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Abstract

Results from axial dredges and a profile inversion of magnetic anomaly data along the axis of the East Pacific
Rise (EPR) at 13-23°S provide an estimate of the average degree of fractionation for the extrusive layer at this
ultrafast-spreading (~145 mm/yr full rate) ridge. We find a high correlation (R = 0.81) between dredge mean FeO'
(total iron as FeO) and natural remanence for 34 axia dredges with multiple samples having coincident geochemical
and magnetic data. We attribute this good correlation to detailed sampling spanning the full range of cooling-related
magnetization changes within a flow and to the young age (0-6 ka) of these axial samples, which effectively minimizes
time-dependent magnetization changes due to geomagnetic intensity or alteration. A composite axia magnetic anomaly
profile shows large amplitude (up to 400 nT) fluctuations with wavelengths of 50-200 km, which theoretical considerations
suggest can reliably be related to the magnetization directly beneath the ship. For much of the southern EPR, seismic data
provide independent limits on the axial thickness (259 4+ 55 m) and the pattern of off-axis thickening of the extrusive
magnetic source layer. These data also provide evidence for an axia magma lens that effectively eliminates anomaly
contributions from deeper magnetic sources. Inversion of the axial magnetic anomaly data utilizing these geophysical
congtraints yields a magnetization solution which, through use of the regression relating FeO™ and natural remanence, may
be related to the average degree of differentiation of the extrusive source layer. The magnetic data reveal a pattern of
magmatic segmentation that closely parallels the tectonic segmentation of the ridge, suggesting that magma supply may
be an important control on the average degree of differentiation of the extrusive layer. [ 1998 Elsevier Science B.V. All
rights reserved.
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chemistry concept has been used to delineate regions
of presumed differentiated lavas [2]. Such differen-
tiated ferrobasalts and rarer silica rich lavas (FeO'
> 12%) are commonly associated with ridge crest
discontinuities, where low magma supply rates and

Since a causa relationship was first suggested
between the presence of iron-rich lavas and high am-
plitude magnetic anomalies [1], the magnetic tele-
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moderate cooling rates allow enhanced degrees of
fractionation in shallow, ephemeral magma bodies
[3,4]. Although volumetrically minor [5], these com-
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positions reflect processes of low pressure crystal
fractionation and associated iron enrichment that are
ubiquitous in mid-ocean ridge basalt (MORB) suites.
Variations in the degree of fractionation along axis
therefore potentially provide important information
on the geometry of melt injection and redistribution
at mid-ocean ridges [6-8]. Here, we use axial mag-
netic anomalies to estimate the integrated degree of
fractionation of the extrusive layer along the geo-
physically well-constrained East Pacific Rise (EPR)
from 13-23°S. The magnetic data reveal a mag-
matic segmentation that closely parallelsthe tectonic
segmentation of the ridge, suggesting that magma
supply may be an important, if not the dominant,
control on the average degree of differentiation of
the extrusive layer.

Magnetic telechemistry postulates that iron en-
richment in MORB is accompanied by increased
abundance of titanomagnetite, resulting in higher
natural remanent magnetization (NRM) and thus in
enhanced magnetic anomaly amplitudes. Despite the
qualitative success of magnetic telechemistry in de-
lineating iron-rich regions of the crust [2,9-13],
more quantitative applications have been hindered
by the difficulty in demonstrating the direct link
between iron enrichment and higher NRM [14],
the only relevant parameter for comparison with
anomaly amplitudes, as well as by uncertainties in
the geometry of the magnetic source layer.

In a recent study of more than 250 samples
(~2100 specimens) from 50 axial dredge haulsalong
the ultrafast spreading (~145 mm/yr full rate) south-
ern EPR [15], we have documented a higher degree
of correlation between FeO" and NRM than in any
previous study. In our study, detailed sampling per-
pendicular to the chilled margin allowed robust char-
acterization of the average remanence of samples
from the southern EPR, accounting in part for the
substantial (up to order of magnitude) variation in
magnetic properties within a flow/pillow [15,16].
As importantly, the young age (U-series ages 06
ka; [17]) of these axia dredges effectively mini-
mized magnetization differences due to time-depen-
dent changes in geomagnetic intensity or ateration.
For the 34 dredges with three or more samples hav-
ing coincident geochemical and magnetic data, we
find a high degree of correlation (R = 0.81) be-
tween dredge mean FeO" and the dredge mean NRM
(Fig. 1). These results indicate that a substantial por-
tion, perhaps as much as two-thirds, of the magneti-
zation variation in comparable age MORB samples
may be related to differencesin geochemistry.

A composite sea surface magnetic anomaly pro-
file dlong the EPR axis (13-23°S) reveals large am-
plitude variations (Fig. 2a), the largest of which
(>400 nT) are comparable to or even larger than the
amplitudes at major magnetic reversal boundaries.
The close correspondence of axial anomaly data

80
70 E
b NRM = -45.2 + 6.60 x FeO*
— o R =0.81
E ®F n=234
<
50 R
s n
o L o //'-—69-1
Z 4 L ' T
(4] [
=) & 3
B %0 b &
() F D )%—o—f—? -
20 [
10 [
0 1 L ! 1 [ P B
8 9 10 1 12 13 14 15 16

Dredge FeO*

Fig. 1. Variation in natural remanent magnetization (NRM) as a function of FeO" (total Fe as FeO) for dredges from the southern EPR.
NRM values represent the arithmetic mean intensity (+10) of three of more flows/pillows, each with multiple subspecimens [15].
Dredge mean FeO" content (with 1o error) calculated from microprobe analysis of glass chips [8] from samples used for magnetic study.
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Fig. 2. Magnetic and geochemical variations along the axis of the southern EPR. (@) Composite axial magnetic anomaly (prior
to reduction to pole) constructed primarily from €9102 cruise, corroborated and extended with data from aria2 and pasc2 cruises.
Representative segments from the latter two cruises (light grey lines; offset by 150 nT for clarity) illustrate reproducibility of anomaly
pattern. All anomalies recalculated using the appropriate Definitive Geomagnetic Reference Field model. Remaining small discrepancies
(typically <50 nT) may be attributed to diurnal field variations. (b) Magnetization inferred from profile inversion (heavy grey line) and
grid inversion (dashed, both left scale) is compared to FeO™ content [8] (filled circles, with larger circles indicating dredges for which
sample magnetizations are available [15]), with the scaling and offset between the axes determined by the regression result from Fig. 1.
Prior to inversion, the axial anomaly was reduced to pole in 1° latitude increments to alow for variable phase shift resulting from
differences in ridge azimuth and magnetic latitude along length of profile. Profile inversion of the composite axial anomaly uses an
effective source thickness of 375 m, corresponding to an extrusive layer that thickens from 250 m to 500 m within approximately 2.5 km
of the ridge crest. A cosine-tapered band-pass filter was applied where wavelengths <10 km and >600 km were cut and wavelengths
>20 km and <300 km were passed unattenuated. Spectral inversion of the axial anomaly data explicitly including the off-axis thickening
of 2A yields essentialy the same magnetization contrasts [26]. Our axial magnetization solution also yields a pattern similar to that
obtained from previous inversions of grid magnetic data [33,35]; the dlight offset between the grid inversion solution (scaled for 500
m source layer thickness; finer dashed line) and the profile inversion may be related to longer wavelength features in the magnetic
annihilator. (c) Along-axis variations in bathymetry, seismic Layer 2A thickness, and depth to axia magma chamber [21] used to
constrain magnetic source layer. Arrows depict axial discontinuities with arrow length proportional to the magnitude of the offset. Ridge
cross sectional areais shown for comparison [37].

from three separate multibeam-navigated cruises variations (Fig. 2a). Moreover, much of the anomaly
suggests that navigational uncertainties are unlikely data used in our analysis was acquired during a
to account for any significant along-axis amplitude seismic survey which imaged an axial magma lens
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over most of the ridge segment [18]. Since ridge
perpendicular seismic profiles indicate the width of
the axial magma lens is <1 km [19], the presence
of a magma chamber reflector provides additional
support for minimal navigation errors. The remain-
ing small (typically <50 nT) discrepancies between
the profiles may plausibly be attributed to diurna
geomagnetic variations.

The large axial amplitude variations must there-
fore reflect both changes in the geometry of the
source layer as well as along-axis fluctuations in
NRM intensity. In contrast to most other ridge seg-
ments, the geometry of the magnetic source layer
along the southern EPR iswell constrained by multi-
channel seismic data (Fig. 2c). Elevated crustal tem-
peratures associated with a shallow axial magmalens
[18] effectively eliminate any magnetic contribution
from the gabbroic layer and further reduce any signa
from the weakly magnetized sheeted dikes [20]. In
addition, the seismic data indicate a remarkably uni-
form axial thickness (259 + 55 m; [21]) for seismic
Layer 2A. Ridge perpendicular seismic profiles also
indicate that Layer 2A typically increases in thick-
ness by a factor of 2—3 over a distance of 2-3 km
from theridge axis[19,22]. We use the near constant
along-axis thickness of Layer 2A, nominally corre-
sponding to the extrusive layer [23,24], aswell asits
pattern of off-axis thickening to define the magnetic
source layer. Together with systematic axial sam-
pling [8] and the favorable ridge azimuth, this ridge
segment therefore provides an unique opportunity
for a stringent application of magnetic telechemistry.

We performed a profile inversion of the compos-
ite axial anomaly data to facilitate comparison with
the geochemical data from the southern EPR. The
resulting inversion solution (Fig. 2b) provides an es-
timate of axial magnetization variations for a 250 m
extrusive source layer that doubles in thickness by
2.5 km off-axis. The magnitude of the magnetization
contrast along axis (maximum ~50 A/m) is nearly
identical to therange of NRM intensities observed in
axial samples from the southern EPR (Fig. 1); how-
ever, the zero level of the inversion solution is poorly
defined by the axial anomaly alone. The zero level
was determined by addition of magnetic annihilator
[25], here essentially equivalent to a DC shift of the
magnetization solution, sufficient to produce strictly
positive magnetizations compatible with the lowest

zero-age magnetizations (~10 A /m) measured along
the southern EPR [15].

For comparison with the inversion solution, we
calculated equivalent NRM values from the mean
FeO" content of each dredge [8] using the rela-
tionship presented in Fig. 1. The overall similarity
between the two data sets (Fig. 2b), including where
some smaller scale features in the inversion solu-
tion are paralleled by fluctuations in the geochemical
data (e.g., low near 17.3°S, highs at 21.8°S and
22.2°S), provides confirmation of the link between
geochemistry and anomaly amplitude predicted by
the magnetic telechemistry hypothesis.

The observed axial magnetic anomaly represents
the linear superposition of contributions from all
magnetized bodies in the source region, i.e. al flow
units in the extrusive layer. Given the causal (linear)
relationship between FeO" and representative mag-
netization of zero age lavas[15], we therefore expect
close agreement between the axial magnetization so-
lution and surficial samples from a geochemicaly
uniform extrusive layer. Fine scale discrepancies be-
tween our inversion solution and the magnetization
inferred from surficial sample geochemistry may
simply reflect geochemical variations at wavelengths
to which the axial sea surface anomaly isinsensitive.
For a magnetic profile along axis, Parker [26] has
shown a high coherence (y2 > 0.75 for wavelengths
above 50 km) between the axial anomaly and the
magnetization directly beneath the ship but coher-
ence drops below 0.5 at wavelengths less than ~25
km.

However, significant longer wavelength differ-
ences between the magnetization solution and
sample magnetization/geochemistry (e.g., 15—16°S)
must indicate either deficienciesin our characteriza-
tion of the source layer geometry or unrecognized
geochemical variability. For the region near 15—
16°S, substantial (factor 2) thinning of the extrusive
source layer would be necessary to reconcile the
magnetization solution and geochemical data. This
is inconsistent with the increased thickness of Layer
2A imaged seismically near the 15.9°S discontinu-
ity (Fig. 2c). Moreover, a thicker effective magnetic
source layer might be expected in this region from
the modest deepening of the magma chamber and
the lack of significant hydrothermal activity [27].
We conclude that in this 15-16°S region, sample
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geochemistry and magnetization values are unlikely
to be representative of the average properties of the
extrusive layer. We regard the anomaly data, which
are sensitive to the magnetization of the entire extru-
sive layer, as the best available means for estimating
the integrated degree of fractionation of the extrusive
layer.

Our interpretation of the axial anomaly inversion
also provides an indication of the thermal and mag-
matic supply along this portion of the southern EPR.
Magmatic injection centers have been postulated to
coincide with longer wavelength bathymetric highs
[6,28], with the least fractionated |avas erupted at the
segment center and progressively more fractionated
compositions towards the segment ends. Major €el-
ement geochemical variations along some segments
of the slow-spreading Mid-Atlantic Ridge [29] ap-
parently support this model; however, it has been dif-
ficult to document any simple relationship between
tectonic and magmatic segmentation at faster spread-
ing ridges [7]. The difficulty in discerning coherent
along-axis variations in the degree of fractionation is
in part afunction of the magnitude of within-dredge
geochemical scatter (as high as 2—-3% MgO, 3-5%
FeO'"; [5,30]) together with the minimal bathymetric
relief on fast-spreading ridges.

The spatia integration inherent in sea surface
magnetic anomalies provides an effective means
of averaging local geochemical variability, allow-
ing recognition of more subtle trends in the average
degree of fractionation than is possible from surficial
samples alone. The profile magnetization inversion
solution from the southern EPR is characterized by a
cuspate pattern, with the majority of the documented
axial discontinuities with more than 2 km offset and
even some smaller offsets accompanied by a corre-
sponding magnetization high (Fig. 2). The dominant
wavel engths of these variations (50-200 km) lie well
within the band of high coherence between the ax-
ial anomaly and crustal magnetization [26]. Finer
scale variations have in fact been filtered out during
the inversion (Fig. 2 caption). Thus, magnetization
changes due to local variation in the geometry of the
source layer [19,22] will not be discernible in the
inversion solution.

On the basis of surficial sampling along the south-
ern EPR, Sinton et al. [8] recogni zed five segments of
relatively smoothly varying indices of fractionation

superimposed on the secondary magmatic segmenta-
tion delineated by similaritiesin parental lava com-
positions. Boundaries of these five segments were
poorly correlated with physical ridge axis discon-
tinuities, leading Sinton et a. to conclude that the
degree of differentiation was independent of magma
supply, as indicated by axia depth or width (see
Fig. 2c). In contrast, our magnetization solution in-
dicates that many of the regions of smoothly varying
MgO (and thus FeO") contents identified by Sinton
et a. [8] (eg., between 23°S and 20.7°S) appar-
ently comprise multiple segments characterized by
enhanced degrees of differentiation at ridge axis dis-
continuities. Although additiona factors (e.g., oxy-
gen fugacity, magma chamber size, hydrothermal
cooling) may also be important, the close association
between degree of differentiation and tectonic seg-
mentation evident from the data in Fig. 2 suggests
that the average degree of differentiation may indeed
be strongly influenced by magma supply.

The substantial axial magnetization contrasts evi-
dent in the inversion solution, presumably related to
geochemical variations along axis, imply that mag-
netic anomalies orthogonal to the ridge axis (referred
to here as magnetic corrugations) might be expected
from relatively long-lived variations in geochem-
istry. For example, Batiza et a. [30] documented a
nearly constant degree of fractionation in N-MORB
samples along two flowlines (to ~0.8 Ma) at mag-
matically robust locations on the EPR near 10°N and
large, systematic variations in geochemistry away
from the magmatically starved part of the axis near
10°30'N. The inferred constant or slowly varying av-
erage composition for the magma lens [30] should
produce consistent geochemical, and hence mag-
netization and magnetic anomaly, patterns along a
flowline although small scale spatial /tempora geo-
chemical variations may also be present [31]. Iron
enrichments near large offset axia discontinuities
aready have been suggested to be associated with
magnetization highs at a high angle to the ridge crest
that can be traced across the Central Anomaly in the
northern EPR [32] as well as the southern EPR [33—
35]. Existing magnetic surveys (5-8 km line spac-
ing) near the axis of the southern EPR [18] arguably
provide evidence that even some finer scale magne-
tization contrasts evident in the axial profile extend
for tens of kilometers. Additional detailed magnetic
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surveys in this area that take better account of diur-
nal field variations may eventually reveal magnetic
corrugations along spreading flowlines in addition to
the ridge parallel lineations (tiny wiggles) commonly
observed within constant polarity intervals[36].

The correspondence between magnetic anomaly
amplitude and iron content documented here sug-
gests that more detailed magnetic surveys are likely
to be avaluabletool for ng along axis changes
in the average degree of differentiation of the ex-
trusive layer. The presence (or absence) of mag-
netic corrugations elsewhere should provide limits
on the temporal scales of fluctuations in average
geochemistry. Moreover, we suggest that the spectral
characteristics of high resolution magnetic anomaly
data, particularly those collected nearer the magnetic
source, may prove useful in evaluating the spatia
scales of geochemical heterogeneity within the crust.
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