+ 9 0.513163 £+ 7 18.296 15.464 37.663
PHE8-1 0.702592 + 9 0.513167 + 6 18.307 15.492 37.732
PHE9-2 0.702552 £ 9 0.513156 + 7 18.338 15.484 37.754
PH70-2 0.702531+9 0.513159 + 7

PH72-3 0.702519+ 9 0.513162 + 7

PH76-3 0.702530 £ 9 0.513161 £+ 7 18.291 15.469 37.682
PH77-6 0.702508 £ 9 0.513173+ 6 18.305 15.490 37.737
PH78-1 0.702568 +£ 9 0.513166 + 7 18.293 15.477 37.692
PH78-2 0.702549 £ 9 0.513155+ 8 18.288 15.472 37.675
PH78-5 0.702566 + 9 0.513172+ 7 18.290 15.471 37.675
PH79-1 0.702592 £ 9 0.513157 £ 7 18.313 15.480 37.720
PH79-2 0.702583 + 9 0.513151 + 7 18.304 15.478 37.707
GC-74 0.702559 £+ 9 0.513140 + 7

GC-78 0.513142 + 6

GC-83 0.702566 + 10 0.513155+ 7

Errors are 20 and refer to the final digits. Analytical procedures are described in detail in the text.

changes in the composition of the lavas that were
erupted at the ridge axis over periods of 200—300 ka.
The ages of the samples used in Fig. 4 and in the
following discussion were calculated using the half-
spreading rates for this ridge segment determined
from magnetic studies[16].

5. Results

5.1. General geochemistry of lavas from 10°30'N

Lavas from the 10°30'N region span a very wide
compositional range, and include basalts, basaltic

andesites and andesites (Fig. 3). The most evolved
lavas (1-4% MgO) were recovered in dredges from
400-800 ka old seafloor, on both the eastern and
western flanks of the ridge axis (Fig. 4). Elsewhere
on the EPR, highly evolved lavas such as these are
rare, and are most often found close to discontinu-
ities in the axia ridge system, for example propa-
gating rifts [35,37], major transform faults or over-
lapping spreading centers [8,38]. However, highly
evolved lavas appear to be common on the seafl oor
immediately north of the CFZ. Samples with <5%
MgO have been dredged from the present-day ridge
axis between 10°17 and 10°21'N [5,8], and highly
evolved lavas have been recovered in dredges from
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Fig. 3. Variation in () SOy, (b) FeO, (c) Al,03, and (d) CaO with MgO for samples dredged from 10°30’'N. Field for core samples
(younger than about 50 ka) is aso shown. Samples from each side of the ridge axis display a similar range in major element chemistry.

seafloor up to 1.4 Ma old north of the CFZ [39,40].
The presence of evolved lavas on the seafloor to the
north of the CFZ has also been inferred from mag-
netic data [16]. In contrast, such evolved rocks have
not been found on the magmatically robust axis to
the south of the CFZ, nor have they been recovered
in dredges on older seafloor on the southern side of
the CFZ [9,39].

Lavas from 10°30'N display large variations in
trace element concentrations, consistent with large
extents of fractional crystallization (Fig. 5a,b). How-
ever, incompatible trace element ratios indicate that
not all of the lavas (e.g. samples 54-3, 70-2; Fig. 5€)
can be related by fractional crystalization. The an-
desites and basatic andesites have [La/Sm]y and

K,O/TiO, ratios of up to 1.0 and 0.6, respec-
tively, as a result of fractional crystallization, but
al samples with MgO >5% have [La/Sm]y <0.9
and K,0O/TiO, <0.15 (Fig. 5) and are thus NMORB.
No EMORB were recovered at 10°30’'N, nor have
any been dredged from the axis along this segment
of the EPR [5,8,40].

All samples have Sr, Nd and Pb isotope compo-
sitions that are typical of Pacific MORB. Excluding
samples 54-3 and 44-2, 8Sr/%Sr varies between
0.70251 and 0.70259 (Fig. 5). Sr and Nd isotope data
for three of therock core sampleslie within therange
of the older samples dredged from the ridge flanks.
The 10°30'N lavas have dightly higher 8/Sr/80Sy
than lavas from the ridge segment immediately to
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Fig. 4. Variation in (a) Al,0s, (b) MgO and (c) NaxO of glasses
dredged from 10°30'N with theoretical eruption age, calculated
assuming half spreading rates of 4.982 cm/yr (east) and 5.618
cm/yr (west) for the period 0-730 ka, and 7.412 cm/yr (east)
and 6.188 cm/yr (west) for the period 730—950 ka [16].

the south of the CFZ at 9°30'N, most of which have
valuesin the range 0.70248-0.70252 [6,41].

5.2. Temporal chemical variations

Asdiscussed in Section 4, we believe that most of
the lavas at 10°30'N were emplaced within about 4
km of the ridge axis, allowing the age of the dredge
samples to be estimated from the spreading rate, to
within about 75 ka. The samples can thus provide
information on changes in the compositions of the
lavas erupted at the ridge axis, over periods of 200—
300 ka.

During the past 800 ka, there have been significant
variationsin the major element chemistry of the lavas
erupted on this segment of the EPR (Fig. 4). The
temporal variations in major element chemistry are
most clearly seen when the average of three adjacent
dredges (equivalent to a period of about 90 ka,
which is similar to the estimated uncertainty in the
calculated age of each sample) isconsidered (Fig. 6).
For example, the average MgO content of lavas
erupted on both sides of the ridge axis increased
from about 3.0% at 600 ka, to about 7.0% at 300 ka.
Since 300 ka the average MgO has decreased, and
the average MgO content of samples collected from
within the neovolcanic zone (younger than 50 ka) is
6.0%. The origin of the temporal variations in the
average major element chemistry of lavas recorded
by the dredge samplesis discussed in Section 6.1.

Large variations in trace element abundances in
lavas during the past 800 ka (Fig. 5) mirror the vari-
ations in major element chemistry, and are related
to the degree of fractionation. There have also been
significant variations in Sr, Nd and Pb isotope ra
tios, and in the ratios of highly incompatible trace
elements over the past 800 ka, but these variations
are not systematic and do not mirror the changes in
major element chemistry (Fig. 5).

The 30 rock core samples collected from close to
the ridge axis record chemical variations on a much
finer scale than the dredged samples. On this length
scale, the patterns of chemical variation observed
in lavas may reflect the size and shape of individual
lavaflows, the width of the neovolcanic zone, and the
effects of off-axis magmatism, as well as temporal
changes in the chemistry of lavas [17,20]. Most of
these parameters are very poorly known, and may



M. Regelous et al. / Earth and Planetary Science Letters 168 (1999) 4563 55

vary with spreading rate and the magmatic budget of
the ridge axis. All of the core samples were collected
from within 3 km of the ridge axis, and are thus
younger than 50 ka. The variation in major element
chemistry of the core samples is significantly less
than the total variation seen in the dredge samples

(Fig. 3).
5.3. Comparison with results of previous studies

Most previous geochemical studies of older lavas
collected from the flanks of the EPR have been
restricted to samples from the seafloor within about
10 km of the ridge axis (less than about 200 ka old).
Differences in sampling technique, and sampling
density also need to be taken into account when
geochemical variations between suites of lavas from
different areas are compared.

Previous studies have documented variations both
in the major element chemistry of NMORB lavas,
and in the relative proportions of NMORB and
EMORB, on the scale of a few kilometers on the
flanks of the northern EPR and Juan de Fuca Ridge
[15,17-19,23]. These chemical variations were inter-
preted to reflect temporal changes in the chemistry
of magma erupted over periods of 50-200 ka. It is
not yet clear whether these chemical variations occur
in response to magmatic ‘cycles within each ridge
segment [15,22]. The degree of chemical variation
observed in agiven area of seafloor is not the same at
every point on the EPR. For example at 12°15N the
major element variation within NMORB samples is
smaller than that within NMORB from a comparable
area of the seafloor at 9°31'N and at 10°30'N.

Recent high-precision sampling studies using the
coring method have shown that chemical hetero-
geneity of the seafloor exists on very small length
scales (less than about 200 m [17,20]). At 9°31'N,
a least some of this heterogeneity reflects off-axis
emplacement of lavas on the ridge flanks up to about
4 km from the ridge axis [20,32]. On the other hand,
a range of up to 2% MgO has been observed in
a single dredge haul at many places on the ridge
axis, and NMORB and EMORB occur together at
many places on the EPR [8,11,17]. Recent multidis-
ciplinary studies of the CoAxial segment of the Juan
de Fuca Ridge, have shown that there can be sig-
nificant chemical variations between flows erupted

within 12 years of each other [42]. Thus, on the scale
of a few kilometers, the chemical heterogeneity of
the seafloor appears to reflect variations in the chem-
istry of lavas erupted at the axis and throughout the
neovol canic zone on short timescal es.

The 10°30'N region differs from most other
well-studied regions of the EPR in the absence of
EMORB, and in the large variations in major el-
ement chemistry of lavas dredged from the ridge
flanks, which are far greater than those observed
in lavas of similar age span at 9°30'N and 11°20'N
[21]. The scarcity of lavas with <4% MgO on the
present-day EPR axis suggests that temporal chem-
ical variations as large as those at 10°30’'N are not
typical of the EPR. On the other hand, the degree
of chemical variation observed in the samples cored
from within the neovolcanic zone at 10°30'N is very
similar to that reported from a similar area of the
seafloor at 9°31'N [20].

6. Discussion

6.1. Origin of temporal chemical variations

The systematic variations in the average major
element composition of lavas erupted at the ridge
axis over the past 800 ka primarily reflect changes
in the average degree of fractionation, which is con-
trolled mainly by the rate of melt supply to the ridge
axis, relative to the cooling rate [37,43]. Thus, on
the EPR, highly differentiated lavas are generaly
erupted close to large discontinuities in the axia
ridge system, where the cooling rate is relatively
high, and the melt supply rate may be relatively
low. The abundance of highly evolved lavas on the
10°30'N ridge segment could therefore partly reflect
the cooling effect associated with the large transform
offset which places old, cool crust against the ridge
axis at the CFZ. However, this cannot be the only
controlling factor, as similarly evolved samples do
not occur on the EPR axis immediately south of
the CFZ [6,8,39]. This suggests that the melt supply
rate is the most important factor in the generation of
highly evolved lavas on this ridge segment. Corre-
lations between average MgO content of lavas, and
the morphology of the southern EPR ridge axis, also
indicate that variationsin magma supply rate on time
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Fig. 6. Variation of (a) FeO, (b) CaO, (c) MgO, and (d) NaO with age, calculated from the mean of three adjacent dredge sites,
corresponding to a time interval of about 90 ka (the estimated maximum uncertainty in the calculated age of each sample). Error bars
represent standard deviation, over a period of 90 ka in order to give an indication of the degree of chemical variability. The smoothed
data clearly show the symmetrical chemical variation on each side of the ridge axis, which suggests that most flows were emplaced
within about 4 km from the ridge axis.

scales longer than about 100 ka have an important is relatively low compared to elsewhere on the EPR

influence on the degree of fractionation of lavas
erupted at the axis on the scale of individua ridge
segments [29,44]. At 10°30'N, the magma-starved
morphology of the ridge axis, and the absence of an
AMC seismic reflector suggests that the present rate
at which melt is supplied to the ridge axis at 10°30'N

[1,27,28].

Further evidence that variations in magma supply
rate may occur on timescales on the order of 100 ka
has come from studies of the tectonic segmentation
of the ridge axis, changes in which may occur in
response to variations in the melt supply rate. For

Fig. 5. Variation in (a) Ni, (b) Zr, (c) Th, (d) K2O/TiO2, (€) Zr/Nb, (f) U/Th, (g) [La/Sm]n, and (h) & Sr/®Sr with age for lavas
dredged from off-axis at 10°30'N. Circular symbols indicate samples with <5% MgO. Temporal variations in incompatible trace element
ratios and isotope compositions do not mirror the changes in major element chemistry. Note that al samples with >5% MgO have
K20/TiO; and [La/Sm]y values typical of NMORB (<0.15 and <1.0, respectively).
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example, ridge tip abandonment events at OSCs may
occur in response to magmatic cycles in the adjoin-
ing ridge segments [45], and a recurrence interval
of 50-100 ka has been estimated for the 9°03'N
OSC [16]. A similar interval was estimated from
the spacing of abandoned ridge tips associated with
the 11°45'N OSC [46]. Structures along the northern
boundary of the Siqueiros Fracture Zone have been
interpreted to reflect a 300—500 ka episodicity in the
volcanic and tectonic processes in thisregion [47].

At 10°30'N, the abundance of relatively evolved
lavas on the ridge flanks indicates that the magma
supply rate to this ridge segment has been low for
much of the past ~800 ka. Thisis supported by mag-
netic studies, which suggest that relatively evolved,
Fe- and Ti-rich lavas were erupted to the north of the
CFZ with afrequency of about 150—-350 ka over the
past 2 Ma [16]. Although there have been very few
geochemical studies of lavas collected from further
than 10 km from the ridge axis, chemical variations
as great as those seen at 10°30'N are not observed
at 9°30 or 11°20 on the EPR [21]. The scarcity of
lavas with <5% MgO aong the present-day EPR
axis suggests that temporal chemical variations as
great as those seen at 10°30'N are not typical of the
EPR.

As discussed earlier, there have also been signif-
icant variations in the major element chemistry of
lavas erupted within the last 50 ka inside the neovol -
canic zone (Fig. 3). However, without constraints on
the age of individual samples, the rate of chemical
changes over this period is unknown. Possible mech-
anisms that could account for chemical variationson
timescales of <50 ka are discussed in Section 6.3.

6.2. Comparison of across-axis and along-axis
chemical variations

Geochemical studies of lavas dredged from close
to the axis on this ridge segment have shown that
the compositions of these rocks varies with latitude
and axial depth [5,8]. The more Mg-rich lavas were
erupted close to the shallowest part of the ridge seg-
ment near 11°N, and lavas from further south on the
ridge axis, towards the CFZ, are progressively more
evolved [5,8] (Fig. 7). Lavas dredged from close to
the CFZ have a wide range in compositions. There
are also systematic along-axis variations in trace €l-

ement chemistry (Fig. 7c,d). Thompson et a. [5]
argued that the along-axis chemical variations are
evidence for the existence of a chemically and ther-
mally zoned magma chamber beneath the ridge axis
between 10°20'N and 11°10'N. This magma chamber
is inferred to be supplied with magma beneath the
axial high at 11°N close to where the most Mg-rich
lavas occur, and cooling and crystallization during
aong-axis transport of melt at crustal levels is re-
sponsible for the latitudinal chemical variations.

Lavas dredged from the flanks of the EPR at
10°30'N have asimilar range in both major and trace
element chemistry to younger lavas recovered from
close to the ridge axis along the length of this ridge
segment (Fig. 7). At 10°30'N, the chemical variation
in samples younger than 50 ka is less than the total
variation observed in young lavas from the ridge axis
between 10°20'N and 11°10'N, and the average mgjor
and trace element composition of the <50 ka lavas
from 10°30'N is intermediate between the average
compositions of samples from 10°20'N and 10°40'N
analyzed by Thompson et a. [5] (Fig. 7). Our new
data therefore support the existence of systematic
along-axis variations in the chemistry of young lavas
erupted at the axis on this ridge segment.

6.3. Model of magma chamber structure at 10°30'N

Our preferred model for the structure of the magma
plumbing system beneath the EPR at 10°30'N can
account for chemical variability in lavas on arange of
timescal es, and is broadly similar to models proposed
previoudy for the 9°31'N area[6,20].

Recent geophysical studies have provided some
constraints on the shape and size of the axial magma
chamber system beneath the EPR. These studies in-
dicate that much of the ridge axis is underlain by a
magma chamber which is less than about 2 km wide,
and a few hundreds of meters in height, overlying
a broader zone of the lower crust containing a few
percent of partial melt (e.g. [4]). Early seismic stud-
ies did not detect a magma reflector beneath the EPR
at 10°30'N [1], although recent seismic profiling of
the eastern ridge-transform intersection has revealed
the presence of a low-velocity zone consistent with
the presence of partial melt, possibly as a magma
lens that is too small to be resolved seismically [24].
Thompson et al. [5] argue that focussed melt supply,
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Fig. 7. Variation in (a8) MgO, (b) K2O/TiOy, (c) Sr, (d) Zr/Y, and (€) [La/Sm]yn with latitude for lavas from close to the EPR axis
between the CFZ and 11°15'N (filled diamond symbols; data from Thompson et a. [5]), and samples dredged from off-axis at 10°30'N
(squares). The average composition of samples from the neovolcanic zone (younger than 50 ka) at 10°30'N is also shown (filled circle).
Note the systematic variation in the mgjor and trace element chemistry of the young lavas from close to the ridge axis with latitude,
which may indicate that a continuous melt lens underlies this ridge segment and is fed with melt beneath the topographic high near 11°N,
close to where the |east evolved lavas were erupted [5].
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Fig. 8. Schematic plan section through the melt lens beneath the EPR between the 11°15N OSC and the CFZ, to show the possible
evolution of the magmatic plumbing system beneath this ridge segment. (a) At ~600 ka, the rate of magma supply to the melt lens
beneath the topographic high near 11°N was relatively low, and relatively fractionated lavas were erupted from a narrow melt lens. The
major element variation among lavas erupted within the neovolcanic zone may reflect cooling in melt ‘lobes’ which are partially isolated
from the main melt lens. (b) By ~300 ka, an increase in the melt supply rate had led to development of a wider melt lens, erupting less

fractionated lavas.

and along-axis transport of melt within a melt lens
may be responsible for the along-axis variations in
major and trace element chemistry of lavas erupted
closeto the ridge axis on this segment of the EPR.

As discussed in Section 6.1, variations in the rate
at which melt is supplied to this melt lens result
in variations in the major element chemistry of the
lavas erupted at the ridge axis over periods of a few
100 ka. A number of different processes could lead
to chemical variations on shorter timescales. For ex-
ample, a recent U-series study of young lavas from
the EPR near 9°30’'N suggests that magmas have res-
idencetimesin crustal magma chambers on the order
of afew ka[48]. If such crustal residence times are
generally applicable, this observation may explain
some of the variation in incompatible trace element
and isotope ratios seen in lavas dredged from off-axis
at 10°30'N. Thus, at ~220 kathe melt lens may have
been briefly filled with melt having relatively high
Zr/Nb and low & Sr/8Sr, so that for a few ka, flows
with compositions similar to that of 54-3 (Fig. 5)
were erupted at the ridge axis. Alternatively, these
“anomalous’ flows may result from off-axis eruptions
of magmas that escaped mixing in the AMC.

Variations in the mgjor element compositions of
lavas erupted within the neovol canic zone at 10°30'N
could reflect the fine-scale structure of the melt lens.
Previous studies have argued that the melt lens may
have a‘lobed’ structure [6,20], with the lobes having
limited exchange with the main body of the melt lens
(Fig. 8). Lobes afew 100 m across (volumes similar
to the volume of individual flows) will have lifetimes
of less than a few ka. Cooling and crystallization
in semi-isolated magma bodies of this type could
explain the major element variation observed in the
core samples, which were erupted within the last
50 ka.

A similar model has been proposed for the 9°31'N
region by Perfit et al. [20]. At this location, lavas
from the axial summit caldera tend to have less
chemical variation than lavas erupted outside the
caldera, which led Perfit et al. to suggest that melts
erupted at the ridge axis were derived from an axia
magma chamber, whereas those erupted on the flanks
within 4 km of the axis were derived from smaller
magma bodies on the edges of amelt lens.

In the future, geophysical techniques may be able
to resolve the small-scale variations in the shape



M. Regelous et al. / Earth and Planetary Science Letters 168 (1999) 4563 61

of the melt lens that we suggest are responsible
for the short-term major element variations. Better
constraints on the ages of lavas erupted within the
neovolcanic zone using U-series methods, are aso
needed in order to determine the processes that are
responsible for chemical variations that occur over
periods of lessthan about 100 ka.

6.4. Magmatic ‘cycles ?

Several authors have proposed that the chem-
istry of the lavas erupted on a single segment of
the mid-ocean ridge system may change cyclically.
The physical processes which might lead to cyclic
variations in MORB chemistry are not fully un-
derstood, although it has been suggested that ma-
jor melting events in the upper mantle may occur
periodically in response to convective instabilities
[7,44,49]. Such magmatic cycles have not yet been
convincingly demonstrated, because so few studies
of off-axis MORB have been carried out. Reynolds
et al. [17] suggested that at 12°15'N, lava chemistry
may vary cyclically with a period of around 300 ka.
As discussed in Section 6.1, previous studies have
attempted to explain structural changes in ridge seg-
ments as reflecting variable, cyclic magma supply to
theridge.

Our data show that at 10°30'N, the chemistry
of lavas erupted at the ridge axis has varied con-
siderably over the past 800 ka. These variations
are not necessarily cyclic, although the changes in
lava chemistry could be explained by cyclic magma
recharge of the AMC with a period on the order of
about 700 ka (Fig. 6). Shorter-period (150-350 ka)
magmatic cycles have been inferred for this ridge
segment from magnetic data [16]. Further studies of
off-axis samples, extending to greater distances from
theridge axis, and at different locations on thisridge
segment are needed in order to determine whether
these variationsin melt supply are indeed cyclic.

7. Conclusions

Glasses dredged from the flanks of the EPR, from
up to 50 km from the ridge axis at 10°30'N can be
used to examine temporal changes in the chemistry

of lavas erupted at the ridge axis over the past
800 ka. The width of the neovolcanic zone appears
to be less than 4 km, and thus the samples can be
used to examine temporal changes in the average
composition of lavas erupted at the ridge axis over
periods of a few hundred thousand years. Changes
in the average mgjor element composition of lavas
erupted at the ridge axis are related to changes in
the rate at which melt is supplied beneath the ridge
axis, supporting previous arguments that variations
in melt supply rate are an important influence on
the chemistry of lavas erupted over periods of a
few hundred thousand years. However, the large
temporal chemical variations on this ridge segment
are unlikely to be typica of the EPR. Our data
support previous evidence for systematic along-axis
variations in the chemistry of young lavas from
close to the ridge axis. These chemical variations are
consistent with the presence of a melt lens beneath
this ridge segment, which is fed by melt beneath the
axial high near 11°N.

Samples younger than 50 ka, from within the
neovolcanic zone at 10°30'N, have a smaller range
in major element composition compared to samples
dredged from the ridge flanks. On timescales of <50
ka, variationsin the major element chemistry of lavas
may be controlled by irregularitiesin the shape of the
melt lens, where the cooling rate varies locally and
magma mixing is incomplete. Occasional hon-sys-
tematic variations in isotope and incompatible trace
element ratios observed in the dredge samples could
either reflect variations in the trace element chem-
istry of the melt that is supplied to the melt lens over
periods of afew ka, or batches of melt which reach
the surface without undergoing significant mixing
and homogenization in the magma chamber.Table
IMagjor and trace element data for lavas from the
East Pecific Rise at 10°30'N
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