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Abstract

A detailed bathymetric and magnetic survey of the eastern flank of the East Pacific Rise at 14°14’S covering
seafloor ages of 0—10 Ma has been carried out and used, along with a flowline profile on the conjugate western ridge
flank, to reveal the spreading history and the temporal ridge crest segmentation. Additional information from basaltic
lavas is included to study the relationship between physical and magmatic segment boundaries. The sequence of
magnetic reversals indicates a total spreading rate of 150 mm/yr since 10 Ma. Symmetric spreading, however, occurred
only since 2.8 Ma. Between 7 and 2.8 Ma spreading was asymmetric, with a higher spreading rate toward the east.
Migration events of at least five overlapping spreading centres (OSC) left discordant zones on the Nazca plate
consisting of hummocky basins and motley texture of curved lineations striking a few degrees oblique to the strike of
the ridge crest. Four of the OSCs were right-stepping and migrated northward and one was left-stepping and migrated
southward. By transferring Pacific lithosphere to the Nazca plate, these migration events may account for most of the
asymmetric accretion observed. The basaltic samples from the eastern flank have been analysed and back tracked to
the position of eruption on the ridge crest. In terms of their geochemical signature (Mg# 0.41-0.68) the samples reveal
that the magmatic segment boundary between the Garrett transform and 14°30’S has remained stationary over the
last 10 Myr and therefore provide no evidence for a link between magmatic and physical segmentation. We therefore
propose that migrating non-transform ridge axis discontinuities are governed by propagating giant cracks; as a crack
front advances a melt reservoir is tapped and magma rises passively into the crack and erupts subsequently on the
seafloor. Some of the OSCs seem to have originated close to transform faults and therefore argue that far-field
stresses, perhaps caused by the evolution of the Bauer microplate, rather than mantle upwelling create non-transform
ridge axis discontinuities. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Observations along the approximately 70000
km long mid-ocean ridge system support the con-
cept of a hierarchy in the segmentation of spread-
ing ridges [1-3]. Discontinuities that define first-
order segments are rigid and long-lived transform
faults, whereas finer scales of segmentation occur
between transform faults. At fast spreading
ridges, lateral offsets of 1-30 km occur at second-
and third-order discontinuities and are accommo-
dated by overlapping spreading centres (OSC).
Fourth-order discontinuities are minor deviations
in axial linearity (DEVAL) with offsets of less
than 1 km. At higher orders, segments are shorter,
more short-lived, and unstable [4].

Off-axis traces of ridge axis discontinuities are
created at first- and second-order segment bound-
aries. Transverse ridges and fracture zone valleys
of transform fault boundaries have even been im-
aged by satellite-borne altimeters [5]. Recent mul-
tibeam-sonar surveys of mid-ocean ridges reveal
off-axis discordant zones related to non-transform
ridge axis discontinuities at both slow and fast
spreading ridges [4,6,7]. The off-axis discordant
zones of second-order discontinuities reveal the
history of segment evolution and magmatic activ-
ity. At fast spreading ridges many show a pattern
of abandoned ridge tips and fossil overlap basins
caused by repeated decapitation of ridge tips.
Such propagation and decapitation events have
a recurrence interval of 2X10*-2x10° yr with
an average interval of ~5x10* yr [4,8]. The
lack of any off-axis discordant zone documents
the short-lived nature of third- and fourth-order
segments relative to the larger, longer-lived dis-
continuities.

Seismic measurements along the axis of the
East Pacific Rise (EPR) reveal an axial magma
chamber (AMC) whose shape and position corre-
late with the shape of the rise [8]. The AMC dis-
appears near transform faults, is deeper and com-
monly discontinuous near second-order disconti-
nuities, and it shows only small variations at
third- and some fourth-order discontinuities [9].

These observations suggest a linkage between tec-
tonic segmentation and the axial melt reservoir.
Langmuir et al. [1] show that volcanic rocks at
broader and hence magmatically robust segments
[8] have higher MgO content than those from the
narrower parts of segments, generally near discon-
tinuities. The data are, however, sparse and noisy.
Nevertheless, they suggest a tendency for hotter
magmas to erupt near the middle of segments and
cooler magmas to erupt near segment ends. With-
in the resolution of sampling, virtually all seg-
ments of order 1-3 have distinct geochemical sig-
natures, as do at least 30% of the fourth-order
segments [1,10]. Some authors argue that spread-
ing segments behave like giant cracks in the plate
[4,11], however. In this case tectonic segment
boundaries are not necessarily prone to coincide
with magmatic segment boundaries which may
explain why the correspondence between geo-
chemical and geophysical segmentation is imper-
fect.

Flowline studies crossing abandoned ridge tips
have the potential to be able to tell us more about
the linkage between physical and magmatic seg-
mentation of ridge crests. During the EXCO
surveys in 1995 and 2000 [12-15] the German re-
search vessel Somne investigated a flowline cor-
ridor centred at 14°14’S on the southern East
Pacific Rise (SEPR) (Fig. 1). This portion of the
SEPR is known to be among the most robust and
magmatically active portions of the world’s mid-
ocean ridge system [8,16,17]. Here we use HY-
DROSWEEP multibeam bathymetry and mag-
netic coverage of a 40-80 km wide and 720 km
long tectonic corridor on the eastern ridge flank
along with a conjugate flowline profile on the
western flank and geochemical information on ba-
saltic lavas from the eastern flank to reveal the
tectonic and magmatic evolution of the SEPR at
14°14’S since 10 Ma.

2. Geological background

The Southern East Pacific Rise between the
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Fig. 1. Location map showing the survey area of research
vessel Sonne in 1995 and 2000 in the south-east Pacific ocean
on the East Pacific Rise.

Easter Microplate near 23°S and the Garrett
transform fault boundary near 13°30’S is spread-
ing at ultrafast rates, ranging from 143 mm/yr to
150 mm/yr [18,19]. Between the Garrett fracture
zone and a large duelling OSC at 20°40'S the
SEPR is remarkably linear and devoid of any
transform fault boundaries [20]. On a finer scale,
however, the ridge crest is offset en echelon by a
series of small, left stepping discontinuities [7,20].
These discontinuities range in offset from 1 to 7
km, and the intervening ridge segments consis-
tently strike within a few degrees of 013°, normal
to the spreading direction predicted by the NU-
VEL-1A model of current plate motions [18,19].
In addition, all second-order physical ridge offsets
seem to correspond to magmatic segment bound-
aries defined by the ratio of K/P and K/Ti of glass
[10]. Along this portion of the ridge crest five
regions with relatively smooth variation in MgO
contents are apparent [10]. Most of the bound-
aries of these regions correspond to major phys-
ical or secondary magmatic boundaries. Neverthe-
less, two occur within secondary magmatic
segments near small offset non-transform ridge
axis discontinuities.

Between 16°S and 21°S the SEPR has been in-
tensively studied by combined multibeam, side

scan and magnetic surveys. Off-axis discordant
zones reveal that between 1 and 5 Ma several
left-stepping OSCs offset the ridge axis between
16°S and 19°S. Since 1 Ma these OSCs were bi-
sected into smaller OSCs by new spreading seg-
ments forming within their overlap basins [19,21].
The smaller OSCs migrated rapidly southward
and were further bisected until the present seg-
mentation was achieved. By transferring litho-
sphere from one plate to the other, these migra-
tion and reorientation events account remarkably
well for the spreading asymmetry along the
SEPR. The large OSC at 20°40’S has remained
stationary since 1 Ma, but its history involves
duelling propagation with a great deal of varia-
tion in the amount of overlap of the two ridges as
well as inward and outward cutting and abandon-
ment of tips of both ridges [22,23].

In general, along axis variations of several
physical and chemical parameters in this area sug-
gest that the melt supply to the ridge is robust
between the Garrett transform fault and the duel-
ling OSC at 20°40'S. At 14°14’S the ridge crest is
characterized by a prominent bathymetric high
with smooth flanks and a relatively flat summit
[8,20]. Seismic reflection imaging provides evi-
dence for an axial magma chamber reflector
[16,17]. Both the blocky crestal ridge and the
prominent AMC reflector are consistent with a
magmatically active ridge segment [8,16]. More-
over, the seismic data indicate a very uniform pro-
cess of crustal accretion along axis [16,17]. Off-
axis, Grevemeyer et al. [13] investigated the sea-
floor morphology and found that changes in sea-
floor roughness and abundance and height of sea-
mounts correlate with temporal changes in
spreading rate. Over the last 10 Myr, however,
crustal accretion has produced a quite uniform
crustal thickness [24] which argues for only minor
changes in melt supply.

3. Data collection and processing

Most of the bathymetric and magnetic data
have been acquired during leg 105 of the Sonne
in 1995. Data covering a 20-45 km wide and 720
km long corridor on the eastern flank were ini-
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Fig. 2. Wiggle plot of magnetic data acquired on the East Pacific Rise south of the Garrett transform fault. Annotation above
the surveyed corridors indicates the identified magnetic anomalies and numbers below give the seafloor age in million years [28—
30]. Black wiggles are from the Sonne cruises and grey wiggles are from previous cruises. Isolines are gravity anomalies derived

from satellite altimetry [5] (contour interval: 15 mGal).

tially interpreted by Grevemeyer et al. [13] who
documented a correlation between changes in
spreading rate and profound changes in the sea-
floor fabric as expressed by the rms height of
abyssal hills. To verify whether these patterns
are related to asymmetric spreading, a conjugate
profile on the western flank was surveyed in 2000

during Sonne leg 145-1. However, because of the
Sojourn Ridge [25] the profile had to be shifted by
30-40 km to the south. Additionally, the corridor
on the eastern flank has been extended by flowline
profiles to the north and south. Rock samples
were dredged during Sonne leg 145-2 and pro-
vided basaltic lavas from 10 dredges on oceanic
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crust and one dredge on a seamount. A further
seven samples were recovered in the core catcher
of a gravity corer.

3.1. Magnetics

Total magnetic field intensity was measured us-
ing a proton precession magnetometer. On the
eastern flank up to seven flowline profiles allow
an unambiguous identification of the sequence of
reversals; coverage reaches 710 km off-axis. On
the western flank only two profiles are available
out to ~ 500 km in the spreading direction. For
each survey the appropriate International Geo-
magnetic Reference Field (IGRF), which de-
scribes the long wavelength magnetic field for
5 yr intervals, has been removed from the ob-
served magnetic field data. Unfortunately, the sur-
vey area is located close to the magnetic equator
where daily variations are reasonably high [26].
We therefore calculated synthetic Sq variations
and removed those from the field data. In addi-
tion, we tried to assess magnetic storms by using
the worldwide DST index. Variations were calcu-
lated and removed. This procedure provided
crossover errors for the corrected data, which
are generally smaller than 25 nT [27]. In addition,
we included magnetic tracks collected previously
to our cruises to further constrain the spreading
rate to the west and to the south of the survey
area. The top and bottom panels of Fig. 2 show
wiggle plots of the residual magnetic anomaly.
Geomagnetic polarity reversals of Cande and
Kent [28] were generally used to derive the crustal
age. However, ages of anomaly #C3A and
anomalies #C3B to #C4A are from Krijgsman
et al. [29] and Hilgen et al. [30], respectively.
The oldest anomaly on the western flank is
#C4A (8.75 Ma) at 533 km off-axis and on the
eastern flank #C4Arl (9.27 Ma) at 708 km off-
axis. In Fig. 3 the age of the identified magnetic
anomalies is plotted as a function of offset from
the ridge axis, hence showing the half spreading
rate.

3.2. Bathymetry

The multibeam-sonar data are from a HY-
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Fig. 3. Distance versus age plot of the picked magnetic rever-
sals for the eastern and western ridge flank. The straight line
indicates a half spreading rate of 75 mm/yr; thus, before 2.7
Ma seafloor spreading was asymmetric with faster spreading
to the east.

DROSWEEP swathmapping echosounder [31].
The 59 beams fired within an angle of 90° survey
a stripe on the seabed with a width about twice
the water depth. These data have been processed
and edited with the MB Software from the La-
mont-Doherty Earth Observatory [32]. The result-
ing digital terrain models (DTM) were displayed
and imaged with the GMT Software [33]. In
total, about 15000 line km of swath bathymetry
covered about 35000 km? of seafloor. On the
eastern flank nearly full coverage extends up to
720 km off-axis. The width of the corridor is be-
tween 50 and 80 km. Detailed maps are shown in
Fig. 4.

3.3. Geochemical analytical methods

The geochemistry study is based on investiga-
tions carried out on more than 50 samples of mid-
ocean ridge basalt (MORB) from 17 locations.
Sample locations are shown in Fig. 4 and mean
major element compositions are summarized in
Table 1. The samples were recovered either by
dredging or in the core catcher of a gravity corer.
Major element analyses were carried out on a five
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Fig. 4. Oblique projection of the bathymetry derived from the multibeam-sonar data. Data are displayed with artificial illumina-
tion. Seafloor fabric which plot vertically in the figure runs parallel to the strike of the ridge crest. Hummocky basins and motley
texture of curved lineations striking oblique to the ridge axis are caused by at least five migration events of overlapping spreading
centres. Broken horizontal lines mark times characterized by stable spreading condition at the ridge crest. Arrows show the mi-
gration paths of non-transform ridge axis discontinuities. Dotted lines are chrons in million years. Sample locations are shown
by diamonds.



Table 1
Average microprobe analyses of glassy MORB pieces from Sonne leg 145-2 (wt%)

Sample Ma Lati- Longi-  Erup- SiO; TiO, ALO; FeO MnO MgO CaO Na,O K,O P,Os Cr,03 Total n Mg#
tude tude tion
latitude

21DS all 0.000 —14°05 —112°30 —14.086 50.64 1.80 14.36 10.69  0.20 7.51 11.63 298 0.13 0.15 0.04 100.13 70 0.56
18DS all 0.015 —14°16 —112°33 —14.264 50.63 1.85 13.86 1135 0.20 7.25 11.32 290 0.13 0.14 0.03 99.66 54 0.53
20DS rest  0.015 —14°09 —112°31 —14.154  50.58 1.68 14.04 1097  0.20 7.52 11.65  2.69 0.11 0.12 0.04 99.58 21 0.55
20DS3 0.015 —14°09 —112°31 —14.154 49.88 1.68 14.71 1029  0.18 7.63 11.79  2.83 0.19 0.15 0.05 99.39 5 0.55
22DS all 0.120  —14°12 —112°28 —14.167 49.50 2.16 13.09 1197 0.21 6.77 10.87  2.71 0.11 0.19 0.02 97.60 83 0.50
27SL all 0.360 —14°17 —112°19 —14.216 50.04 2.03 13.63 11.75  0.22 6.88 11.01  2.77 0.12 0.16 0.02 98.63 37 0.51
15SL rest  0.360 —14°16 —112°19 —14.215 50.50 2.16 13.54 1230  0.23 6.78 11.00  2.80 0.14 0.15 0.02 99.61 7 0.50
15SL3 0.360 —14°16 —112°19 —14.215  50.09 1.33 13.94 1024 0.20 7.66 12.07  2.55 0.02 0.09 0.03 98.23 10 0.57
26SL all 0.360 —14°17 —112°19 —14.219 49.50 1.67 13.98 1021 0.20 7.38 11.37 273 0.09 0.16 0.04 97.33 22 0.56
28DS all 0.650 —14°09 —112°07 —14.026  49.00 0.92 16.68 9.59  0.18 10.09 11.57  2.16 0.09 0.06 0.06 100.40 49 0.65
29DS rest  1.160 —14°49 —111°54 —14.632 50.46 2.23 13.78 11.94  0.21 6.72 11.04  3.06 0.20 0.21 0.02 99.87 30 0.50
29DSE 1.160 —14°49 —111°54 —14.632 53.86 1.92 13.30 12.16  0.22 4.84 8.84 354 0.36 0.37 0.02 99.43 20 0.41
35DS all 2.560 —14°36 —110°46 —14.167 50.13 1.17 15.13 9.46  0.17 8.54 1277 2.38 0.04 0.06 0.05 99.91 9 0.62
9DS rest 2920 —14°52 —110°32 —14.389 49.84 2.79 12.68 14.57  0.25 5.72 9.83 3.15 0.19 0.24 0.01 99.27 18 0.41
IDS4 2920 —14°52 —110°32 —14.389  49.83 2.23 13.70 1197 0.21 6.84 11.04 297 0.17 0.18 0.04 99.17 9 0.50
9DS8 2920 —14°52 —110°32 —14.389  49.67 1.64 14.92 10.05  0.18 7.68 11.98 296 0.15 0.13 0.06 99.42 10 0.58
37SL rest  4.590 —14°57 —109°12 —14.143  49.96 1.39 13.92 1047 0.20 7.85 12.18  2.61 0.04 0.09 0.03 98.71 14 0.57
37SL1 4.600 —14°57 —109°12 —14.143  49.51 1.01 15.28 8.87 0.17 8.82 12.56  2.30 0.02 0.07 0.06 98.66 22 0.64
36DS all 4.600 —14°54 —109°11 —14.108  49.58 1.09 15.61 935 0.17 9.09 12.67 245 0.04 0.06 0.07 100.16 7 0.63
38SL all 4.610 —14°55 —109°11 —14.121 50.24 1.24 14.41 991 0.19 8.03 1242 2.65 0.02 0.07 0.03 99.21 41 0.59
40SL rest  4.610 —14°56 —109°11 —14.130 49.17 1.02 15.49 894 0.16 8.94 12.61 233 0.02 0.06 0.06 98.81 27 0.64
40SL3 4610 —14°56 —109°11 —14.130  49.87 2.09 13.23 11.92  0.22 6.63 10.62  2.78 0.11 0.18 0.03 97.68 13 0.50
7SL1+3 4.620 —14°55 —109°10 —14.162 49.34 1.00 15.23 8.88  0.17 8.87 12.52 233 0.02 0.05 0.06 98.45 13 0.64
7SL2+3 4.620 —14°55 —109°10 —14.162 49.94 1.21 14.20 10.02  0.19 7.82 12.34  2.58 0.02 0.08 0.04 98.43 17 0.58
42DS all 6.840 —15°23 —107°22 —14.189  50.03 1.94 13.85 11.57 021 7.12 1143 283 0.13 0.15 0.03 99.28 17 0.52
43DS all 8.640 —15°18 —106°18 —13.895 50.52 1.91 14.09 1099  0.20 7.45 11.59 281 0.11 0.14 0.03 99.85 17 0.55

Analytical error (1 S.D. relative %) 0.64 3.70 1.17 157 9.22 1.80 123 320 2382 24.80 59.39 0.48 0.87

Averages are either of single samples (in the cases where the letters in the sample names are followed by numbers) or of many or all samples from a dredge haul
(shown by the word rest or all in the sample names). Sample 22DS is an analysis of bulk rock powder fused to a glass. Eruption latitude is discussed in the text;
n, number of analyses used to build the mean. The age of the samples was derived by linear interpolation between the age of magnetic reversals (Fig. 2).
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Table 2
Summary of results and interpretation of seafloor fabric generated at the EPR near 14°14’S over the last 10 Myr
Time interval Magnetic lineations Strike of seafloor fabric ~ Advance of discordant Interpretation
zones
0.0-2.5 Ma ridge parallel 013° none stable system
2.5-~2.7 Ma right lateral offset by 20— oblique, curving SW northward northward migrating right-
30 km stepping OSC
~2.7-4.2 Ma ridge parallel oblique, curving SW slowly northward slowly northward
migrating right-stepping
OSC
4.2-5.3 Ma right lateral offset oblique, curving SW, none? duelling OSC
fossil overlap basin
5.3-5.5 Ma - smooth seafloor - stable system
5.5-6.0 Ma - oblique, curving SW northward northward migrating right-
stepping OSC
6.0-7.2 Ma ridge parallel 013° none stable system
7.2-~17.8 Ma left lateral offset oblique, curving NW southward southward migrating left-
by 20-30 km stepping OSC
~7.8-~9.4 Ma ridge parallel 013° none stable system

spectrometer JEOL JXA 8900 RL electron micro-
probe (University of Goéttingen, Germany) either
on natural glass pieces from pillow rinds or, in the
case of sample 22DS, on glasses produced by
melting powdered groundmass on a platinum
wire in the laboratory. Analytical conditions
were 15 kV accelerating voltage and 11-13 nA
sample current. Representative errors on the anal-
yses are shown in Table 1 together with the num-
ber of individual spots measured and used to cal-
culate the mean values. The electron beam was
slightly defocused (10 um diameter) to avoid the
volatilization of alkalis. The raw major element
data from each measured spot have been cor-
rected to the KL2-G MPI-DING reference glass
[34]. We note that the samples from the gravity
corer (samples labelled SL) and from the melted
powdered groundmass (22DS) have analytical to-
tals lower than the acceptable 99.6 £ 0.5% found
for all other samples. We attribute this to hydra-
tion of the glasses in the case of gravity corer
samples and to the inclusions of microbubbles
of air during the melting of the powder in the
case of 22DS. We do not expect either of these
effects to alter the Mg/Fe ratio of the measure-
ment; their effects are therefore unimportant for
the conclusions of the paper.

4. Results and discussion
4.1. Asymmetric spreading and segmentation

Since 10 Ma, seafloor spreading rates derived
from the magnetic data indicate an average total
separation rate of the Nazca plate and Pacific
plate of 150 mm/yr (Fig. 3), which is in reasonable
agreement with the NUVEL-1A spreading model
of current plate motions [18]. However, symmetric
spreading has occurred only since about 3 Ma. In
Early Pliocene and Late Miocene times the
spreading rate was profoundly asymmetric. In
general, faster spreading rates of the Nazca plate
to the east of the rise axis are compensated by
slower spreading rates of the Pacific plate to the
west. It is important to note that magnetic data
immediately to the south of the survey corridor
show a right-lateral offset of the magnetic spread-
ing anomalies on both ridge flanks. Unfortu-
nately, these profiles do not follow the flowline.
Nonetheless, they clearly suggest that spreading
was asymmetric and faster to the east. However,
this asymmetry is not as pronounced as immedi-
ately to the north.

In a statistical study of seafloor fabric Greve-
meyer et al. [13] show a change in seafloor fea-
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tures at about 225 km off-axis. This offset corre-
sponds to the 3 Ma isochron derived from the
magnetic data. The high-resolution bathymetric
maps in Fig. 4 show that within 225 km of the
rise axis (out to about 110°45’S) abyssal hills
strike parallel to the ridge axis and therefore im-
ply a spreading system similar to the present con-
figuration of the ridge at 14°14’S. Beyond
110°45"W, however, the seafloor fabric is orien-
tated obliquely to the 013° strike of the ridge
axis. In addition, the magnetic anomaly #C2ay
(2.58 Ma) indicates a right-lateral offset of 20-
30 km. Such features are generally taken as evi-
dence for off-axis discordant zones of migrating
OSC [4,19,21]. This interpretation is supported by
bathymetric studies within the adjacent MELT
study area. Immediately to the south, Cormier
et al. [25] found similar features, which they in-
terpreted as the trace of a right-stepping north-
ward migrating OSC.

East of 110°20’'W the surveyed corridor indi-
cates a wedge of rough terrain in the northern
part of the swath. This zone is comprised of hum-
mocky basins and motley lineaments, interpreted
as abandoned curvilinear ridge tips of OSCs. In
terms of Wilson’s [35] model for overlapping rift
propagation, we would interpret the curvature
and the trace of the discordant zone (or inner
pseudofault) to result from a right-stepping north-
ward migrating OSC. This idea is supported by a
right-stepping offset of the magnetic anomaly
#C3.3 (4.85 Ma) and seafloor younger than
anomaly #C3.1 (4.24 Ma) indicates a northward
shift of the discordant zone. Other features resem-
ble fossil overlap basins, for example the seafloor
fabric near 109°20’W. Nonetheless, features are
not consistent; the curved abandoned tips be-
tween anomaly #C3.3 (4.85 Ma) and #C3o (5.23
Ma) seem to indicate only a small or no north-
ward shift. Unfortunately, seafloor coverage is
not complete. However, to explain the seafloor
fabric we propose a model including a northward
migrating right-stepping OSC, which was active
between ~ 2.7 Ma and 4.24 Ma; features between
chron ~4.24 and ~5.3 Ma are interpreted to
result from a right-stepping duelling OSC.

Immediately to the east of 108°30'W the sea-
floor is very smooth for about 30 km. Features

between 108°15'W and 108°00'W are not very
clear. Some structural elements, such as the cur-
vature of abyssal hills, may indicate a northward
migrating right-stepping OSC. However, the mag-
netic anomaly #C3Ay (6.02 Ma) does not indicate
any right-lateral step.

East of chron 6.02 Ma the seafloor is smooth
and the abyssal hill fabric strikes parallel to the
present trend of the ridge axis until magnetic
anomaly #C3B (7.16 Ma) is reached. This sug-
gests a stable spreading regime similar to the
present situation at 14°14’S. Nevertheless, to the
north and south several large seamounts have
been surveyed. Swathmapping data suggest, how-
ever, that seamount volcanism on the eastern
ridge flank at 14°14’S has been relatively scarce
during the last 3 Myr.

The ridge axis was offset by another OSC be-
tween 107°15'W and 106°45'W. The orientation
of abandoned ridge tips indicates a left-stepping
OSC. This fact is supported by the magnetic data,
which indicate a left-lateral offset of 20-30 km of
anomaly #C4n.1r (7.68 Ma). In addition, the sea-
floor fabric shows an inner pseudofault and sug-
gests that the OSC migrated southward. This fact
is important to note and will be discussed below.

At the end of the survey area, i.e., east of
106°40"W, the seafloor is remarkably smooth. Ad-
ditionally, the swathmapping revealed no sea-
mounts. Seafloor in this area is between ~ 7.8
and ~9.4 Ma and may have been formed by a
crustal accretion process similar to that typical for
the rise axis since ~3 Ma.

A summary of the Late Miocene to Pleistocene
segmentation of the SEPR at 14°14’S is given in
Table 2. The features detected in the seafloor fab-
ric provide a reasonable explanation for the de-
gree of asymmetric spreading detected in the mag-
netic data. Both northward migrating right-
stepping and southward migrating left-stepping
overlapping spreading centres transfer lithosphere
from the Pacific plate to the Nazca plate and may
therefore account for the spreading asymmetry.
With respect to previous studies of the ridge
flanks immediately to the south [19,21], it seems
reasonable to suggest that between the Garrett
fracture zone and the OSC at 20°40’S the major-
ity of the spreading asymmetry is accommodated
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by migrating OSC. Immediately to the south of
the detailed study area our interpretation of mag-
netic tracks (Fig. 2) suggests a less prominent de-
gree of asymmetric spreading. On the western
flank, about two degrees to the south, magnetic
anomaly #C4n.lr was identified approximately
580 km away from the ridge crest. Back tracking
of the anomaly suggests that this crust was cre-
ated where the SEPR intersected latitude 16°S. Its
distance from the ridge axis indicates a spreading
half rate of about 75 mm/yr, which is exactly the
rate predicted by the NUVEL-1A spreading mod-
el [18]. Consequently, the existing data may argue
that the spreading asymmetry observed at 14°14’S
is a local feature primarily related to the tectonic
evolution of the rise axis north of 16°S. However,
the identification of the magnetic anomalies south
of the flowline corridor may not be entirely reli-
able. Therefore, additional profiles will be neces-
sary to constrain the tectonic evolution of the
14.5°S to 16°S area between 5 and 10 Ma.

4.2. Tectonic and geochemical segmentation

The underlying principle of ridge segmentation
presented by Macdonald et al. [3] is the along axis
migration of melt away from the shallowest por-
tions of the rise axis which coincide with localized
regions of asthenospheric upwelling. Thus, gravi-
tational spreading forces due to excess ridge to-
pography cause a segment to lengthen and force a
discontinuity to migrate [36]. Because magma sup-
ply beneath the ridge axis will tend to be en-
hanced over loci of partial melting in the upper
mantle, this model works well where hot spot
magmatism has produced extraordinary ridge
axis elevation and significant variations in near-
field stresses. It may also work if focused mantle
upwelling occurs [37]. However, at ~7.3-7.8 Ma
a southward migrating OSC dominated the rise
axis at 14°14’S and must have originated close
to the Garrett transform fault. Although the pri-
mary segmentation of the southern EPR around
~8 Ma is largely unconstrained, work of Goff
and Cochran [38] suggest that the Garrett trans-
form already offset the EPR between 8 and 10
Ma. Near first-order discontinuities, a small
cross-sectional area and a deepening of the ridge

crest towards the transform fault is generally in-
terpreted as evidence for a starved magma supply
at the ends of a spreading segment [§]. Conse-
quently, an OSC migrating away from a trans-
form fault is inconsistent with a model where
the migration of non-transform ridge axis discon-
tinuities is controlled by the along axis distribu-
tion of melt. In addition, the few existing mag-
netic profiles to the south of the detailed study
area suggest a less prominent degree of asymmet-
ric spreading near 16°S, which makes it unlikely
that all of the detected OSCs have been created in
the middle of the first-order segment near 18-
19°S, but instead somewhere north of 16°S.
Therefore, forces other than mantle upwelling
and melting may control the creation and migra-
tion of overlapping spreading centres.

Wilson et al. [39] proposed a model which sug-
gested that migration events of non-transform
ridge axis discontinuities are caused by far-field
stresses related to the reorientation of a plate
boundary and Macdonald et al. [4] suggested
that crack propagation caused by such far-field
stresses might cause discontinuities to migrate.
Such models appeal to us because they may ex-
plain how an OSC can originate close to a mag-
matically starved first-order discontinuity. Fol-
lowing the breakup of the Farallon plate a
major reorientation of the plate boundary config-
uration occurred in the southern East Pacific
Ocean about 20 Myr ago and included the forma-
tion of the Bauer microplate [20,38]. Goff and
Cochran [38] investigated the evolution of the Ba-
uer microplate and a now extinct spreading ridge:
the Galapagos Rise. Between ~17 and ~6 Ma
two spreading centres were active between lati-
tudes ~2°S and ~16°S. Because the Galapagos
Rise was orientated obliquely to the EPR, it is
reasonable to assume that the resulting stress field
affected the on-axis stress field of the southern
EPR and perhaps forced the migration of the
OSC. Therefore, the southward migrating OSC,
which was generated at or near the Garrett trans-
form fault, was perhaps forced by far-field stresses
caused by the plate boundary reorientation and
evolution of the Bauer microplate. In addition,
back tracking of the OSCs dominating the
SEPR at 14°14’S between magnetic chron #C3.1
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Fig. 5. Geochemical data (Mg#) back tracked to the ridge
crest. The common trend of samples (labelled literature)
from the ridge crest [10,40,41] and off-axis samples argues
that the latitudinal variations in magma composition are a
robust feature of the sub-lithospheric magmatic system and
independent of the shallow processes controlling the propa-
gation of non-transform ridge axis discontinuities.

(4.24 Ma) and #C3Ay (6.02 Ma) points toward
the fossil Bauer fracture zone (Fig. 2, gravity
anomaly in the lower right hand corner), which
marked the southern terminus of the Bauer micro-
plate [38]. The birth of both OSCs was probably
related to a change of the regional stress pattern
as spreading at the Galapagos Rise ceased and the
EPR-Bauer-microplate ridge-ridge-transform tri-
ple junction became inactive ~6 Ma ago.
Additional support for a crack model rather
than a melt migration model is provided by the
geochemical data from the seafloor samples. The
works of Langmuir et al. [1] and Sinton et al. [10]
suggest that the tectonic and chemical segment
boundaries are linked. They suggest that all
first-, second- and third-order ridge offsets corre-
spond to secondary magmatic segment bound-
aries, although some secondary magmatic bound-
aries may even occur at small, fourth-order
discontinuities. Secondary magmatic segments
are believed to define the length scale of mantle
melting variations, which are mainly variations in
extent of melting, but are not necessarily the scale

of melt extraction processes that feed the axis.
Melt extraction is suggested to correspond to
the length scale of fourth-order physical segments
[10]. The samples collected on the eastern flank
are sparse but still define an important dataset,
because they provide the means to study temporal
variations in magma geochemistry. In this paper,
we report only some initial results of the geo-
chemistry. In Fig. 5, all samples have been pro-
jected back to their eruption latitude and plotted
together with data from samples taken on the
present day axis [10,40,41]. A striking feature of
the present day axis is a significant and systematic
variation of Mg# with latitude, characterized by
high Mg# of about 0.6 for lavas north of a DE-
VAL at 14°30’S. South of this DEVAL all mag-
mas show Mg# lower than ca. 0.5. In general,
Sinton et al. [10] found that most secondary mag-
matic boundaries defined by K/Ti and K/P ratios
correspond to boundaries apparent in MgO con-
tent. The prominent Mg# boundary at 14°30'S,
however, occurred within a secondary magmatic
segment and hence defines a tertiary magmatic
and fourth-order physical segment boundary. Sin-
ton et al. [10] attributed this type of magmatic
segmentation to mixture boundaries within the
continuous magma chambers. Therefore, it is sur-
prising that the back tracked data show exactly
the same patterns of Mg# variations with lati-
tude, despite the fact that they cover a range of
ages back to ca. 10 Ma. The bathymetric data
clearly show that up to five OSCs dominated the
ridge morphology for various amounts of time in
the period 2.6-7.8 Ma. In total, we have sampled
six locations from two sites affected by OSCs and
14 locations (including one on-axis and three at
~ 15 ka) from sites, which, based on the bathy-
metric data, were characterized by stable spread-
ing conditions similar to those of the present day
(Fig. 4). Unfortunately, only one dredge provided
two samples to the south of the 14°30’S magmatic
boundary on 1 Myr old crust. Nevertheless, DE-
VALs are generally believed to last only for 10°—
10* yr [8]; thus, it is remarkable that its geochem-
ical signature lasted for at least 1 Myr and maybe
even longer. Because all the data from our survey,
irrespective of tectonic setting, plot within the
Mg# vs. Latitude trend seen at the present day
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on the axis, we believe that magmatic segmenta-
tion defined by the change in Mg# at 14°30’S has
been stationary over the last ~10 Myr.

In an overview of the East Pacific Rise mor-
phology, Macdonald [8] quantified the commonly
noted observations that primitive basalts tend to
be found on the shallower and broader parts of
the ridge axis and emphasized the 14°30’S discon-
tinuity as a place where basalt chemistry corre-
lates much better with cross-sectional area of the
ridge axis than with simple axial depth. The more
evolved lavas to the south are associated with a
cross-section of 3-4 km?, while the more primitive
lavas to the north are associated with an area of
4-5 km?. Axial depth is nearly uniform at 2620
2660 m. If the chemical discontinuity has been
persistent, as we suggest, then one speculative in-
terpretation is that the broad cross-section reflects
an extremely stable and robust site of upwelling
that has neither influenced nor been influenced by
small ridge offsets that have propagated through
the area. Although the causes of variation in mag-
ma fractionation along ridge axes remain poorly
understood, it is widely accepted that frequent
replenishment of shallow crustal magma cham-
bers would generally dilute any evolved magmas
that may form there.

We conceive of two plausible mechanisms to
explain the observation of a stationary chemical
segmentation defined by Mg#. Either (1) the mag-
mas being supplied from the mantle have similar
Mg# over the whole area and the extent of crystal
fractionation occurring in the sub-axial magma
chamber is consistently higher (and by implication
the rate of magma supply consistently lower [10])
towards the south of the 14°30’S discontinuity or
(2) the Mg# of the parental magmas decreases
systematically southward and the extent of frac-
tionation stays constant. In view of the fact that
total crustal thickness (as indicated by axial
depths) appears to be constant over the area,
the former option would imply a systematic
change in the Layer 2/Layer 3 thickness from
north to south (assuming that Layer 3 represents
the cumulates and Layer 2 the residual liquids
from fractionation). Data from Hooft et al. [9]
show constant Layer 2A thickness throughout
the region studied here and appear to provide

some evidence against changing extents of crystal
fractionation. We therefore must conclude that
the latitudinal variations in magma composition
are principally a feature of the sub-lithospheric
magma supply and relatively independent of crus-
tal processes.

The fact that the composition of the lavas be-
tween the Garrett transform and 14°30’S appears
to remain constant over the last 10 Myr and the
lack of correlation of compositional boundaries
with off-axis discordant zones provide important
implications for the processes controlling the seg-
mentation of mid-ocean ridges. We propose that
these observations provide further support for a
crack model. As a cracking front advances along
the ridge axis, it is likely to intersect and tap a
number of separate mantle melt sources. Magmas
would rise passively into the open crack and erupt
on the seafloor. Thus, such a model would be
dominantly plate- and crack-controlled and hence
a passive spreading model. Nevertheless, focused
mantle upwelling [37] would result in an increased
melt supply toward the middle of a first-order
segment and in the presence of magma, crustal
failure can occur at much lower deviatoric stresses
[42]. Tt therefore seems likely that overlapping
spreading centres will generally tend to originate
near the middle of a first-order segment and may
support a feedback between passive and active
driving forces, as proposed by Macdonald et al.
[4]. However, four out of five OSCs imaged in our
dataset are probably linked to far-field stresses
related to the evolution of the now extinct Bauer
microplate and originated somewhere near 16°S
and hence well to the north of the middle of the
first-order segment.

5. Conclusions

A combined geophysical mapping and geo-
chemical sampling approach provided a unique
dataset from a flowline corridor out to a seafloor
age of ~10 Ma on the eastern flank of the East
Pacific Rise at 14°14’S. In addition to multibeam-
sonar data and magnetic anomalies from the east-
ern flank, magnetic and bathymetric data were
obtained on the conjugate western flank to esti-
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mate the degree of asymmetric spreading. Seafloor
spreading was generally asymmetric with a faster
spreading to the east, although since ~2.8 Ma
crustal accretion occurs symmetrically. The sea-
floor characterized by symmetric spreading did
not show any evidence for discordant zones, while
seafloor indicating asymmetric spreading suffered
from at least five overlapping spreading centre
migration events. One was a left-stepping south-
ward migrating discontinuity, which was created
close to the Garrett transform fault. The other
four were right-stepping and northward migrating
OSCs and originated somewhere near 16°S. Both
right-stepping northward and left-stepping south-
ward migrating OSC transfer lithosphere from the
Pacific plate to the Nazca plate and may therefore
account for the spreading asymmetry. The fact
that the birth of four of the five OSCs seems to
be initially related to the evolution of the Bauer
microplate between ~9 and 6 Ma suggests that in
addition to mantle upwelling other forces — like
far-field stresses — can create non-transform ridge
axis discontinuities. Furthermore, the geochemical
data seem to support a crack-controlled rather
than upwelling-controlled model for higher-order
ridge crest segmentation. They suggest that the
magmatic segment boundary near 14°30’S has re-
mained stationary for at least the last 10 Myr.
Moreover, the geochemistry of samples does not
show any correlation with off-axis discordant
zones of fossil OSCs. This observation suggests
that advancing cracks tap underlying melt reser-
voirs and melts rise passively into the crack to
build the seafloor. Thus, to explain all observa-
tions we favour a feedback mechanism between
active and passive plate- and crack-controlled
spreading mechanisms. Magma, however, is not
distributed along axis by propagating segment
tips.
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