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Abstract. We have performed a detailed analysis of the skewness of marine
magnetic anomalies in Indian Ocean basins created between 85 and 40 Ma as a result
of the northward motion of India. Visual and semiautomated methods of skewness
determination were applied to the data. Both provide consistent results, but the
visual method is prefered for its ability to deal with noisy data. Plots of apparent
effective remanent inclination (or skewness corrected for present geomagnetic field
inclination) versus time for conjugate basins display the combination of three effects:
a gradual increase with time, related to the northward motion of the ridges attached
to India in the geomagnetic reference frame; a gap between conjugate curves, which
represents anomalous skewness senso stricto; and short-period fluctuations, which
represent the sequence effect, i.e., the effect of neighboring magnetic sources on
the skewness of a given anomaly. The anomalous skewness decreases with faster
spreading rate and completely disappears above 50 km/m.y., an observation which
negates geomagnetic field behavior as a possible cause of the observed anomalous

skewness.

Introduction

Seafloor spreading marine magnetic anomalies ex-
hibit a phase, or skewness, which depends on the in-
clination of both the magnetization and geomagnetic
field vectors. Skewness measurements may therefore
provide a tool to determine paleolatitudes [e.g., McKen-
zie and Sclater, 1971; Schlich, 1982] and paleomag-
netic poles [Schouten and Cande, 1976; Cande, 1976;
Petronotis et al., 1992]. However, skewness analyses
of magnetic anomalies from a worldwide distribution
of conjugate basins (between Australia and Antarctica
[Weissel and Hayes, 1972], across the Pacific-Antarctic
Ridge [Cande, 1976], across the Mid-Atlantic Ridge
[Cande and Kristoffersen, 1977; Cande, 1978; Roest et
al., 1992], in the Agulhas Basin [LaBrecque and Hayes,
1979], and in the Philippine Basin [Watts et al., 1977;
Hilde and Lee, 1984]) have demonstrated the existence
of a residual component, named anomalous skewness
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[Cande, 1976], which may be as large as 50°. Anoma-
lous skewness arises because the conventional assump-
tion of rectangular, two-dimensional layer 2A prisms of
constant magnetization and alternating polarity is only
a first-order representation of the oceanic crustal mag-
netic source, which is suitable to build synthetics in or-
der to identify anomalies for plate tectonic studies but
is not adequate for a detailed analysis of the magnetic
anomaly signal.

Very few skewness determinations have been made
on Indian Ocean magnetic anomalies, as part of a more
general study by Roest et al. [1992]. This is unfor-
tunate, as the Indian Ocean is probably one of the
most suitable locations for the study of marine mag-
netic anomaly skewness. Compared to the Atlantic
Ocean, which encountered only slow spreading rates,
the Indian Ocean was characterized by a wide range of
spreading rates during the last 100 m.y., from the ultra-
slow Southwest Indian Ridge (6 km/m.y. half rate at
anomalies 5-6, 10-20 Ma [Patriat, 1987]) to the ultra-
fast Southeast Indian Ridge (105 km/m.y. half rate at
anomalies 28-29, 65 Ma. [Patriat, 1987]). In contrast to
the Pacific Ocean, which is surrounded by subduction
zones, the conjugate of most Indian Ocean basins still
exists, the only exception being the northern Wharton
Basin bounded by the Indonesian subduction zone (Fig-
ure 1).
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Figure la. Location of oceanic basins created as a
result of the northward motion of India between 85
and 40 Ma. For this period, oceanic crust generated
in 1 m.y. every 5 m.y. is shaded. The width and
spacing of the resulting zebra patterns give a visual ap-
preciation of relative spreading rates in the area. Ara,
Arabian Basin; Cro, Crozet Basin; Ind, Central Indian
Basin; Mad, Madagascar Basin; Mas, Mascarene Basin;
Som, Eastern Somali Basin; Wha, Wharton Basin; Car,
Carlsberg Ridge; CIR, Central Indian Ridge; SEIR,
Southeast Indian Ridge.

In this paper, we use part of 3,000,000 km of marine
magnetic anomaly data collected by various oceano-
graphic institutions and gathered by the Indian Ocean
Data Compilation Project to study the skewness of
magnetic anomalies created between 85 and 40 Ma
during the fast northward motion of India. This in-
cludes data from the Arabian, Eastern Somali, Mas-
carene, Madagascar, Central Indian, Crozet and Whar-
ton basins (Figure 1).

Anomalous Skewness and Fossil
Spreading Centers

Our interest in the Indian Ocean arises from the
observation of strong anomalous skewness on profiles
crossing fossil spreading centers in the Wharton Basin
(Figure 2) and the Mascarene Basin, where the conju-
gate magnetic anomalies are very close and the effective
inclination (i.e., the inclination along the spreading di-
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rection) of the present geomagnetic field varies by less
than 5°. The effective inclination of magnetization is
by definition the same for conjugate anomalies. These
conjugate anomalies should therefore display the same
skewness, and the application of a correct phase shift
should produce symmetrical, boxlike anomalies on both
flanks.

Attempts to deskew magnetic anomalies on each flank
of the Wharton fossil spreading center (Figure 2, second
and third profiles) show that this is obviously not the
case: while all the anomalies of one flank are approxi-
mately symmetrical for a given phase shift, the anoma-
lies of the other flank still display a strong asymmetry.
Application of a mean phase shift (Figure 2, fourth pro-
file) results in symmetrical magnetic anomalies with re-
spect to the fossil spreading center; anomalies generally
display a marked slope toward the fossil ridge axis. As-
suming that anomalous skewness is evenly distributed
between both flanks, the difference between phase shifts
required to deskew the northern (Figure 2, second pro-
file) and southern (Figure 2, third profile) flanks of this
fossil spreading center is twice the anomalous skewness.
The anomalous skewness reaches therefore about 30° in
the Wharton Basin. Similarly, the anomalous skewness
is about 20° in the Mascarene Basin.

Anomalous skewness has been observed in the vicin-
ity of other fossil spreading centers. It reaches about
15° in the Philippine Basin for anomalies 13-24 [Hilde
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Figure 1b. Location of the shipborne magnetic
anomaly profiles used in this study.
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and Lee, 1984] and 30° in the Agulhas Basin for anoma-
lies 33-34 [LaBrecque and Hayes, 1979]. The frequent
association of anomalous skewness with fossil spreading
centers may provide a clue for understanding the cause
of anomalous skewness, although some fossil spreading
centers were too slow (e.g., Labrador Sea [Srivastava,
1978], Norwegian Sea [Talwani and Eldholm, 1977]) or
stopped after a period of very rapid geomagnetic rever-
sals (e.g., South China Sea [Briais et al., 1993], Somali
Basin [Cochran, 1988]) to allow any reliable anomalous
skewness observation.

Data Analysis

The determination of the skewness parameter of ma-
rine magnetic anomalies is not an easy task. Vari-
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ous criteria have been proposed for the deskewed mag-
netic anomalies. LaBrecque [1973, 1976, Schouten and
Cande [1976], Petronotis and Gordon [1989], and Ar-
kani-Hamed [1991] consider that a deskewed anomaly
should be identical to the corresponding synthetic ano-
maly computed at the pole, i.e., with vertical magne-
tization and geomagnetic field vectors, assuming rect-
angular, two-dimensional prisms of constant magne-
tization and alternating polarity (criterion 1). In a
simplified version of this criterion, a deskewed mag-
netic anomaly should be symmetrical, like the anomaly
resulting from a single rectangular, two-dimensional
prism of constant magnetization at the geomagnetic
pole (criterion 2). Roest et al. [1992] assume that a
deskewed anomaly should maximize the correlation be-
tween two functions derived from the anomaly, the mod-
ulus of the analytic signal and the horizontal derivative
of the pseudo-gravity (criterion 3).

These criteria lead to similar but not identical re-
sults. To estimate the difference between results ob-
tained by using criteria 1 and 2, we examine the phase
shift required to produce symmetric individual syn-
thetic anomalies computed at the pole using rectan-
gular, two-dimensional prisms of constant magnetiza-
tion and alternating polarity. Adopting the polarity
timescale of Cande and Kent [1992] and the spread-
ing rates considered hereafter, this phase shift repre-
sents typically less than 5° but may reach 12° for some
anomalies at slow spreading rates. This phase shift
is caused by neighboring sources because the magnetic
anomaly created by a rectangular, two-dimensional
prism of constant magnetization is symmetrical. It is
therefore the result of an uneven distribution of the
prisms and a combined effect of the geomagnetic po-
larity timescale and spreading rates.

Criterion 1 takes into account the effect of neigh-
boring sources and, in a certain way, implies a par-
tial deconvolution of the source function assuming a
given sequence of rectangular, two dimensional prisms
of constant magnetization. To be properly applied, it
requires the computation of synthetics for every pro-
file analyzed, as varying spreading rate, ridge jumps,
assymetry, and complex segmentation affects the se-
quence of alternating polarities. We prefer, for simplic-
ity, to adopt criterion 2 and consider that a magnetic
anomaly is deskewed if it is symmetrical. In the case

Figure 2. Magnetic anomaly profile across the Whar-
ton Basin fossil spreading center (R/V Jean Charcot
profile 03-16 [Schlich et al., 1985]). From top to bot-
tom, the initial data (Theta = 0) are phase-shifted to
approximately deskew anomalies on the northern flank
(Theta = 120°) and on the southern flank (Theta =
60°) as shown by line segments over the anomalies.
The selected phase shifts are satisfactory for a group
of anomaly (i.e., on a fossil ridge flank) and represent
an average of the optimal phase shift for each individual
anomaly. Later in this paper, we determine skewness for
individual anomalies only. Average phase shift (Theta
= 90°) results in a symmetrical profile but does not
satisfactorily deskew the anomalies of any flank.
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of wide anomalies, the two shoulders of the anomaly
should reach the same amplitude; in the case of narrow
anomalies, characterized by a single peak, both sides of
the peak should display similar slopes.

The skewness factor can be determined visually
[Schouten and Cande, 1976; Cande, 1976; Petrono-
tis and Gordon, 1989]. We designed an interactive
graphic computer program to approach, in a dichoto-
mous way, the optimal skewness needed to make a mag-
netic anomaly symmetrical. Tests on synthetic mag-
netic anomalies show that this method reaches an accu-
racy of 1-2° for broad and tabular anomalies and 2-4°
for narrow and peaked anomalies. Further tests on real
data show that, for broad and tabular anomalies, the
accuracy is about 1-2° for clean data and 2-4° for noisy
data. Such a visual method may, however, be regarded
as subjective, and semiautomated methods, based on
mathematical criteria, have been designed to determine
skewness [LaBrecque, 1973, 1976; Arkani-Hamed, 1991;
Roest et al., 1992].

LaBrecque [1973, 1976] proposed an iterative method
based on the correlation, in the Fourier domain, of the
magnetic anomaly with a boxlike magnetization func-
tion built from the magnetic anomaly itself such that it
is equal to -1 for negative anomalies and +1 for posi-
tive anomalies. This method does not require, as erro-
neously stated by Roest et al. [1992], a priori knowl-
edge of reversals and spreading rates. The correla-
tion presents a linear trend across a range of frequency
bands, and the intercept of this trend with the ordinate
axis is used as a phase shift to apply to the anomaly.
This process is iteratively repeated to the phase-shifted
anomaly until the intercept becomes negligible, and the
anomaly is deskewed. The sum of the successive phase
shifts applied to the initial anomaly represents its skew-
ness factor. Our implementation of this method makes
the skewness determination a rather long process, as
we choose to select interactively the range of frequen-
cies used for the regression at every iteration to insure
the convergence. The method provides accurate values
of skewness for very clean anomaly data; however, it is
inadequate for handling noisy data.

Arkani-Hamed [1991] designed a simple method to
determine the skewness of a magnetic anomaly. He
calculated correlation coefficients between the observed
anomaly, gradually phase-shifted by increments of 2°,
and the corresponding synthetic magnetic anomaly
computed at the pole under the assumption of rectan-
gular, two-dimensional prisms of constant magnetiza-
tion and alternating polarity. The anomaly is deskewed
for the phase shift which corresponds to the maximum
correlation coefficient. This method was applied to
synthetic magnetic anomalies computed from various
magnetization models of oceanic lithosphere [Arkani-
Hamed, 1989, 1991] and to five aeromagnetic profiles
across anomaly 33r northeast of Newfoundland [Arkani-
Hamed, 1990]. It has the advantage to allow skewness
determination of a single anomaly. However, in the case
of real data, it requires a precise determination of the
spreading rate for each anomaly and an uncertain ad-
justment of the measured and synthetic profiles in order
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to make the correlation meaningful. Such requirements
make the method time consuming and not suitable for
investigation of a large set of data.

Roest et al. [1992] used a method based on the an-
alytic signal, a complex function built from the mag-
netic anomaly derivatives as a pair of Hilbert trans-
forms. The modulus of the analytic signal is inde-
pendent of the magnetic anomaly skewness factor and
reaches a maximum at the top of magnetic contrasts
[Nabighian, 1972, 1974]. Roest et al. [1992] noted
that for a deskewed magnetic anomaly, the horizontal
derivative of the pseudo-gravity [Cordell and Grauch,
1985; Blakely and Simpson, 1986] computed from this
anomaly is very similar to the modulus of the ana-
lytic signal. Correlation coefficients between the mod-
ulus of the analytic signal and the pseudo-gravity com-
puted from the initial anomaly (gradually phase-shifted
by increments of 1°) are computed. The anomaly is
deskewed for the phase shift which corresponds to the
maximum correlation coefficient. Our implementation
of this method makes a skewness determination almost
twice as fast as the visual method. We observe that
Roest et al.’s [1992] method is less sensitive to noise than
LaBrecque’s [1973, 1976] method but may produce aber-
rant results for noisy anomalies, particularly when the
noise is local and does not equally affect the whole pro-
file. Also the method is not suitable for narrow anoma-
lies. Despite these shortcomings, we used both Roest et
al’s [1992] method and the visual method to indepen-
dently determine the skewness of magnetic anomalies in
the Indian Ocean.

Most of the previous analyses determined skewness
for sets of anomalies rather than for each individual
anomaly. They used data sets which were limited to
the “best” profiles rather than all of the available data
and/or performed the analysis for only selected anoma-
lies. A detailed skewness analysis was conducted by
Petronotis and Gordon [1989] in the northern Pacific
Ocean. Following these authors, we analyze each in-
dividual anomaly along all the available profiles in the
above-listed basins. About 250 magnetic profiles suit-
able for skewness analysis (Figure 1), almost parallel
(within £+20°) to the spreading direction, are projected
along this direction and resampled at an interval of
1 km; 1385 skewness measurements are made by the vi-
sual method and 782 by Roest et al.’s [1992] method. As
we applied both methods to the same data set, we ob-
serve that Roest et al.’s [1992] method is unable to pro-
vide skewness determinations for more than one third
of the cases for which the visual method works.

The measured skewness 0y, is defined by [Schouten
and McCamy, 1972)

O = I + I, — 180° + 0, (1)

where 0, is the anomalous skewness, and I} and I}, are
the effective inclinations of the magnetization and geo-
magnetic field vectors, respectively. The effective incli-
nation I’ is related to the inclination I by [Gay, 1963]

tan I' = tan I/ sin(A — D) (2)
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where A is the strike of the magnetic lineations mea-
sured 90° clockwise from the direction in which the
seafloor becomes younger and D is the declination.
I, is easily computed for a given latitude, longitude,
and spreading direction from the International Geomag-
netic Reference Field (IGRF) models [[AGA Division V
Working group 8, 1992]. We define

I =TI 40, =6y — I +180° (3)

as the apparent effective remanent inclination [Petrono-
tis et al., 1992], or AERI. AERI is computed for skew-
ness determined by both the visual method and au-
tomated method of Roest et al. [1992]. When pos-
sible, AERI values corresponding to a given magnetic
anomaly in a given basin are averaged and the stan-
dard deviation is computed in order to provide an error
estimate.

Results for Conjugate Basins in the
Indian Ocean

Figure 3 shows the resulting AERI for two pairs of
conjugate basins versus age, using skewness determined
by Roest et al’s [1992] (top) and the visual (bottom)
methods. Both methods provide similar results, indis-
tinguishable at the level of uncertainty of our measure-
ments (Figure 3). However, due to the difficulties of
Roest et al.’s [1992] method in dealing with noisy data
and narrow anomalies, the number of AERI obtained
by this method is about one third less than that of the
visual one. These “missing” AERI values correspond
generally to the slower spreading rates, and their ab-
sence may induce a bias in the results (Figure 3). We
only present results obtained by the visual method in
this paper.

Figure 4 and Table A1! present AERI determined
by the visual method versus age for the five pairs of
conjugate basins considered in the Indian Ocean. The
conjugate AERI curves shows the superposition of three
effects: (1) the long-period (10-40 m.y.) trend of the av-
erage of conjugate AERI represents the paleomagnetic
signature of ridge motions; (2) the intermediate-period
(5-20 m.y.) difference between conjugate curves corre-
sponds to the anomalous skewness senso stricto; and (3)
the short-period (1-5 m.y.) difference between conju-
gate curves represents the effect of neighboring sources
on a given anomaly, hereinafter called the sequence ef-
fect.

1 An electronic supplement of this material may be obtained on
a diskette or Anonymous FTP from KOSMOS.AGU.ORG. (LO-
GIN to AGU’s FTP account using Anonymous as the username
and GUEST as the password. Go to the right directory by typing
CD APEND. Type LS to see what files are available. Type GET
and the name of the file to get it. Finally, type EXIT to leave
the system.) (Paper 94JB02061, Skewness of marine magnetic
anomalies created between 85 and 40 Ma in the Indian Ocean, by
J. Dyment, S.C. Cande, and J. Arkani-Hamed). Diskette may be
ordered from American Geophysical Union, 2000 Florida Avenue,
N.W., Washington, DC 20009; $15.00. Payment must accompany
order.
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Paleomagnetic Signature of Plate Motions

For all of the basins and during the period studied,
the long-period trend of the average of conjugate AERI
displays a gradual increase with time (Figure 4), repre-
senting the time variation of the effective inclination of
the magnetization I] which corresponds to the effective
paleoinclination of the magnetic field. Assuming that
the magnetic field is dipolar, paleoinclinations I; may
be converted to paleolatitudes A, by

tan I, = 2tan ;. (4)
If the azimuth of the ridges attached to the Indian plate
did not drastically vary between 85 and 40 Ma, the
gradual increase of AERI with time would reflect the
northward motion of the ridges separating India (fastly
moving northward) from Africa, Antarctica, and Aus-
tralia (quasi-stationary or relatively slow in the geomag-
netic reference frame). The azimuths of the ridges at-
tached to India are poorly known for the period consid-
ered, and we are not able to determine the true paleoin-
clinations and compute the true paleolatitudes. There-
fore effective paleolatitudes are obtained by averaging
conjugate AERI, applying equation (4) with averaged
AERI in place of I, and fitting a linear regression to
remove the intermediate- and short-period effects.

Effective and true paleolatitudes are generally differ-
ent, except for east-west trending ridges, as more or
less verified for the ridges attached to the Indian plate
according to paleogeographic reconstructions for chrons
34, 29, 24, and 21 which were plotted in the geomagnetic
reference frame [Besse and Courtillot, 1988)]. Indeed,
our effective paleolatitudes are in rough agreement with
Besse and Courtillot’s paleolatitudes, differing by less
than 15° (Table 1). The best agreement is observed for
the Southeast Indian Ridge, with an orientation closer
to the east-west direction. Figure 5 displays the ob-
served effective paleolatitudes and the regression lines
for the Indian Ocean ridges. The Central Indian Ridge
appears to have been located south of the Southeast In-
dian Ridge, an artifact due to the different orientation
of these ridges. Slopes of regression lines are 65 km/m.y.
for the Southeast Indian Ridge and 50 km/m.y. for both
the Carlsberg and Central Indian Ridges. These slopes
can only be interpreted as velocities with respect to the
geomagnetic reference frame if the ridge orientation re-
mained constant during the period considered.

We also apply the lune intersection method [Schouten
and Cande, 1976; Cande, 1976] to our data for anoma-
lies 29, 24, and 21 on the Indian plate and compare
the resulting zones of lune intersection to the appar-
ent polar wander path for India [Besse and Courtillot,
1991]. The average AERIs of the selected anomaly in
all pairs of conjugate basins are used, and a +5° uncer-
tainty is assigned to define the confidence lunes. The
Mascarene Basin, however, was discarded because its
northern flank, created on the Indian plate, now be-
longs to the African plate. The lunes of confidence
(Figure 6) intersect in elongated zones, as the basins
located on the Indian plate are rather close and display
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Table 1. Effective Paleolatitude and Paleolatitude of Indian Ocean Ridges

Chron Age (Ma) Carlsberg CIR SEIR Wharton
21 ~ 47 —16+5 (=1247) —51£15 (—37+4) —45+15 (—43£6) —36+£15 (~26+6)
24 ~53 ~18+5 (—15+6) —53+£12 (—41+4) _48+15 (—4T+5) —40£20 (=30 +4)
29 ~ 65 —59+12 (—49 +4) —55+15 (=56 +7) —50£20 (—40 % 6)
34 ~~ 83 —65+20 (—58+5)

Effective paleolatitudes are from marine magnetic anomaly skewness, in degrees, and paleolatitude (in parentheses) are
from paleomagnetic measurements and paleogeographic reconstructions [Besse and Courtillot, 1988], in degrees.

similar anomaly trends. Using the intersection of three
or four lunes, a good agreement with Besse and Cour-
tillot [1991] poles for anomaly 29 and a fair agreement
for anomalies 24 and 21 are observed.

Anomalous Skewness

The difference between conjugate AERI curves rep-
resents twice the anomalous skewness. For clarity, we
separate anomalous skewness senso stricto, which rep-
resents the intermediate period (5-20 m.y.) component
evidenced by previous workers, from the short-period
combination of sequence effect and noise related to er-
roneous skewness measurements. Like Cande [1976]
and Cande and Kristoffersen [1977], we assume that
anomalous skewness is evenly distributed over conju-
gate basins. Roest et al. [1992] computed independent
anomalous skewness estimates for both conjugate basins
by using published or interpolated paleomagnetic poles
to determine I]. While paleomagnetic poles are rather
well constrained for the continents surrounding the At-
lantic Ocean, they are scarce, unevenly distributed, and
affected by large uncertainties for the continents sur-
rounding the Indian Ocean. They are not used in this
study. The assumption of evenly distributed anomalous
skewness is supported by the measurements of Roest et
al. [1992], which show only one uneven case for the
Arctic Ocean, possibly due to the larger uncertainty on
the paleo-azimuth of the high-latitude Nansen Ridge.
Anomalous skewness is observed in the five pairs of con-
jugate basins considered in the Indian Ocean (Figure 4).
It is evident for times younger than 50 Ma in the Ara-
bian and Eastern Somali Basins, in the western Central
Indian and Madagascar Basins, in the eastern Central
Indian and Crozet Basins, and for both flanks of the
Wharton Basin, and for times younger than 65 Ma in
the Mascarene Basin. It is apparent before 70 Ma in
the western Central Indian and Crozet Basins and for
both flanks of the Mascarene Basin. It possibly existed
in the Wharton Basin between 57 and 62 Ma.

A spreading rate dependence of anomalous skewness
has been suspected since the discovery of anomalous
skewness [Cande, 1976] and has clearly been estab-
lished by Roest et al. [1992], who showed that anoma-
lous skewness increases as spreading rate decreases.
Figure 7 shows our observations of anomalous skew-
ness plotted versus spreading rate and Roest et al.’s
[1992] observations of anomalous skewness for anoma-
lies 20 reversed (noted 20r), 25r, and 33r for compari-
son. There is a good agreement between our and Roest
et al.’s [1992] anomalous skewness determinations. The

large scatter of our measurements and the difference
between Roest et al. [1992] curves are likely to be re-
lated to the sequence effect (see below). Both Roest et
al’s [1992] and our skewness determinations were per-
formed on projected and regularly resampled magnetic
anomaly data, without any additional processing. In
particular, the data were not normalized to the same
spreading rate, because (1) spreading rates vary along
a profile and make the normalization complicated, (2)
their determination depends on the geomagnetic polar-
ity time scale used, which is subject to frequent changes
le.g., Cande and Kent, 1992], and (3) the normalization
procedure proposed by Schouten and McCamy [1972)
and Cande [1978] assumes rectangular, two-dimensional
prisms of constant magnetization and alternating po-
larity, an assumption proven inadequate by the obser-
vation of anomalous skewness. Cande [1978] reported
that the anomalous skewness of magnetic anomaly 33
and 34 in the South Atlantic changed by 10° after nor-
malization from 30 to 15 km/m.y., and therefore one
may argue that the observed relation between anoma-
lous skewness and spreading rate is ficticious, reflecting
the lack of normalization.

The spreading rate normalization is an operation
which accounts for the different Earth filters generated
by different spreading rates [Schouten and McCamy,
1972; Cande, 1978]. The Earth filter in the Fourier
domain is [Schouten and McCamy, 1972]

E(u) = e 9% —e7t® (5)

where a and b are the depth to the top and bottom of
the rectangular prisms from the observation plane and «
is the wave number. Normalization to a given spreading
rate is characterized in the Fourier domain by a filter

N = E(un)/E(uo) (6)

where up and uy are the original and normalized wave
numbers, related by

uNVN = roo (7)

to the original and normalized spreading rates, Vo and
Vx. In order to test the effect of spreading rate normal-
ization, we measured the spreading rate and applied
the normalization to every anomaly 27r recorded in the
studied area. The spreading rates range from 25 to
70 km/m.y. We normalized the anomalies to a spread-
ing rate of 35 km/m.y. and determined the anomalous
skewness of normalized anomalies, to be compared with
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Figure 5. Effective paleolatitudes of the Indian Ocean ridges determined from apparent effective
remanent inclinations (AERI) averaged over conjugate basins. See Figure 1 for abbreviations.
Through relation (4), the uncertainty and noise on AERI increase for AERI higher than 55°
(paleolatitudes higher than 35°) and decrease for AERI lower than 55° (paleolatitude lower
than 35°), an effect responsible for larger scatter for the SEIR, CIR, and Wharton Basin than
for the Carlsberg Ridge (bottom). For clarity, uncertainty bars are omitted. The typical 15°
uncertainty on AERI induces uncertainties of 7°, 12°, 15°, and 25° on effective paleolatitude
at the equator, 20°, 35°, and 60°, respectively. Despite this effect, the gradual trend of the
effective paleolatitudes versus age (data, bottom, and linear regression, top) suggests that the
ridge orientation remained relatively stable. The position of the Central Indian, Carlsberg, and
Mascarene Ridges with respect to the Southeast Indian and Wharton Ridges is biased by their
different orientation.
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the anomalous skewness of the original anomalies. The
normalization does not show any systematic effect on
anomalous skewness with spreading rate. The differ-
ence is never larger than 10° and does not significantly
affect Roest et al’s [1992] and our results.

Although a diagram of anomalous skewness versus
spreading rate reveals the general trend of their rela-
tionship (Figure 7), the short-period component ob-
scures another important observation which can be
made from conjugate AERI curves versus time (Fig-
ure 4). For example, the conjugate western Central
Indian and Madagascar Basins display no significant
anomalous skewness between 67 and 50 m.y. (the differ-
ence of conjugate AERI curves is limited to short-period
fluctuations). On the contrary, they present a large
anomalous skewness, about 30°, between 50 and 40 m.y.
The transition corresponds to the well-known decrease
of spreading rates observed in the Indian Ocean after
the collision of India with Eurasia started [Patriat and
Achache, 1984]. We note, however, that the transition
between the two anomalous skewness periods is very
short, less than 2 m.y. Similar observations can be
made from the other basins (Figure 4). If the spreading
rate dependence of anomalous skewness is gradual, as
suggested by Roest et al. [1992, Figure 9|, the short
transition implies a spreading rate jump from 80-60 to
30-10 km/m.y. at 50 Ma. While spreading rate has in
fact decreased from 70 to 20 km/m.y. on the Central
Indian Ridge, this decrease is believed to have occurred
over at least 7 m.y., from 54 to 47 Ma, and not in a
period shorter than 2 m.y.

Included in Figure 4 is the spreading rate versus time
for comparison with conjugate AERI curves. Spread-
ing rates were computed from detailed rotation param-
eters (angles are adapted to the timescale of Cande
and Kent [1992]) when available (Mascarene Basin [Dy-
ment, 1991] and Central Indian, Crozet, and Madagas-
car Basins [Patriat, 1987]), or measured on the data and

Figure 6. (opposite) Paleomagnetic pole determina-
tions for the Indian plate by the lune method [Schouten
and Cande, 1976] for anomalies 21, 24, and 29. See
Figure 1 for abbreviations. Effective paleoinclinations
were obtained by averaging apparent effective remanent
inclinations for conjugate basins. Effective inclinations
from the Mascarene Basin were discarded, as this basin
belongs to the African plate since anomaly 27 [Dyment,
1991]. The intersection of three or four almost paral-
lel lunes of confidence is shaded. The apparent polar
wander (APW) path for India proposed by Besse and
Courtillot [1991] is shown by circles (every 10 m.y., from
present at the north pole back to 120 m.y.) and solid
line. The solid circles indicate the section of the APW
path corresponding to the given anomaly: 40-50 Ma for
anomaly 21, 50-60 Ma for anomaly 24, and 60-70 Ma for
anomaly 29. The Ags confidence circles on these paleo-
magnetic poles, omitted for clarity, are 4.8° at 40 Ma,
6.0° at 50 Ma, 8.9° at 60 Ma and 6.3° at 70 Ma [Besse
and Courtillot, 1991]. The diamond for anomaly 29
represents paleomagnetic measurement from the Dec-
can Traps, with an Ags confidence circle of 2° [Besse
and Courtillot, 1988 and 1991].
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Figure 7. Anomalous skewness (i.e., half difference between apparent effective remanent in-
clination of conjugate basins) versus spreading rate for all studied basins. See Figure 1 for
abbreviations. Despite a large dispersion related to the sequence effect and errors in skewness
determination, anomalous skewness decreases with increasing spreading rate. This observation
is in agreement with Roest et al.’s [1992] results, displayed for comparison (curves labeled 33r,
25r, and 20r). Averages and standard deviations of available anomalous skewness determina-
tions [Roest et al., 1992; this study] within 10 km/m.y. intervals (20 km/m.y intervals below
20 km/m.y. and above 80 km/m.y.) are represented by bold uncertainty bars. There is a limit
at a spreading rate of 50 km/m.y. (dashed line), below which anomalous skewness is observed
and above which there is no significant anomalous skewness.

computed using the Cande and Kent [1992] geomag-
netic polarity timescale (Arabian, Eastern Somali, and
Wharton Basins). A comparison of anomalous skew-
ness and spreading rate versus time confirms the re-
lation between slow (respectively fast) spreading rate
and high (respectively low or null) anomalous skewness
(Figure 4). It also shows that the transition between
periods of significant anomalous skewness and almost
no anomalous skewness corresponds to a spreading rate
of about 50 km/m.y. half rate.

Sequence Effect

Petronotis and Gordon [1989] observed short-period
fluctuations on the AERI curve of the North Pacific
basin. They noted some differences between positive
and negative anomalies but did not attempt to explain
this observation, because subduction has destroyed the
conjugate basin. They considered the short-period fluc-
‘tuations as noise. The short-period (1-5 m.y.) fluctua-
tions of the Indian Ocean AERI curves (Figure 4) are
not randomly distributed, rather they appear opposite

in sign for conjugate basins, although the observation
is not systematic because noise accounts for a signif-
icant part of the short-period component. The con-
jugate AERI curves from the western Central Indian
and Madagascar Basins, and the eastern Central In-
dian and Crozet Basins, respectively, are particularly
convincing (Figure 4). We propose that the opposite
fluctuations represent the effect of the source of neigh-
boring anomalies on the studied anomaly, and call it
the sequence effect. This effect is inherent in the def-
inition of a deskewed magnetic anomaly used with the
visual method, i.e., a symmetrical anomaly (see discus-
sion above). We note that Roest et al.’s [1992] method,
which is based on another criterion, tends to reduce,
but does not remove, the sequence effect (Figure 3).
The sequence effect is observed in all pairs of conju-
gate basins we considered. In order to determine if sim-
ilar patterns are observed from one basin to another,
we isolated the short-period fluctuations by removing
a linear trend from AERI curves and inverting those
from the southern basins (Figure 8). Although the
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Figure 8. Short-period fluctuations of apparent effective remanent inclination: a linear trend is
removed for all basins, and curves are inverted for southern basins (open circles and dotted lines)
only. The non-null average (bottom) reveals fluctuations which are common to several pairs of
conjugate basins, especially between 63 and 71 Ma (anomalies 28 to 31r).

linear trend is not accurate to correct the long-period
effects, and some curves show obvious contamination
from anomalous skewness, this rough processing is suf-
ficient enough to recognize similar short-period fluctua-
tions between 63 and 71 Ma (anomalies 28 to 31r) for at
least six short-period curves (Figure 8). The average of
AERI short-period fluctuations, also displayed on Fig-
ure 8, has significant amplitudes, particularly between
63 and 71 Ma. If the short-period fluctuations only
reflect random errors on the skewness measurements,
their average should be close to zero.

Although widely observed, the sequence effect may
have different expressions for different pairs of conju-
gate basins, as it is expected to vary with spreading
rate. The effect of neighboring anomalies depends on
the distance and therefore on the spreading rate as well
as on the temporal sequence of positive and negative
geomagnetic polarity intervals. For polarity intervals of
approximately the same duration, fast spreading rates
tend to separate the sources responsible for the anoma-
lies and therefore result in smaller sequence effects. For
a more complex sequence of short and long polarity in-
tervals, however, the combination of spreading rate and
temporal sequence can make the sequence effect un-
predictible. As an example, synthetic anomalies 27-31
were computed at the pole for several spreading rates,
under the assumption of rectangular, two-dimensional

prisms of constant magnetization and alternating po-
larity (Figure 9). The sequence effect is important for
anomalies 26r, 27r, 28, 29, 30, and 31, in agreement
with our observations (Figure 8). Due to the brevity
of anomaly 30r, anomalies 30-31 may be considered as
a single anomaly at slow spreading rates and two sep-
arate anomalies at fast spreading rates. The sequence
effect associated with anomalies 30-31, taken together,
displays a complex evolution with spreading rate. In
addition, we note that the sequence effect varies if an-
other source model (i.e., different source geometry, type
of magnetization and/or geomagnetic field behavior) is
adopted.

Summary and Conclusions

The skewness of marine magnetic anomalies in the In-
dian Ocean obtained by the visual method [e.g., Cande,
1976] and the analytic signal method [Roest et al., 1992]
is remarkably similar and can be interpreted as the su-
perposition of three effects: a gradual increase of ap-
parent effective remanent inclination with time, due to
the northward motion of ridges attached to the Indian
plate; the anomalous skewness; and short-period fluctu-
ations representing the effect of neighboring sources on
the skewness of a given anomaly. The anomalous skew-
ness decreases with faster spreading rate and becomes
negligible above 50 km/m.y.
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Figure 9. Synthetic marine magnetic anomalies 27-
31 computed at the pole for several spreading rates,
under the assumption of rectangular, two-dimensional
prisms of constant magnetization and alternating polar-
ity. Important sequence effect is observed for anomalies
26r (26 reversed), 27r, 28, 29, 30 and 31, in agreement
with observations (Figure 8). Due to the brievity of
anomaly 30r, anomalies 30-31 may be considered as a
single anomaly for slow spreading rates and two sepa-
rates anomalies at fast spreading rates. The sequence
effect associated with anomalies 30-31 taken together
displays a complex evolution with spreading rate, em-
phasized by the varying slope of the line segments over
the anomalies.

The latter observation has important implications on
the cause of anomalous skewness. Two classes of mod-
els have been proposed to explain the anomalous skew-
ness of marine magnetic anomalies: the first relies on
systematic variations of the geomagnetic field intensity
within each polarity interval [Cande, 1978], and the sec-
ond considers that seafloor spreading processes cause
the magnetic properties of the oceanic lithosphere to
depart significantly from the standard uniformly mag-
netized rectangular prism model [Cande, 1978; Cande
and Kent, 1978; Verosub and Moores, 1981; Raymond
and LaBrecque, 1987; Arkani-Hamed, 1989]. Obviously
no geomagnetic field behavior can predict the observa-
tion, for the same time interval, of a significant anoma-
lous skewness at slow spreading centers and no anoma-
lous skewness at fast spreading centers: the spread-
ing rate dependence of the anomalous skewness clearly
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points toward seafloor spreading processes as the major
cause of anomalous skewness. Variations of the ther-
mal, tectonic, and chemical parameters of accretionary
processes with spreading rates [e.g., Chen and Morgan,
1990; Phipps Morgan and Chen, 1993; Sinton and De-
trick, 1992; Niu and Batiza, 1993] likely result in a
spreading rate dependent magnetization of the differ-
ent oceanic layers, which may be responsible for the ob-
served anomalous skewness. Determination of the dom-
inant effects and their modeling is beyond the scope of
this paper and is the subject of ongoing investigations.
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