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18. MAGNETIZATION OF THE OCEANIC CRUST INFERRED FROM MAGNETIC
LOGGING IN HOLE 395A!

Yozo Hamano? and Hajimu Kinoshita®

ABSTRACT

Three components of the magnetic field in Hole 395A have been measured by a newly developed magnetometer.
Observed variations of the vertical and the horizontal components of the magnetic field were interpreted by use of
simple model calculations. The results indicate that the size of the homogeneously magnetized body around the hole
is about 100 m, and that the normal-reverse boundary observed at 260 m sub-bottom depth in Hole 395A is tilted in

an east-west direction by about 30°,

INTRODUCTION

Downhole measurements of the magnetic field within ODP
and DSDP holes can be a useful counterpart to the paleomag-
netic study of recovered rock samples from these holes, in
order to obtain an insight into the nature of the magnetic
structure of the oceanic crust. In Hole 395A, the vertical
component of the magnetic field was measured during Leg
76B (Ponomarev and Nechoroshkov, 1984). However, mea-
surement of all three components of the magnetic field would
provide more information about the nature of the young
oceanic cruet surrounding the hole. During Leg 109, three
types of magnetometers were used for magnetic logging in this
hole. These three magnetometers gave very consistent results
on the variation of the magnetic field within the hole. One of
them was a self-contained high-temperature three-component
borehole magnetometer, which had been developed in Japan
recently. In the present paper, the magnetic properties of the
rocks around the hole inferred from magnetic logging will be
discussed.

VARIATION OF THE MAGNETIC FIELD
IN HOLE 395A

The 3-component magnetometer and the measurement are
fully explained in Detrick, Honnorez, Bryan, Juteau, et al.
(1988). The magnetometer measures the three components of
the magnetic field and the temperature. Downhole measure-
ments of the magnetic field were made with this apparatus on
7 June 1988. The operation was combined with the MCS
(Multichannel Sonic) measurement. The magnetometer was
attached to the bottom of the MCS logging tool, and both
instruments were lowered together by a cable. The self-
contained nature of the magnetometer (no cable for the power
and signal transmission) enabled this combined experiment.

The magnetic field measurements were made with this
instrument while the tools were going up the hole at a speed of
2 m/min. Since the magnetometer measures the signal every
30 s, the sampling interval at this speed was 1 m. The
magnetometer measured the three components of the mag-
netic field and the temperature within Hole 395A from 600 m
to 112 m sub-bottom depth. From the observed three compo-
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nents of the magnetic field, the magnetic total force, the
horizontal component, the vertical component, and the incli-
nation of the magnetic field inside the hole were calculated.
The variation of the horizontal and the vertical components of
the magnetic field are shown in Figure 1. The following
interpretation is based mainly on the variations of these two
components.

The most prominent feature in the variation of the magnetic
field is the sharp jump observed at about 260 m sub-bottom
depth. At the jump, the vertical field increases by about 7000
nT and the horizontal field decreases by about the same
amount. The depths of the jumps are closely correlated with
the transitions of the magnetization of the basalt rocks, which
were observed from the paleomagnetic study of the rocks
recovered from Hole 395A during Leg 45 (Johnson, 1978). The
basalts recovered above 256 m sub-bottom depth are normally
magnetized, and those below that level are reversely magne-
tized. The sense of the jump is consistent with the expected
reversals based on paleomagnetic studies of cores made
during DSDP Leg 45. Another small jump is observed at about
570 m sub-bottom depth where the amount of the jump is
much smaller and in the opposite sense compared to the upper
boundary. This jump also corresponds to the reverse to
normal transition observed in the study of the recovered rock
samples.

Besides the jumps noted above, the variation of the mag-
netic field has high frequency components with an approxi-
mate wavelength of 5 m. These features are very consistent
with the results of the German magnetometer log made during
Leg 109, which is reported by Bosom and Kopietz (this
volume). The same feature obtained by the different logs
suggests that the high frequency variation is real and repre-
sents the actual variation of the magnetic field within this hole.

Long wavelength variation of the magnetic field shows a
systematic decay of the magnetic field to the mean value in the
regions below and above the upper boundary. Although both
the vertical and the horizontal field show this tendency, the
characteristic decay length in the vertical direction is about
150 m with the decay rate of about 100 n'T/100 m, whereas that
in the horizontal direction is much shorter with a length of
about 50 m. The lower boundary is too close to the bottom of
the hole to investigate such long wavelength variations.

In the present paper, we explain the relative amount of the
field jump at the upper boundary and the long wavelength
variation on both sides of the boundary in terms of the
heterogeneity of the magnetic structure around the hole. Since
the paleomagnetic study on the recovered samples from Hole
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395A (Johnson, 1978), do not show a systematic variation of
the magnetization along the hole besides the polarity change at
260 m sub-bottom depth, we need to take into account the
horizontal variation of the magnetization. The results of the
inversion of the logging data including the short wavelength
variation will be given in a separate paper being prepared by
Hamano.

HORIZONTAL BOUNDARY MODEL

As a starting model for the interpretation of the present
data, we first assume that the cross section of the hole is a
perfect circle, and that a cylindrical region around the hole is
homogeneously magnetized. In this model, the magnetic field
at the center of the hole can be easily calculated. The vertical
and the horizontal field at z = z, due to the magnetized body
bounded by z = z, and z, can be expressed as

Z,| Ry
Z; =
Hm=7cos ] ——
z,| R,
7| R,
Z, —Z
Zim= -27sin] —mM8M
Vi(z, — z)* + R?
2| R,

where m is the intensity of the magnetization, I is the
inclination of the magnetization, and R; = rand R, = R denote
the radii of the hole and the cylindrical magnetized body,
respectively. And the notation convention of

X2| ¥2
f(x,y) = f(x3,¥2) — f(x,,y)) — f(x,y2) + f(x,,y,)

XY

is used.

For the comparison with the observed data, we consider an
infinitely long hole extending along the vertical (z) direction.
The region around the hole bounded by a cylindrical surface
with a radius of R is magnetized, where the region with
positive z is reversely magnetized and the region with negative
z is normally magnetized. Hence, the z = 0 surface is the
boundary of the normally and the reversely magnetized re-
gions. The results of the calculation by using the above
equation forr = 15 cm and R = 10 m, 30 m, 100 m, and 300 m
are shown in Figure 2, where the inclination of the magneti-
zation was assumed to be 45° which is close to the inclination
of the present geomagnetic field. The result suggests that the
sense of the observed jump is consistent with the normal to
reverse transition at the boundary observed from the study of
the recovered basalt cores, and the results of the model
calculation explain the main feature of the observed variation
of the magnetic field. However, some features in the model
calculation do not match the observed data. In the calculated
variation of the magnetic field, the amount of the jump at the
boundary in the vertical direction is twice as large as that in
the horizontal direction, whereas the amount of jump in the
observed field is very similar in both directions. Since the
amount does not depend on the radius of the magnetized body
as shown in Figure 2, this can not be explained by the radius
of the magnetized body around the hole. The model clearly

224

shows that the magnetic field decays to zero on both sides of
the boundary, and the decay rate depends on the size of the
magnetized body expressed by R. The slower decay rate is
observed for the larger magnetized body. The characteristic
length of the decay along the vertical direction, defined as a
distance from the boundary where the magnetic field becomes
1/e of the value at the boundary, is very similar to the radius
of the magnetized cylindrical body, and the length is the same
for the vertical and the horizontal directions. These results
can be used to estimate the size of the magnetized region
around Hole 395 from the observed data. However, the extent
of the magnetized body estimated from the variation of the
vertical field (about 150 m) is considerably different from that
estimated from the horizontal field (about 50 m).

As explained above, the similarity of the amount of the
jump at the boundary in the vertical and the horizontal
directions and the difference of the characteristic length of the
decay on both sides of the boundary between the two direc-
tions can not be explained by the present horizontal boundary
model, although the main features of the observed variation
are qualitatively explained by this simple model. The former
discrepancy can be explained by assuming a shallow inclina-
tion of the magnetization around Hole 395A. But this assump-
tion contradicts the observed inclination of the rock samples
recovered from the hole (Johnson, 1978), and the second
discrepancy is still to be explained.

TILTED BOUNDARY MODEL

In the previous section, a simple model calculation was
made and compared with the observed data, where the
boundary between the upper normally magnetized region and
the lower reversely magnetized region was assumed to be
horizontal. However, the model cannot fully explain the
features observed in Hole 395A.

In the following section, we investigate the effect of the
tilted boundary on the variation of the magnetic field observed
along the hole. For this purpose, the circular hole model
cannot give an analytical formula for the magnetic field.
Hence, a rectangular hole model is considered, where the
magnetized region around the hole is also assumed to have a
rectangular cross section. Before calculating the field varia-
tion based on the tilted boundary model, we calculate the
horizontal boundary case for the rectangular hole model in
order to estimate the effect of the shape of the hole on the
variation. The result can be expressed as

z,|d;
Z,—Z
Hm=4cosltan! | ——
Vi(z, — z)* + 2d?
z,|d,
Zy dg
d2
Z/m = 4 sin I tan™!
(z, = 2) V(z, — 2)* + 2d?
z|d,

where d, and d, denote the length of the side of the hole and
the magnetized region. Comparison of the above equations
with the circular hole case discussed before indicates that the
overall features such as the amount of the jump at the
boundary and the decay of the magnetic field around the
boundary are very similar in both cases. Hence, the difference
of the shape of the hole and the magnetized region do not
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Figure 1. Depth variation of the vertical and the horizontal components of the magnetic field in

Hole 395A.

significantly affect the calculated variation of the magnetic
field.

For the calculation of the magnetic field in the tilted
boundary model, lengthy calculations of the integration and
the modification of the formula are necessary. In the present
paper, only the final equations are shown, and the main
feature of the variation of the magnetic field is discussed. The
process for the derivation of the formulas and the detailed
calculation based on the equations are given in a separate
paper being prepared by Hamano.

The configuration of the tilted boundary model is shown in
Figure 3, where we assume that the orientation of the magne-
tization is in the north direction (x) with the inclination I, and
the magnetizations in the normal and the reversed directions
are exactly opposite. The tilted boundary is characterized by
the dip direction D measured from the x-axis and the dip angle
a. The magnetized body around the hole is bounded by a
rectangular cylindrical surface with the length of the side, d.

Then, the three components of the magnetic field in the hole
are expressed as

z |
H/m =2cosIcosD(M — 2tan™! (—) ) — -
|zl 1 +a*

(a cos I cosD — sin I)(L — 2aK)

z z
Hy/m =2cosIsinD(—N -2 tan™! (_))
1zl |zl
1
H,/m = {2 (a cos I cos D — sin DK

1+ a?
— (cos I cos D + a sin I)L}
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and

az — (1 + a? az + (1 + a?)
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where a = tan a and z = z/d. The three components of the
magnetic field have to be calculated, since the y component of
the magnetic field becomes non-zero due to the tilt of the
boundary even though the magnetization is in the x direction.

The horizontal intensity of the magnetic field is calculated by

H/m = V(H,/m)? + (H,/m)?

The above equations can be used to calculate the magnetic
field at the center of the hole for any configuration of the tilted
boundary. Figure 4 shows the effect of the tilt on the variation
of the vertical and the horizontal components of the magnetic
field, in which the magnetization of the surrounding rocks is in
the horizontal direction. The calculated variations for tilt
angles of 0°, 10° 20°, and 30° in the x direction are shown in
Figure 4. In this example there is no vertical component of the
magnetization, and therefore the vertical magnetic field due to
the magnetization is zero throughout the hole for the case in
which the normal-reverse boundary is horizontal (tilt angle =
0°). As the tilt angle increases, the vertical magnetic field is no
longer zero, and becomes larger as the angle increases. Also,
the jump of the vertical magnetic field at the boundary has the
same sense as that of the horizontal field.

In Figure 5, a more realistic example is shown, where the
inclination of the magnetization is 45°. The variations of the
magnetic fields for the horizontal boundary (a = 0) shown in
the leftmost diagram of Figure 5 are similar to the variations
shown in Figure 2, where the amount of the jump in the
vertical component of the magnetic field is twice as large as
that of the horizontal field. As the boundary tilts toward the
magnetization direction, the amount of the jump in the vertical
field decreases and that in the horizontal field increases. This
tendency continues until the dip angle coincides with the
inclination of the magnetization, where the vertical field
becomes zero throughout the hole. If the dip angle is greater
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Figure 2. Variation of the vertical (H,, dashed line) and the horizontal (H,, solid line) components of the
magnetic field calculated from a circular hole model with a horizontal normal-reverse boundary. The
variation of H, is shown only for R = 10 m. In other cases, H, is twice the value of H, with opposite sign.

Unit for the magnetic field is 100 nT/Am ™",
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Figure 3. Coordinate system for the tilted boundary model.

than the inclination, the vertical field increases in the opposite In Figure 6, the dip angle of the boundary surface is kept
direction. The amount of the jump at the boundary in the constant (30°) and dip directions are varied by steps of 45°. The
horizontal and the vertical directions is similar when the dip change affects the shape of the variation of the magnetic field as
angle is about 20°, which can explain the observed variation well as the amount of the jump at the boundary. As shown in
shown in Figure 1. However, the decay rate of the magnetic field Figure 6, the character of the horizontal component of the
in both directions is the same, contrary to the observation. magnetic field is much more affected by the change of the dip
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Figure 4. Calculated variation of the vertical (Z) and the horizontal (H) components in cases I = 0°, D

= 0° and « = 0° 10°, 20°, and 30°, where d denotes the horizontal extent of the homogeneously

magnetized region around the hole.

N —

=> o

227



Y. HAMANO, H. KINOSHITA

500nT/Am |
—

Figure 5. Calculated variation of the magnetic fields for I = 45°, D = 0°, and o = 0°, 20°, 40°, and 60°.

direction than that of the vertical field. Among the variations
shown in Figure 6, the middle one, where the dip direction is
perpendicular to the magnetization direction, closely resembles
the observed variation of the vertical and the horizontal field.
The amount of the jump at the boundary is similar in the both
directions, the vertical field on both sides of the boundary slowly
decays to zero, while the horizontal field decays more abruptly.

If this model is applied to the observed variation shown in Figure
1, horizontal extent of the homogeneously magnetized region
around the hole is to be estimated around 100 m.

DISCUSSION

As for the structure of the magnetization in the oceanic
crust which is responsible for the magnetic lineation, the

500 nT/Ani |
—
“
45 45
1
)3

Figure 6. Calculated variation of the magnetic fields for I = 45°, a = 30°, and D = 0°, 45°, 90°, 135°, and 180°.
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original Vine-Matthews hypothesis (Vine and Matthews,
1963) assumed vertical boundaries between the normally and
the reversely magnetized section in the oceanic crust. Al-
though the thickness of the magnetized layer responsible for
the magnetic lineation varied (see Blakely, 1983, for the
tabulation), the vertical boundary had been assumed until the
drilling of the oceanic basement of DSDP and ODP revealed a
more complicated structure of the upper part of the oceanic
crust. In DSDP and ODP holes in the Atlantic Ocean, the
magnetization of the basalts is not homogeneous and normally
and reversely magnetized sections were observed in a single
hole. Hole 395A was drilled in the middle of the normal
anomaly (Anomaly 4) with the extent of about 10 km. But,
only the upper 270 m is normally magnetized and the lower
part is reversely magnetized. In order to explain these obser-
vations, we have to assume tilted boundaries. These compli-
cated structures of the oceanic crust have been proposed
based on the forward modeling and the measurements using
deep-tow instruments and/or submersibles (Schouten and
Denham, 1979; Kidd, 1977; Macdonald et al., 1983). How-
ever, more direct measurements for the magnetic structure of
the oceanic crust are required to establish the structure.

As shown in the present paper, measurements of the three
components of the magnetic field within the holes can give
new information on the magnetic structure of the oceanic
crust. The depth variation of the magnetic field in the hole
provides some clues as to the horizontal variation of the
magnetization as well as the vertical variation. In the present
case, the normal-reverse boundary observed at 260 m sub-
bottom depth in Hole 395A is estimated to be tilted in an
east-west direction by about 30°. Unfortunately, the present
method cannot discriminate between east and west dipping.
But, multiple-hole measurements could be used to estimate
the real magnetic structure of the oceanic crust.

CONCLUSION

Observations of the three components of the magnetic field
in Hole 395A revealed the magnetic structure of the basaltic

rocks around the hole. The size of the homogeneously mag-
netized body around the hole is estimated to be about 100 m,
and the normal-reverse boundary observed at 260 m sub-
bottom depth in the hole is tilted in an east-west direction by
about 30°,
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