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BASALT IN EXPERIMENTAL MOHOLE CORE EM7!
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Mohole test drill off the island of Guadalupe,
! Contribution from the Scripps Institution of

Oceanography, University of California, San Diego;
Contribution No. 353, Department of Oceanography,

? Present address: Department of Earth and Plane-
tary Sciences, University of Pittsburgh, Pittsburgh,
Pennsylvania.

* Marine Physical Laboratory, Scripps Institution of
Oc¢ phy, University of California, San Diego.

University of Washmgton The petrographlc [

tions were done by one of the writers (Y. R. N.);
the other two authors did the magnetic work. Manu-
script received, June 6, 1965.

‘Present address: Department of Oceanography,
University of Washington, Seattle, Washington.
Parts of this research were sponsored by the

-¥



083 6%

GEOLOGICAL NOTES

28° 59’ N., 117° 30’ W., basalt was reached dur-
ing run 4 of the coring operations in this hole
(EM7 run 4). This run was 120 cm. long but
recovered only 13.2 cm. of basalt, indicating that
much of the run failed to recover core material,
EM7 run 3 began 120 cm. above run 4, was 120
cm. in length, and recovered only 98 cm. of sedi-
ment, again indicating a partial failure of the run
to recover core material. Because of the uncer-
tainties in the drilling and coring operations, the
depth of the basalt below the bottom of the sedi-
ment in EM7 run 3 is not known but probably
was between 20-100 cm. Magnetic and petrologic
investigations made on the sediment above the
basalt are discussed with the objective of deter-
mining the nature of emplacement of the basalt.

GENERAL DESCRIPTION

A summary of the drilling operations during
the Mohole test drill was given by Horton
(1961), and a description of the sediments re-
covered was published by Riedel e¢ al. (1961).
This paper deals with the core EM7 run 3 (ie.,
that sediment just above the basalt), and the fol-
lowing description of core EM7 run 3 is from
Riedel et al. (1961).

C,i:‘,:"";!:;" Description

0-9 Dusky yellow-green sediment with many
dolomite rhombs and coccolithophorids,
grading by mottling to:

9-49  Greenish gray sediment with many dolo-
mite thombs, becoming darker down-
ward.

63-67  Pale olive sediment with many dolomite
rhombs, with patches of dusky yellowish
green, changing abruptly to:

67-79  Dusky yellow sediment composed pre-

and dominantly of dolomite rhombs with

84-98 brownish black patches.

MaGNETIC RESULTS

The remanent magnetization of 13 cylindrical
samples taken from EM7 run 3 were measured
with an astatic magnetometer. The intensity of
magnetization was low but not difficult to mea-
sure, provided that care was taken. Because the

American Chemical Society, Grant No. PRF 700A;
by the Office of Naval Research, Contract Nonr
2216(05) and Contract No. 477(37), Project NR

; and by the National Science Foundation,

3. 00l 03-04;
Grant GP-10356. The writers are indebted to W. R.

Riedel 1.1- making the Mohole sediment available.
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l.\lll.l: I. StMMARY OF MAGNETIC PROPERTIES

S"mﬂ ¢ Incls- J.micro k. micro
(!‘ ::f ‘(I" ;‘") nation emujcc. emujce. ¢
10 Positive 0.31 6.58 .098
11 Negative 0.29 9.14 .066
15 Negative 0.14 5.14 .057
25 Negative 0.36 5.69 132
32 Negative 0.18 5.27 071
+ Negative 2.72 7.83 724
47 Negative 16.30 7.98 4.25§
66 Positive 0.20 16.76 .021
68 Positive 0.57 12.06 .098
76 Positive 0.48 9.69 .103
7 Positive 0.23 7.82 .061
90 Positive 0.28 1.0l .053
92 Positive 0.20 8.04 .052

azimuth of the core is not known and there is a
possibility that parts of the sediment may have
become twisted during the coring and retrieving
operations, the writers can only compare the in-
clination of magnetization of the various sam-
ples. Table I lists the distance below the top of
EM7 run 3 of each sample in centimeters, the
sign of the inclination, the intensity of magneti-
zation J, the intensity of magnetic susceptibility
k, and the Q factor, where Q = J/0.48%. Figure
1 shows the positions of the samples relative to
the top of the sediment and the basalt layer.

The samples at 47 cm. and above have nega-
tive inclinations with the exception of the sample
at 10 cm. They are thus reverscly magnetized
with respect to the present Earth’s field direction.
The samples below 47 ¢m. have positive inclina-
tions and are thus positively magnetized.

Four of the samples were saturated in a ficld
of 3,500 oersteds and then demagnetized in steps.
The demagnetizing curves are shown in Figures 2
and 3. Two of the samples came from above 47
cm. and two from below.

PETROLOGY

A petrographic study of the sediment shows
that the upper part of the section (0-44 cm.)
consists of calcareous nannoplankten, quartz, pla-
gioclase, and aggregates of clay; dolomite rhombs
are scaltered throughout the scdiment. From
44-47 cm. the scdiment consists mainly of do-
lomite rhombs, yellowish green lumps, and clay -
aggregates, Martini and Bramlette (1963) found
a few occurrences of calcareous nannoplankion in
this scction. There is little plagioclase, but brown-
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Em?7 Fic. 1.—Diagram showing position of samples
taken from EM7 run 3 in relation to position of

T I:::] WATER SURFACE basalt layer.

<
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ish black patches are seen in a few samples. The
A section from 48-98 cm. is composed predomi-
nantly of dolomite rhombs, brownish black patch-
TOP RUN 3 es, and pale yellowish aggregates. Toward the
E lower part of this section the number of brownish
1 black patches increases considerably. Nanno-
] plankton are absent from this section, This study
] reveals that there is a definite change in the na-
ture and composition of the sediments at about

k 48 cm. below the top of the core.
SAMPLED AT Detailed study of the samples of the lower sec-
tion (48-98 cm.) shows that the major part of
E the material consists of pale yellowish green to
greenish flaky and elongate fragments. Some of
] these fragments show the presence of “floats” or
well-developed single rhombs of calcite or do-
3 lomite. In some samples, several carbhonate
BOTTOM RUN 3 rhombs appear to grow out of large pale yellow-
R ish or yellowish green material which occurs in
g lumps and aggregates (Plate I). From the color
BASALT LAYER characteristics and petrographic study it is in-
//M ferred that the original material was palagonite,
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Fic. 3.—Demagnetizing curves of samples from 77 and S0 cm.
previously saturated in a field of 5,500 oersteds.

as described by Nayudu (1962, 1964). In addi-
tion, dolomite rhombs are associated with the
brownish black patches included in the sediment
description. Some of the carbonate rhombs (do-
lomite and calcite) contain pale yellowish materi-
al and brownish black opaque material in the
cores of the rhombs or concentrated along the
margins of the crystal faces (Plate I). The yel-
lowish green and greenish aggregates of flaky
minerals probably are chlorite, saponite(?), and
montmorillonitic clay; the brownish black materi-
al is ferromanganese oxide minerals. Petrologic
study suggests that these minerals were formed
from the alteration of palagonite tufi. The car-
honate rhombs in greenish fragments occurring as
“float” and brownish black opaque material prob-
ably resulted from the concentration and segrega-
tion of minerals during the alteration process.

DISCUSSION

‘The basait was found by Cox and Docll (1902)
to be reversely magnetized with respect to the
Earth’s present field. ‘The magnetic anomaly over
the test drill area supgests that the body causing

the anomaly is -predominantly normally magne- .

tized (Raff, 1963); The basalt drilled in hole
EM7 probably was formed at a different time,

when the Earth's field was reversed, as it is un-
likely that the difference in polarity is caused by
a self-reversal mechanism. The Q factor (or ratio
of remanent magnetization to induced magnetiza-
tion in the Earth’s field) of the basalt (Cox and
Deell, 1962) is high, with a mean value of 40.
The Q factor shows a decrease from 105 near the
top of the basalt layer to values near 20 in the
deepest basalt samples.

The general range of Q factors for deep ocean-
ic sediments is between 0.04 and 2.5. Keen
(1960) reported -Q factors as high as 2.0 in some
Atlantic sediment cores, The highest Q factor found
in a Pacific sediment, other than Moho sediment, is
3.2, from a sample taken on the continental shelf
close to San Dicgo. In general, high Q factors are
found in sediments containing terrigenous material.

‘The natural remanent magnetization (NRM)
of sediments with low Q factors may be expected

 to be caused by depositional remanent magneti-
zation (DRM). Samples with higher Q factors
may have become magnetized by some different
mechanism. This should be especially true in the

*samples from 44 and 47 cm. which do not seem
to differ radically in lithology from the sediment
above but which have higher-than-normal @ iac-
tors.
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Two processes can result in characteristically
high Q factors. The first is chemical remanent
magnetization (CRM). CRM requires that the
ferromagnetic crystals grow in a magnetic field
from a solution or a solid solution, with the crys-
tals passing through the paramagnetic and super-
paramagnetic states and finally to the ferromag-
netic state (Creer, 1957; Kobayashi, 1962). This
would require that sedimentation conditions for
the section above and including sample 47
differed from those of the rest of the EM7 run 3,
and also from all of the sampled parts of EMS,
which have Q factors between 0.04 and 0.16.
CRM can produce Q factors between 1 and 100.
If the magnetization of the section above 47 cm.
were caused by CRM, this would not explain the
upward decrease in Q factor in this section of the
core.

The second process that results in high Q fac-
tors is thermo-remanent magnetization (TRM).
TRM requires that the ferremagnetic crystals
cool through their Curie temperature in the pres-
ence of a magnetic field. In general, high Q fac-
tors are produced when the grain size of the fer-
romagnetic crystals is sufficiently small that only
one ferromagnetic domain is present in each crys-
tal. TRM may produce Q factors as high as 100.
The upward decrease in Q factor from 47 cm.
could be explained by supposing that the temper-
ature to which the sediment was heated decreased
with increasing distance above the basalt layer,
resulting in the acquisition of smaller components
of TRM.

If one assumes that CRM is unlikely to be the
cause of the high Q factors found in EM7 run 3,
then two lines of evidence suggest that the basalt
was intruded into the sediment and that, as it
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was intruding, the basalt heated the ferromag-
netic material to above or near its Curie tempera-
ture. The high Q factor is produced by TRM and
the reversed magnetization is preduced by the re-
versed field which prebably existed during the
time that the basalt cooled (Cox and Deell,
1962). The alternative explanation that the ba-
salt and the sediment have reversed magnetiza-
tion because of a self-reversal property is unlikely
in view of the mineralogical and compositional
differences between the two.

One factor is not explained by this hypothesis.
This is the fact that the section below 47 cm. of
EM7 run 3 has both normal directions of magne-
tization and normal Q factors, ranging from 0.024
to 0.103. Tt is possible that this section has under-
gone chemical alteration, resulting in the removal
of reverse NRM and the production of normal
NRM with normal Q factors, possibly by a process
of viscous remanent magnetization (VRM). There
is no obvious reason why such a chemical altera-
tion should have stopped between samples 66 and
47, especially since the material at 47 cm. probably
was heated.

An alternative explanation is that the material
below 47 cm. was the highest layer of the original
palagonite tuff-breccia formed during the em-
placement of the basalt, which was later trans-
formed either by hydrothermal and (or) normal
alteration and decomposition processes which
formed chlorite, saponite(?), carbonates, ferro-
manganese oxides, and montmorillonitic clay. It
has already been noted that this section of the
sediment is characterized by the presence of
brownish black ferromanganese oxide minerals.

The normal magnetization of the material
below 47 cm. requires that either the material

of rhombi

Prate 1.—I-A. Phot

outline of dolomite shown by arrow. Similar outlines are

scattered throushout yellowish grcen matter and are optically cont.muous with medium. These outlines
< A

suggest initial stage of growth of dolomite rh

from

green material (X 60). I-s. Photomicro-

graph showing concentrations of dol rhomb

and ferr

oxide segregations in yellowish green

material (X 60). I-c. Photomicrograph of well-developed dolomite rhomb; cleavage lines extend into
medium of yellowish green chlorite or saponite(?), suggesting that dolomite rhomb has grown by use of
local carbonate source (X 120). I-p. Photomicrograph of dolomite rhombs showing segrepation of fer-
romanganese oxides inherited from alteration of original yellowish green chlorite or saponite(?) (X 60).
I-2. Photomicrograph of dolomite rhomb showing large concentration of opaque ferromanganese oxides. Also
note that black opaques are scattered in rhomb (X .120). I-r. Photomicrograph showing occurrence of
dolomite rhombs in association with opaque brownish black ferromanganese oxides; note inclusions of
opaques in dolomite rbombs (X 60).
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was altered long after intrusion, when the Earth’s
magnetic field was again normal, or that the mag-
netization is unstable and the normal component
is caused by VRM in the present Earth's field. In
cither case, there should be some sign to show
that the magnetic materials above and below 47
cm. are different.

The mean susceptibility of the samples at 47
cm. and above is 6.80 ==0.59 micro-emu/cc. and
that of the samples below 47 cm. is 10.90 == 1,35
micro-emu/cc. This represents a real difference
of susceptibility between the two groups at a
confidence level of 1 per cent (using a normal
statistical analysis). Examination of the demag-
netization curves in Figures 2 and 3 reveals that
the pairs of curves presented in either figure
agrec well with each other in shape, but not as
well with either of the curves in the other figures,
For example, the demagnetization curves for the
samples from 77 cm. and 90 cm. show that the
intensity decreases more rapidly with increasing
field than it does for the samples from 10 cm.
and 15 cm.. indicating a lower stability for the
samples from 77 and 90 cm. Statistical analysis
of the curves demonstrated that there was a sig-
nificant difference (at a level of S per cent) be-
tween the demagnetizing curves of two samples
from different groups, compared with the de-
magnetizing curves of two samples from the same
group, in seven out of eight possible cases. Thus
there are two lines of evidence suggesting that
the magnetic material in the section above 47 ¢cm.
is different from the magnetic material below 47
cm.

Rittenberg et al. (1963) stated that their sam-
ple (54-63 cm.) from the lower part of the core
EM?7 run 3 is different in composition from the
other samples that they studied. According to them,
the sediment in this sample is coarser than the
other sediments, and the coarse fraction consists
mainly of volcanic glass and greenish aggregates
or lumps which have the appearance of montmoril-
lonite-type clay. Part of this sample also consists
of small euhedral crystals of calcite or dolomite.
Quartz, plagioclase, mica, and fossils are absent.
Rittenberz ¢t al. (1963) considered that these
sediments possibly are the weathered products of
volcanic ash.

Nayudu (1064) showed that the important al-
teration or decomposition products of primary
palagonite and basaltic glass are zeolites, mont-

GEOLOGICAL NOTES

morillonite clay, carbonates, and ferromanganese
oxide minerals, From the petrographic study of
the sediments below 47 cm. it is shown that
greenish aggregates or lumps consist of chlorite
or saponite(?) and montmorillonite-type clay.

Murata and Erd (1964), as a result of a study
of sediments from the Mohole, concluded that
their samples 33 and 34 from EM7 run 3 are
different in composition from all other samples.
According to them, these samples are rich in
magnesium, iron oxides, manganese oxides, and
phosphates. From the X-ray data they concluded
that the montmorillonoid mineral (greenish
lumps described in this paper as chlorite or sa-
ponite?) is of a magnesian saponite type low in
aluminum. Murata and Erd (1964) suggested
that the basalt may have been the source for
these sediments.

Furthermore, Nayudu (in press), as a result of
a study of palagonitized basalt and carbonates in
contact with basaltic glass found in the experi-
mental Mohole, suggested that there probably
was extensive primary palagonite tuff developed
during the emplacement of basalt; later alteration
and decomposition resulted in the formation of
zeolites, carbonates, silica, and black opaque seg-
regations of ferromanganese oxides. The data
presented by Rittenberg ef al. (1963) and Mura-
ta and Erd (1964) seem to confirm the observa-
tions made by Nayudu (1964) and the results
presented in this paper. Therefore, the writers be-
lieve that sediments in the lower part of core
EM?7 run 3 (63-98 cm.) mainly represent altera-
tion products of primary palagonite tuff.

CoNCLUSIONS

The high Q factors of the samples from 44 and
47 cm., and the reverse magnetization of samples
at and above 47 cm., suggest that this part of the
sediment became magnetized by a thermal pro-
cess associated with the intrusion of the basalt
layer, which also is reversely magnetized. Two
magnetic results, the difference in susceptibility
between the two sections and the difference in
the demagnetizing curves, suggest that the sedi-
ment from the sections above and below 47 cm.
had difierent origins, This is confirmed by the
petrologic investigations which indicate that the
material below 47 cm. resulted from the later al-
teration of primary palagonite tuff which was
formed on the basalt layer after intrusion. The



-

GEOLOGICAL NOTES 573

section above 47 ¢m. scems to be similar to the
other sediment found in the Mohole test drills off
Guadalupe Island. Reasonable explanations have
been given for the normal Q factors and normal
magnetization of the section below 47 cm.; these
are consistent with the above hypothesis, but
other explanations are possible.

Because the uppermost part of the sediment on
the ocean floor is much less dense than basalt and
does not have sufficient mechanical strength to
support a basalt column, it is probable that basalt
will intrude the sediment (Kennedy, personal
suggestion) rather than flow out over the sur-
face. As a result, the overlying sediment would
be altered as has been suggested in this paper.
This probably has happened through much of the
deep ocean and explains why no material older
than Cretaceous has been found in the deep
ocean (Hamilton, 1956). Older material has been
covered by basalt which spread laterally when the
strength of the sediment was insufficient to sup-
port the basalt column, Thus there is no need to
postulate that the present ocean basins have a re-
cent origin.
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ORIGIN OF SHALE-PEBBLE CONGLOMERATE!

GORDON D. WILLIAMS®
Edmonton, Alberta

Pebble-size fragments of shale in a matrix of
sandstone commonly are conspicuous in parts of
the stratigraphic record. The shale fragments nor-
mally are more or less rounded, and in many lo-
alities exhibit features suggesting that they were
plastic at the time of incorporation into the sur-
rounding sandstone. Most fragments are disc-

! Manuscript received, June 25, 1965.

!Department of Geology, University of Alberta.
Financial assistance provided by the General Research
Fund of the University of Alberta is gratefully ac-
knowledged.

shaped, lying parallel with bedding, and com-
monly exhibit internal laminations which may be
bent or otherwise deformed, particularly at the
margins of the fragment.

The term “clay galls” has been applied to these
flattened, in some cases partly curled, rounded to
angular fragments, flakes, and chips of shale
(Pettijokn, 1957, p. 194); the conglomerate
formed by their concentration in a sand or gravel
matrix is known as shale-pebble conglomerate
(Pettijohn, 1957, p. 277).

Dunbar and Rodgers (1957, p. 64) bave men-



