31. MAGNETIC LINEATIONS IN THE SHIKOKU BASIN!
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INTRODUCTION

Correlation of magnetic anomalies to determine the
age of oceanic crust (Vine and Matthews, 1963; Morley
and Larochelle, 1964; Heirtzler et al., 1968) has greatly
advanced our understanding of the evolution of oceanic
areas. Recently, this approach has been applied to a
number of marginal basins, where magnetic lineations
have been mapped and convincingly correlated with the
geomagnetic-reversal time scale (e.g., Cooper et al.,
1976, Bering Basin; Watts et al., 1977, South Fiji
Basin). In other areas, magnetic lineations have been
recognized, but correlations with the reversal time scale
have been difficult (e.g., Isezaki and Uyeda, 1973, Sea
of Japan; Ben-Avraham and Uyeda, 1973, South China
Sea). These difficulties may be due to complex geology,
insufficient data, or unfavorable orientation and loca-
tion of the lineations.

Previously unpublished magnetic-anomaly data from
the Shikoku Basin, combined with published data, have
allowed study of the details of magnetic lineations in
this marginal basin. On the basis of these details, I pro-
pose new interpretations of the age and pattern of mag-
netic lineations of the area.

MAGNETIC ANOMALIES AND LINEATIONS

This study utilizes unpublished data from the Marine
Geophysical Surveys (MGS) program of the U.S. Na-
val Oceanographic Office (NAVOCEANO). Published
magnetic-anomaly data from Lamont-Doherty Geolog-
ical Observatory, the Ocean Research Institute (Univer-
sity of Tokyo), Scripps Institution of Oceanography,
and NAVOCEANO were also used (e.g., Watts and
Weissel, 1975; Kobayashi and Nakata, 1977).

The MGS magnetic anomalies were derived by re-
moving the International Geomagnetic Reference Field
(IGRF) (IAGA, 1969) from the total-field measure-
ments. These data were plotted together with most of
the available data as anomalies along ship tracks (Figure
1 in pocket of volume).

The addition of the MGS data to published data of
Tomoda et al. (1975) and Watts and Weissel (1975) has
significantly improved the quality of magnetic correla-
tion in the Shikoku Basin. With these additional data, I
have been able to interpret the lineation pattern through-
out the basin, except in its axial area. Some recently re-
leased magnetic data (Kobayashi and Nakata, 1977) al-
low examination of the details of lineations in the south-
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central part of the Shikoku Basin. Difficulties in map
projections leave uncertainties about how to add the
Japanese data to Figure 1.

The amplitude of magnetic anomalies in the Shikoku
Basin is greater than in the neighboring West Philippine
Basin and the Parece Vela Basin. Their wavelengths
along east-west tracks in the Shikoku Basin are far
shorter than along north-south tracks, suggesting that
the lineation direction is almost north-south. Anom-
alies of similar shapes can be correlated along the direc-
tion N20°W (Figures 1 and 2). Anomalies in the west-
ern part of the Shikoku Basin can be traced for more
than 500 km without major disruptions. In the eastern
part of the basin, however, anomalies can be traced only
for about 100 km, and a disrupted lineation pattern is
observed.

The wavelength of the anomalies in the Shikoku Ba-
sin is short, averaging 30 km. This suggests slow open-
ing of the basin, or possible association with the late-
Tertiary rapid-reversal sequence.

PREVIOUS STUDIES

In the context of plate tectonics, marginal basins are
areas of crustal extension behind island arcs (Karig,
1970, 1971). Such extension has been attributed to pro-
cesses induced by subduction, such as magmatic dia-
pirism caused by frictional heating (Turcotte and Ox-
burgh, 1969; Hasebe et al., 1970) or subsidiary convec-
tions in the asthenosphere above the subducting plate
(Holmes, 1965; Toksoz and Bird, 1977). The extension
may be a two-limbed, symmetrical process of spreading
(Karig, 1970, 1971; Moberly, 1972) or a one-limbed pro-
cess (Packham and Falvey, 1971). Study of magnetic
lineations and results from Deep Sea Drilling Project
sampling may resolve this problem of the formation of
marginal basins.

Prior to DSDP Leg 58 drilling, a number of different
correlation schemes on the magnetic lineations from the
Shikoku Basin were proposed by Tomoda et al. (1975),
Watts and Weissel (1975), Murauchi and Asanuma
(1978) and Kobayashi and Nakata (1978). These agree
with the DSDP results only in part (Table 1).

Watts and Weissel (1975) mapped a set of almost
north-south-trending anomalies in the western part of
the Shikoku Basin as anomalies 7 (~25.5 m.y.) through
SE (~18 m.y.), and tentatively identified some frag-
mentary lineations in the eastern part of the basin as
anomalies 5E to SA (~11 m.y.). This is a single-limbed
model. Alternatively, they proposed that the eastern
lineations may be the counterpart of the anomalies in
the western part of the Shikoku Basin in a two-limbed
spreading model. Kobayashi and Nakata (1978} also
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Figure 1. Magnetic-anomaly pattern of the Shikoku Ba-
sin, deduced from this study. Correlations of mag-
netic anomalies are indicated by solid or dashed (ten-
tative) lines. Dotted lines indicate fracture zones. The
bathymetric contours, in uncorrected meters, are
from Chase and Menard (1969).

favored a two-limbed spreading model from anomalies
7 through 5D (~17 m.y.).

DSDP Leg 58 recovered basement rocks of Miocene
age from both the western and eastern parts of the Shi-
koku Basin (Klein, Kobayashi et al., 1978; Scientific
Staff, 1978). The inferred age of basement at Site 442
(in the western part of the basin) is 18 to 21 m.y., in ex-
cellent agreement with an anomaly-6 age (~19 m.y.)
predicted for this site by Watts and Weissel (1975) and
Kobayashi and Nakata (1978). On the other hand, the
age of the basal sediment inferred from drilling at Sites
443 and 444 is about 15 m.y., whereas the symmetrical-
spreading models of Watts and Weissel (1975) and
Kobayashi and Nakata (1978) place anomaly 6A (~21
m.y.) at this site. The asymmetrical-spreading model of
Watts and Weissel (1975) appears to agree best with
DSDP drilling results in the eastern part of Shikoku
Basin, but the 14-m.y. (after anomaly 5A) age predicted
from this model is less than that of the basal sediments.
This does not support their model as a likely solution
for the lineations for this part of the Shikoku Basin.

CORRELATION OF MAGNETIC ANOMALIES
IN THE SHIKOKU BASIN

The magnetic anomalies from the Shikoku Basin are
identified by comparing anomaly profiles, projected
normal to the lineation direction, with model profiles
generated from the reversal sequence of LaBrecque et
al. (1977) (Figure 3); tracks of these profiles are shown
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Figure 2. Interpretation of the magnetic-lineation pat-
tern in the southern sector of the Shikoku Basin. The
anomaly data are from Kobayashi and Nakata
(1977). Correlations are shown by solid lines or
dashed (tentative) lines.

TABLE 1
Predicted Ages of the DSDP Sites from Magnetic Anomalies and
Leg 58 Drilling Results, Shikoku Basin

Predicted Ages

DSDP DSDP DSDP
Sources Site 442 Site 443 Site 444

Tomoda et al., 1975, Younger than  Younger than Younger than
Symmetrical spreading: anomaly 5B: anomaly 5B: anomaly 5B:
anomaly SE (18 m.y.), 13 my. 13 m.y. 13 m.y.
anomaly 5A (12 m.y.).

Watts and Weissel, 1975, Anomaly 6: Younger than Younger than
Asymmetrical spreading: 19.5 m.y, anomaly 5B: anomaly 5B:
anomaly 7 (25.5 m.y.), 14 m.y. 14 m.y.
anomaly 5A (11 m.y.).

Symmetrical spreading: A ly 6: Younger than Younger than
anomaly 7, anomaly 5E. 19.5 m.y. anomaly 6B: anomaly 6B:
215 m.y. 21.5 m.y.

Murauchi and Asanuma, 1978, Anomaly 4: Anomaly 5E: Anomaly SE:
Two-stage opening: 24-20 Tm.y. 18.5 m.y. 18.5 m.y.
m.y. and 12-6 m.y.

Kobayashi and Nakata, 1978. Anomaly 6: Anomaly 6A: Anomaly 6A:
Symmetrical spreading: 19.5 m.y. 21 m.y. 21 m.y,
anomaly 7, anomaly 5D
(17 m.y.)

Shih, this study. Anomaly 6: Between anomaly  Anomaly 5D:
Symmetrical spreading: 19.5 m.y. 5D and anomaly 17 m.y.
anomaly 6C (24 m.y.), 5C: 17-16 m.y.
anomaly 5B (14.5 m.y.).

DSDP Leg 58 inferred base- Early Miocene Middle Miocene Middle Miocene
ment age, Klein, Kobayashi, 18-21 m.y. ~15my2 ~15 m.y2

etal, 1978,

AAges of basal sediments.
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Figure 3. Representative MGS magnetic-anomaly pro-
Siles from the Shikoku Basin. All profiles have been
projected normal to the inferred lineation direction
in this basin. Tracks of these profiles are shown in
Figure 4. The dotted lines indicate the positions of
postulated fracture zones. The shaded areas denote
anomalies associated with seamounts. The filled cir-
cles indicate the edge of the Iwo Jima Ridge, and the
Silled diamonds the Palau-Kyushu Ridge. The model
assumes a magnetic layer 0.5 km thick, at a water
depth varying between 4.0 and 4.6 km, with a
strength of remanent magnetization of 0.006 emu/
cm?, and a spreading direction of N70°E. Spreading
rates for the model are indicated in Figure 7.

in Figure 4. Short anomaly sequences characteristic of
anomalies 6A (~21 m.y.) to 5D (~17 m.y.), found in
both the western and eastern parts of the Shikoku Basin
(Figure 5), suggest that this basin opened up by two-
limbed spreading. The anomalies in both halves of the
basin are skewed towards the same side (to the west).
This is expected if they were formed from the same ridge
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Figure 4. Track chart of magnetic-anomaly profiles
shown in Figures 3 and 6.

and have undergone only a small amount of rotation,
thus having the same skewness.

The normal event of anomaly 6 (~19.5 m.y.) is the
wide peak in the sequence from anomalies 6A to 5D,
with a two-peak sequence on either side. The peak of the
older event of the 6A doublet normally is the more prom-
inent of the two. Magnetic lineations interpreted by
shape and sequence as anomalies 6A and 5D can be traced
in most of the western half of Shikoku Basin for over
500 km (Figures 1 and 3). Although their correlative se-
quences can be identified in parts of the eastern half of
the basin, detailed examination shows that these se-
quences can be traced uninterruptedly for about 100
km. The anomaly configuration thus produced has
long, continuous magnetic lineations in the western half
of the basin, and lineation disrupted by a number of
postulated fracture zones in the eastern half (Figure 1).
These proposed fracture zones align very well with topo-
graphic discontinuities in the Iwo Jima Ridge (east of
the Shikoku Basin) shown by Karig and Moore (1975).

In general, the correlation of magnetic lineations
presented in this study supports the previous correlation
by Watts and Weissel (1975) in the western half of
Shikoku Basin. In the MGS data for the very northern-
most part of the basin, anomaly ‘6B’ of Watts and
Weissel (1975) looks more like anomalies 6A to 6 (BA
13-1, SS 13-1, and SS 14-2; Figure 1). However, my cor-
relation would require two major fracture zones in the
northern sector of the basin. Therefore, better data
coverage is needed to verify this interpretation in the
area.
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Figure 5. Selected anomaly profiles (projected normal to the lineation direction in
the Shikoku Basin) suggesting that mirror images of anomalies 6A through 5D
exist in both the western and eastern parts of the Shikoku Basin.

On extending my correlation of MGS data toward the
axial part of the southern Shikoku Basin, I identify
anomaly 5C (~16 m.y.) as the central anomaly (BA
12-2, SS 12-2; Figure 6). The very dense tracks of
Kobayashi and Nakata (1977) permit me to see details of
lineation patterns in the central and southern sectors of
the Shikoku Basin. Using their data, I identify anomaly
5B (~14.5 m.y.) as the central anomaly of a two-limbed
spreading sequence about 100 km north of profile BA
12-2 (close to 29°N 137°E; Figure 2). The Kobayashi
and Nakata data also show that the lineation trend from
anomalies 5C to 5B is about N30°W, which is slightly
different from the N20°W trend of the anomalies older
than 5D in this basin. This possibly implies a shift in the
pole of spreading at a time between anomalies 5E (~18
m.y.) and 5D (~17 m.y.).

The spreading rates derived from my correlation of
magnetic anomalies in the Shikoku Basin (Fig. 7) in-
dicate a gradual slowing of spreading toward cessation
of opening. In the western part of the basin, the half
spreading rate between anomalies 7(?) ( ~25.5 m.y.) and
6B (~22.5 m.y.) is about 4.8 to 5.3 cm/yr, between
anomalies 6B and 6 (~19.5 m.y.) about 2.4 cm/yr, and
between anomalies 6 and 5B (~14.5 m.y.) about 1.7
cm/yr. The half spreading rates seem to be slower in the
eastern part of the basin, about 2.2 cm/yr between
anomalies 6A and 6, and about 1.5 cm/yr between
anomalies 6 and 5B.

The Shikoku Basin is wider in the northern end than
in the southern end. This northward ‘‘fanning”’ of the
basin may be explained partly by a slightly higher half
spreading rate (5.3 cm/yr) between 29 and 31°N than
that (4.8 cm/yr) farther south. This small difference in
spreading rates, however, is not sufficient to account

786

6C 6B 6A B 5 300

MODEL
Gammas

55131

BA12-2

MODEL

5D5E 6

6C 6B 6A 6 BESDSC

Figure 6. Selected magnetic-anomaly profiles (projected
normal to the lineation direction in the basin) show-
ing a two-limbed spreading sequence at the southern
part of the Shikoku Basin. The correlations of the
older anomalies in this basin, the 6C-6B sequence,
are also shown. Tracks of these profiles are shown in
Figure 4.



400

-

% [—4.3 cm/yr

\ '\

WEST

2.1 cm/yr

¢,

2001~

4.2 em/yr—=

Model from
| Watts and Weissel, 1975

DISTANCE FROM ANOMALY 5B (in km)
=]

I\Iq

MAGNETIC LINEATIONS

7 - Data between
= 29°N —31°N

\ ..\\/——-5 3 cma"Yr

2.4 cm/yr

"“\\__‘I :——1 .7 em/yr
% “‘-1
s H“"‘HI

oF .
1.5 cm/yr o
I>-I (——3 .0 cm/yr
_—
2.2 cm/fyr T P

 100F > M
w ~.
< 7A 6C SE 5D 5C 5B G
w Il L1 I| 1 1 ! } L1 1 | ] L L1 r |

28 26 24 22 20 18 16 14 12

AGE (m.y.)

Figure 7. Distance-age plot showing spreading rates derived from interpretation of
magnetic anomalies from the Shikoku Basin. The model of Watts and Weissel

(1975) is also shown.

for the 200-km difference in the width of the basin. My
correlation of magnetic anomalies in the southern part
of the basin has indicated that anomaly 5C is the central
anomaly (Figure 6), whereas about 100 km north anom-
aly 5B is the central anomaly (Figure 2). This suggests
that the Shikoku Basin first stopped spreading in the
southern part and later in its northern part, resulting in
the “‘fanning’’ of the basin.

DSDP Site 442 is on a magnetic anomaly generally
accepted as anomaly 6 (~19.5 m.y.; Watts and Weissel,
1975; Kobayashi and Nakata, 1978; this study). The in-
ferred age of the basaltic basement is 18 to 21 m.y.
(Klein, Kobayashi, et al., 1978; Scientific Staff, 1978),
which agrees with the age of anomaly 6. The middle-
Miocene basement age (~15 m.y.) inferred from DSDP
drilling at Sites 443 and 444 does not support previously
predicted ages (Table 1). According to my correlation
(Figure 2), Site 443 is between anomalies 5D and 5C
(~16-17 m.y.), and Site 444 is on anomaly 5D (~17
m.y.). If a gap of 1 to 2 m.y. between the age of the
basement and that of the basal sediment is allowed, my
correlation of the magnetic anomalies from the eastern
part of the Shikoku Basin agrees very well with the
DSDP results.

The oldest anomalies which I have identified with
assurance in the western part of the Shikoku Basin are
anomalies 6B (~22.5 m.y.) to 6C (~24 m.y.), while the
oldest in the eastern part is anomaly 6A (~21 m.y.)
(Figure 1). Later tectonism associated with the Iwo Jima
Ridge may have destroyed the eastern counterparts of
anomalies 6C to 6B and probably also disrupted the lin-
eation pattern in the eastern part of the Shikoku Basin.

ORIGIN OF THE SHIKOKU BASIN

The magnetic lineations in the Shikoku Basin are sub-
parallel to the Iwo Jima Ridge (the abandoned frontal
arc) and to the northern segment of the Palau-Kyushu
Ridge (the remnant arc) (Figure 1). This suggests rather
strongly that the Shikoku Basin was formed by back-arc
spreading in response to the westward subduction of the
Pacific plate. The age of the basin inferred from mag-
netic lineations and DSDP drilling is Oligocene to Mio-
cene (this study; Klein, Kobayashi, et al., 1978; Scientif-
ic Staff, 1978), while the oldest rocks of the Iwo Jima
Ridge and the Palau-Kyushu Ridge are Eocene (Yoshi-
wara, 1902; Shiki et al., 1977; Scientific Staff, 1978).
Both the crust and lithosphere of the Shikoku Basin are
thinner than those of the oceanic area (Murauchi et al.,
1968; Seekins and Teng, 1977). Therefore, I suggest that
Shikoku Basin was created by back-arc spreading.

The Shikoku Basin probably started to open about 25
Ma—15 m.y. after the initiation of subduction (40 Ma)
inferred from the change in the Pacific-plate motion.
This would suggest that the time needed for the pre-
sumed secondary convection current to heat up and
weaken the crust, so that back-arc spreading could start,
is less than that proposed by Toks6z and Bird (1977).

As to the possible cause of the disrupted lineations in
the eastern part of the basin, the subduction of the
“‘buoyant’’ Mid-Pacific Mountains at the Izu-Bonin
Trench could obstruct the back-arc spreading in the Shi-
koku Basin (in a way similar to the suggestions of Vogt
et al., 1976, and Kelleher and McCann, 1977). This
probably would result initially in a shift of the pole of
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opening of the Shikoku Basin at ~17 to 18 Ma — ex-
pressed as the change in lineation directions between
anomalies 5E and 5D — and, later, cessation of spread-
ing in the basin. The back-arc spreading about the new
pole could produce fracture zones or activate previous
zones of weakness in the eastern Shikoku Basin, thus
producing the observed disrupted lineation pattern.
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