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ABSTRACT

A downhole magnetometer was deployed within the ocean crust for the first time in holes drilled on the south flank
of the Costa Rica Rift during Deep Sea Drilling Project Legs 68 and 69. The holes in question were Holes 501, 504B,
and 5O5B. The magnetometer was a three-component fluxgate and measured magnetic susceptibility, the vertical field,
and two horizontal components of the field oriented relative to the dip of the drill holes. Hole 5O5B was too near the
vertical for the horizontal orientation to be stable.

In all holes, the anomalous field was far too intense to have been caused by induced magnetization. Most of the field
is the effect of remanent magnetization. The direction of the magnetization vector changes with increasing depth in the
holes, but the effect of secular field variation is difficult to distinguish from that of tectonic rotation. Large systematic
deviations that may herald a reversal appear in the in-hole magnetic anomalous field vector near a depth of 200 meters
in Hole 504B, but measurements were not continued in the lower part of the hole. Zones of low anomalous field intensi-
ty in Hole 504B seem to correspond to zones of brecciation.

INTRODUCTION

The world's first oceanic downhole magnetic measure-
ments were made in July 1979 on Leg 68 of the Deep Sea
Drilling Project in Hole 501, which is on the Costa Rica
Rift in the eastern Pacific Ocean (Fig. 1). This was fol-
lowed during Leg 69 by measurements in Holes 504B
and 505 B. The measurements were made to provide in-
formation about the in situ physical state of the hole, es-
pecially in regions where recovery was poor, and to pro-
vide oriented magnetic information to supplement that
obtained from the minicores, which give inclination on-
ly. The latter information was particularly important in
the Costa Rica Rift, where the magnetic latitude is so
low that reversals of inclination can easily take place
during normal secular variation of the field (Harrison
and Watkins, 1978). The use of downhole magnetometers
is especially important where holes are in very low mag-
netic latitudes, as they were here.

Before we present the results from Legs 68 and 69, we
describe the instrument and outline the procedures fol-
lowed to interpret the measurements from this type of
instrument. Our method of interpretation is based on
experience with downhole magnetometry in the Soviet
Union, where it has been used extensively since 1959 to
determine the position and shape of magnetized bodies
in drill holes, particularly during prospecting for mag-
netic ores.

INSTRUMENT DESCRIPTION
The instrument used on Legs 68 and 69 was a KCM-

65 (complex borehole magnetometer 65), which was de-
veloped by the Institute of Geophysics of the Urals Sci-
entific Center, Academy of Sciences, U.S.S.R. The in-
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strument uses fluxgate sensors to measure magnetic sus-
ceptibility and three components of the in-hole magnetic
field. The device is intended for the investigation of drill
holes of depths up to 10,000 meters. It has two parts,
which may be used separately or together: a field detec-
tor unit, which has a diameter of 65 mm and a length of
1.7 meters; and a magnetic susceptibility unit, which has
a diameter of 68 mm and a length of 1.2 meters. The
field detector unit is a single-element fluxgate magne-
tometer with three detectors that are oriented byjjravity.
One detector is always vertical and measures Z. A sec-
ond is horizontal and measures the field in the direction
of the dip of the hole, Hx (the horizontal direction in the
plane that contains both a vertical line and the axis of
the drill hole). The third detector is also horizontal and
is at right angles to the other two. The detectors are
oriented by gimbals. This system is shown in Figure 2,
where it is compared with an alternative and more wide-
spread system in which one of the detectors is aligned
parallel to the axis of the hole.

For the orientation to be effective, the axis of the
hole must not be too near the vertical, because the direc-
tions corresponding to Hx and Hy will not be established
clearly enough and larg£ fluctuations will result in the
observations of Hx and Hy because of the rotation of the
gimballed system about the vertical. This sets a lower
limit on the deviation of the hole from the vertical of 2
to 3°. The maximum acceptable deviation from the ver-
tical is 30°. Because of the gimballing, better results are
obtained with greater deviations of the hole from the
vertical, and these are also more convenient for inter-
pretation. The field detectors have an average sensitivity
of 100 7, and the susceptibility detector has a sensitivity
of 100 × 10~6 cgs units.

In 1978, this device made measurements in the Kol-
skaya Superdeep Well Cl-3 (SD-3), where it reached
8000 meters at temperatures of about 130°C. The mag-
netic field in this hole showed considerable variation at
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Figure 1. Location of Sites 501, 504, and 505 near the Costa Rica Rift in the Panama Basin. Bathymetry from Lonsdale and Klitgord (1978). Con-
tour interval is 250 m.

even the greatest depths. These measurements proved the
scientific value of deep downhole magnetic surveying.

INTERPRETATION OF RESULTS

This section discusses the theoretical aspects of the
interpretation of results from the downhole magnetom-
eter as deployed in the ocean crust on Legs 68 and 69.
More background and further elaboration can be found
in Ponomarev and Bakhvalov (1969).

Consider the intensity of the magnetic field inside a
magnetic body confined within a second-order surface.
If 7} is the total intensity of the field inside the body, To
the magnetizing field, tensor of magnetization J the in-
tensity of magnetization of the rock, and N a factor
varying from 0 to about 4TT depending on the geometry
of the magnetized body, then

- NJ. (1)
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Figure 2. Scliematic diagram illustrating alternative methods of measuring magnetic fields us-
ing downhole magnetometers. One method (left) is to allow the inclination of the hole and
gravity to define a horizontal axis X within the instrument and then measure the com-
ponents of the magnetic field C in alignment with it. The other (which was used during Legs
68 and 69) measures the magnetic field C in three vectoral components, allowing the vertical
component Z to be measured directly by aligning the instrument using gravity.

Usually the anomalous component of the internal
field (r a) is of more interest than the total field, so that,
subtracting To from each side, Equation (1) becomes

= -NJ. (2)

The internal anomalous field will thus have a direc-
tion opposite to that of the magnetizing field and an am-
plitude for a given geometry proportional to the intensi-
ty of magnetization.

Within a basaltic section, the intensity of magnetiza-
tion / will be made up of two principal components: the
remanent magnetization (Jr) and the induced magnetiza-
tion (Jn), so that

‰ = -NJ = -N(JT + Jn).

The intensity of induced magnetization in rocks in
which magnetic susceptibility (K) is less than I03 cgs
units can be taken as

Jn — KT0,

so that

KT0). (3)

N may be determined from the form of the magnetic
body with the help of the external surface anomaly, but
it is usually taken as 2-π. This assumption and mea-
surements of the anomalous field, magnetic susceptibil-

ity, and the local magnetizing field enable Jx to be calcu-
lated.

A convenient formulation considers the vertical com-
ponent of the field only, which can be measured even in
boreholes too near the vertical for stable measurements
of the horizontal components to be made. Here a ratio
Qz is calculated, which is analogous to the Königsberger
ratio in its dependence on the relative importance of re-
manent and induced magnetization but is related to the
intensity of the anomalous field rather than to the inten-
sity of magnetization. Qz is defined by the equation

Qz = - zn (4)

where Za is the measured anomalous vertical field and
Zn is Jhe induced vertical field, calculated from the equa-
tion Zn = -NJnz. Then

NJn

-NJnz

where Jnz is the vertical component of the induced mag-
netization. Since the geometry of the system is usually
not known, it is convenient to substitute into this equa-
tion the maximum value of iV/n (which will result in the
least value of Qz):

NJn (max) = 4-π•K
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for the values of K encountered here, where Zo is the
local vertical component of the magnetizing field.

The minimum value of Qz thus is

« . . .
Qz (mm) =

4πKZ

-4πKZ,
(5)

which is a convenient measure of the greatest contribu-
tion possible of induced relative to remanent magnetiza-
tion.

From the two horizontal components Hx and Hy a
value canj>e calculated for the total anomalous horizon-
tal field Hit as well as its declination relative to the dip
direction of the drill hole. If, in some sections of the
hole, units occur in which /is very low, as, for example,
in pelagic^ sediment or in brecciated basalt, then Ht is
close to HQ, the local horizontal component of the nor-
mal magnetizing field. The declination of this field rela-
tive to the drill hole enables the dip direction of the
drill hole to be evaluated. Once this has been established,
the declination of the horizontal anomalous field (Ha) at
different levels in the hole can readily be calculated.
This is particularly important at these low magnetic lati-
tudes, since magnetic reversals will manifest themselves
almost entirely through a change in the declination of
the field rather than through its inclination.

Finally, by combining the vertical and horizontal
components of the anomalous field, the magnitude and
direction of the total anomalous field can be calculated,
and this can be examined with a view to interpreting it in
terms of the tectonic rotation of the rocks or secular
variation in field direction.

RESULTS

Hole 501

Hole 501 was drilled on the top of a 300 7 positive
anomaly (corresponding to reversely magnetized crust
in the Costa Rica Rift) superimposed on a regional total
field of about 36,000 7. At this magnetic latitude, this
corresponds to a vertical component of about 11,500 7.

The magnetometer was used to log the interval be-
tween 3720 and 3765 meters below the rig floor, across
the sediment/basalt interface at 3731 meters. The sec-
tion logged is shown in Figure 3, where minicore intensi-
ties, inclinations, and susceptibilities are plotted, as well
as the readout from the vertical component of the mag-
netometer. The two horizontal components were suc-
cessfully logged at this hole, but an attempt to measure
magnetic susceptibility within the hole was frustrated by
inadequate sensitivity in the receiving equipment. Sev-
eral successive runs snowed that all the essential features
of the field are reproduced from run to run.

The upper part of the section logged consists of pe-
lagic siliceous nannofossil ooze of very low intensity of
magnetization. The vertical anomalous field fluctuates
within ± 300 7 of the mean of 300 7. The fluctuations of
the curve are due to the ship's heave that causes field
pickup oscillations, but these are not significant relative
to the anomalies within the basalt. From the values of

% Hx, and Hy that were measured in this section of the
hole, the direction of the dip of the hole could be deter-
mined as 311°.

At the sediment/basalt contact there is a narrow very
strong negative anomaly, not exceeding 1 meter in width,
with an amplitude of several thousand gammas. Simi-
lar anomalies are often caused by the presence of steel
objects in the hole, but this is not believed to be the case
here, and the anomaly is probably caused by the magne-
tic contrast between the highly magnetized basalts and
the weakly magnetized sediments.

The basement can be divided into two layers on the
basis of the vertical field log. The upper layer, between
3731 and 3751 meters below the rig floor, is characterized
mainly by negative values of Za, corresponding to down-
ward-directed anomalous magnetic field vectors. Only
in a few places did Za become positive. In this unit, Za is
as high as - 3000 7 and averages about - 1000 7. If the
value given above for the vertical component of the lo-
cal magnetizing field (Zo = 11,500 7) and the mean val-
ue of K measured on the minicores in this interval (1600
× 10 ~6 cgs units) are substituted into Equation (5), the
minimum value of Qz is 3.7. The anomalous field must
thus be primarily the result of remanent magnetization,
as would be expected from the observed Königsberger
ratios of the minicores (Furuta and Levi, this volume).
The inclinations of the magnetic vectors measured for
minicores in this upper layer are generally directed
downwards, though subhorizontal, as would be expect-
ed at this low magnetic latitude, in general agreement
with the observed negative values of Za.

In the lower unit (3751-3765 m), the values of Za are
primarily positive, corresponding to an upward inclina-
tion of the anomalous field vectors. Within this unit, the
anomalous field reaches about 5000 7 in places, with an
average of 3000 7. Measurements on minicores give
dominantly upward-directed magnetic vectors, corre-
sponding to the positive values of Za, but magnetic sus-
ceptibility is 300 to 400 × 10~6 cgs units, four to five
times as low as in the upper layer. The calculated min-
imum value of Qz thus reaches about 50, indicating an
even greater dominance of remanent over induced mag-
netization in this interval.

Though the reversal in sign of Za might seem to indi-
cate a polarity reversal in the basalts between the upper
and lower units in the basement, consideration of the
horizontal components shows that this cannot be the
case. At these low magnetic latitudes a reversal would be
most marked in the anomalous horizontal field (Ha).

The Ha field vectors are shown for seven different in-
tervals in the basement of Hole 501 in Figure 4. Here
they are plotted relative to the dip direction of the hole,
which defines Hx and was determined to have^an azimuth
of 311 ° from the log in the sediments. The Ha field vec-
tors in both the upper and lower magnetic unit are di-
rected between south and southwest, showing that no
reversal occurred. This is also shown by the plot of
virtual geomagnetic pole positions for the upper and
lower units (Fig. 5). The upper unit gives a virtual pole
practically coincident with the present pole (Point 1 in
Fig. 5, with coordinates 84°N, 24°W), whereas the low-
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Figure 3. Magnetic measurements in Hole 501. 1—anomalous vertical component Za , measured_using the
downhole magnetometer. 2—minicore magnetic susceptibility. 3—minicore magnetization T vectors.
4—massive basalts. 5—pillowed basalts.

er unit gives a pole at a distinctly lower latitude (Point 2
in Fig. 5, with coordinates 36°N, 14°E).

The crustal section here is thus seen to be uniformly
reversely magnetized, as would be the polarity deduced
from the surface magnetic anomaly. But whereas the
anomalous field vector in the upper part of the base-
ment is nearly parallel to, but reversed from, the present
earth's field at the site, the anomalous field vector in the
lower unit is rotated away from this direction. This rota-
tion could be the result of either the secular variation of
the Earth's field or the tectonic tilt of the lower unit.
Both effects are likely to exist in the lower basalts in any

such section, and it is not possible to distinguish one
from the other with the information available.

Hole 504B
Hole 504B, which is about 500 meters away from

Hole 501, was drilled during Leg 69 as a major re-entry
site. The 250-meter sedimentary section was cased (lined)
to a depth a few meters into basement so as to reduce
the caving in of sediments into the hole. The basement
was then drilled for 200 meters. During Leg 70 the hole
was deepened by another 360 meters, and during Leg 83
it was deepened a further 490 meters, but only the upper
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Hole 501

Hole 504B

0 2000 4000

Figure 4. The projection of magnetic field Ha anomalous horizontal component vectors on a horizontal
plane. Depths are in meters below rig floor. The average interval values of magnetization were calcu-
lated for 1- to 5-meter intervals and were used to calculate the location of the virtual geomagnetic poles
shown in Figure 5.
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Figure 5. Five virtual geomagnetic poles calculated using downhole
magnetometer results for the five separate intervals in Holes 501
(Points 1 and 2) and 504B (Points 3-5).

section of the basement (that between 3745 and 3945 m
below the rig floor, or 280 to 480 m sub-bottom) was
logged with the downhole magnetometer. Magnetic sus-
ceptibilityjind three components of the in-hole field (Z,
Hx, and Hy) were recorded separately. The determina-

tion of magnetic susceptibility was affected by the high
in-hole temperatures, however, and values measured on
minicores were used in interpretation (Furuta and Levi,
this volume).

Figure 6 shows the minicore magnetic measurements
for the section drilled on Legs 69 and 70, together with
the downhole magnetometer log of Za for the upper 200
meters of the basement section.

The local total field measured by the ship's magne-
tometer is 32,825 7, including a positive anomaly of
about 100 7. The vertical component of this field, calcu-
lated from that and the inclination, is estimated to be
12,400 7, andjhis value was used to calculate Za from
Z. Values of Za are uniformly positive throughout the
section, gradually decreasing from about 1000 7 at the
top of the basement to aboutjSOO 7 at 200 meters into
basement. Positive values of Za correspond to upward-
directed magnetic vectors in the enclosing rocks, and
Figure 6 shows that measurements on minicores support
this conclusion. There is no unit in this hole that corre-
sponds to the upper unit of Hole 501, in which Za is
negative, and this is consistent with the differences in
petrography (Site 501/504 chapter, this volume) and
glass composition (Natland et al., this volume) in the
upper parts of the basement in Holes 501 and 504B.

Using the minicore susceptibilities, K, shown in Fig-
ure 6, Qz decreases from about 15 near the top of the
basement to about 4 at a depth of 200 meters. Over this
interval, then, remanent magnetization is still domi-
nant. However, in the region below 4200 meters, where
minicore susceptibilities are higher and the intensity of
remanent magnetization of the minicores is lower, it
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Figure 6. Magnetic measurements in Holes 501 and 504B. 1-3 as in Figure 3.
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seems likely that a log would show similar contributions
to the anomalous field from remanent and induced
magnetization.

In order to determine the azimuth of the Ha compo-
nent, the direction of the dip of the hole must be deter-
mined. The sedimentary section was cased, so it could
not be used, as it had been in Hole 501. However, Za

dropped to very low values in several short sections ()f
the basement log. These short intervals of reduced Za

are believed to be the result of brecciation, correspond-
ing as they do to regions of relatively high porosity in
the conventional downhole logs (Cann and Von Herzen,
this volume). Two sections in particular, those from
3881 to 3883 meters and from 3886 to 3889 meters, gave
total field vectors close in intensity and inclination to
those of the local magnetizing field, and these gave con-
cordant values for the direction of dip of the hole (41 °).
The directions of Ha vectors for different horizons in
the hole could be calculated relative to this azimuth, and
the results are plotted in Figure 4.

Figure 4 shows that in the upper part of the base-
ment, Ha vectors point generally southwest, in a direc-
tion similar to those in the shorter section of Hole 501.
Below 3880 meters, though, the Ha vectors swing around
to the southeast to east. This change of direction is
clearly shown by the virtual geomagnetic poles in Figure
5, where point 3 (39°N, 43°E) corresponds to the up-
permost interval from 3759 to 3806 meters, Point 4
(21 °N, 39°E) corresponds to the interval from 3806 to
3859 meters, and Point 5 (7°S, 30°W) corresponds to
the lowermost interval from 3886 to 3940 meters. The
anomalous field vectors in the section above 3880 me-
ters correspond clearly to reversely magnetized rock,
though there may have been some degree of tectonic ro-
tation. The virtual geomagnetic poles from this section
(Points 3 and 4) lie very close toj;hose for the lower unit
of Hole 501 (Point 2). As the Ha vectors swing around
to the east below 3880 m, the anomalous field vectors
can no longer be said to be completely reversed. The ex-
cursion seems rather large to be caused by secular vari-
ation alone, although some combination of this with
tectonic rotation might be sufficient. Alternatively, this
swing might be associated with a reversal of the Earth's
field as the basalts were being erupted.

It is clearly highly desirable to log the lower section of
the hole by downhole magnetometer. It would then be
possible to examine whether this swing was part of a re-
versal. It would also be possible to investigate the part
of the hole where minicore inclinations become very
high (Fig. 6), presumably principally because of tectonic
rotations at depth (Furuta and Levi, this volume), and
where it seems likely that remanent and induced magne-
tization have equal importance. An investigation of all
these effects could prove to be of great importance.

Hole 505B

Hole 5O5B was uncased, and here the lower part of
the sediment section as well as the short basalt section
could be logged. Unfortunately, the hole was_too close
to the vertical for the orientation of Hx and Hy to sta-

bilize, so that only Z was usable. Figure 7 shows a plot
of Za and minicore measurements taken^from Furuta
and Levi (this volume). As in Hole 501, Za is near zero
in the weakly magnetized sediments, and it shows a peak
(though not a large one) at the basalt contact. Within
the basalt, the values of Za are all positive, suggesting
upward-directed magnetic vectors in the surrounding
rocks, in agreement with the minicore measurements.
The calculation of Qz gives values between 10 and 20,
suggesting, as in the logged parts of the other holes, that
remanent is dominant over induced magnetization.

CONCLUDING REMARKS

These first measurements of the three components of
the Earth's magnetic field within the oceanic crust have
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Figure 7. Magnetic measurements in Hole 5O5B. 1-5 as in Figure 3.
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contributed new information about the rocks of the
ocean crust and have shown the potential for the use of
this method in the future.

The results from downhole magnetometry are partic-
ularly important in low magnetic latitudes, where the in-
clinations of the magnetic vectors in the crust are nearly
horizontal. In this case minicores, which carry inclina-
tion data only, provide only a small part of the neces-
sary information. The horizontal components of mag-
netization, which alone can indicate whether a field re-
versal has occurred or not, can only be provided by
downhole magnetometry. However, the ambiguity in in-
terpretation between secular variation and tectonic rota-
tion will always be a problem in either method.

If the full potential of downhole magnetometer mea-
surements is to be realized, the effect of the heave of the
vessel, which causes oscillations of ± 300 y in the rec-
ords, must be reduced. The magnetometer itself is ca-
pable of much greater resolution than that, and with
some stabilization in the hole it would give much more
detailed information.

With greater experience in operating the downhole
magnetometer and in interpreting the results in combi-
nation with paleomagnetic measurements on minicores,

the opportunity will exist for a better understanding of
details of the magnetic structure of the ocean crust. This
in turn will improve our understanding of the processes
of construction and evolution in the ocean crust.
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