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25. PALEOMAGNETIC ESTIMATE OF EMPLACEMENT MECHANISMS OF DEEP BASALTIC
VOLCANICLASTIC ROCKS IN THE SUMISU RIFT, IZU-BONIN ARC1

Masato Koyama,2 Stanley M. Cisowski,3 and James B. Gill4

ABSTRACT

A paleomagnetic study was made on the highly vesiculated basaltic tuff breccia (the basaltic mousse) drilled by Ocean Drilling
Program Leg 126 from the Izu-Bonin backarc, Sumisu Rift, to estimate the mode of its emplacement. Thirty-four 10-cm3 minicore
samples were collected from almost all the horizons of the basaltic mousse. Stepwise thermal and alternating-field demagnetization
experiments show that the natural remanent magnetizations of many samples are mainly composed of a single stable component.
Although remanence inclinations are not expected to be disturbed by rotary drilling, the measured inclinations of remanence show
a random directional distribution as a whole. The remanence inclinations, however, show directional consistency on a smaller
scale. High-density sampling and measurements from a limited interval of drilled cores, and the measurement of small disks cut
from a single minicore sample show that there is directional consistency over several centimeters. Strong and stable remanent
magnetization, the existence of remanence direction consistency, and the fresh lithology of the samples suggest the thermal origin
of remanence. Combining the paleomagnetic results with other geological, petrographical, and paleontological characters, the
Hole 79IB basaltic mousse can be interpreted as a subaqueous explosion breccia produced by deep-sea pyroclastic fountaining.

INTRODUCTION

Ocean Drilling Program (ODP) Leg 126 drilled five holes (Holes 790A
to 790C, 791A, and 791B) in a backarc rift (Sumisu Rift; Fig. 1). Of
these, Holes 790C and 79IB reached acoustic basement, and a sequence
of basaltic breccias and associated lava flows was recovered from the
basement. In Hole 791B, highly vesiculated (35%-50% porosity)
basaltic breccia, which we called "basaltic mousse" was recovered be-
tween 980 and 1115 mbsf (Taylor, Fujioka, et al., 1990; Gill et al., 1990).

The basaltic mousse is composed of a well-indurated mixture of
scoriaceous lithic clasts of ~6-cm diameter within a highly vesiculated
glassy lapilli tuff matrix. The mixture is characterized by massive
lithology and homogeneous petrography, and shows no significant
change vertically. Evidence of reworking or resedimentation, such as
grading, lamination, or intercalated hemipelagic sediments, is absent.
Lithic clasts have a microcrystalline, tachylitic groundmass, and a few
large clasts have quenched rims. Plastically deformed glass can be
seen in the matrix of some samples microscopically. Details of the
stratigraphy, lithology, petrography, and geochemistry of this deposit
are described by Taylor, Fujioka, et al. (1990) and Gill et al. (1990,
this volume).

According to Taylor, Fujioka, et al. (1990) and Gill et al. (1990), the
age of the basaltic mousse was estimated to be late Pliocene to early
Pleistocene, from biostratigraphic studies of the sediments immediately
overlying the volcanic rocks. The sediments also yielded benthic fora-
minifers from the lower bathyal paleodepths. On board paleomagnetic
results showed a random distribution of remanence inclinations for the
mousse samples. The chemical composition of the basaltic mousse is
consistent with its backarc basin origin. Based on all these results, Gill et
al. (1990) estimated that the Hole 79IB basaltic mousse was produced
by an explosive eruption in a lower bathyal backarc rift basin at 1800-
2500 meters below sea level (mbsl) depth.

Explosive eruptions can exist only when the pressure on the
medium into which the eruption occurs is less than the pressure in the
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eruptive magma. This restricts explosivity to eruptions in subaerial or
subaqueous environments shallower than a critical depth (e.g., Fisher,
1984; Fisher and Schmincke, 1984). This depth, which is called the
pressure compensation level (PCL), was estimated to be at most 500 m
for the eruption of tholeiitic basaltic magmas (Fisher, 1984). This
assertion seems to be discordant with the existence of an explosive
volcanism at the paleodepth estimated by Gill et al. (1990). Gill et al.
(1990) attributed this abnormal explosivity of the basaltic mousse to
its high water content (about 1.3% by weight). Paleomagnetism is a
useful tool for estimating the emplacement mechanisms of volcani-
clastic rocks, because the directional consistency and relative inten-
sity are sensitive to the thermal histories of measured materials.
Several paleomagnetic studies have attempted to determine the mode
of emplacement of various volcaniclastic materials (e.g., Aramaki and
Akimoto, 1957; Suzuki, 1962; Napoleone and Yokoyama, 1970;
Chadwiek, 1971; Kato et al., 1971; Yamazaki et al., 1973; Hoblitt and
Kellogg, 1979; Kent et al., 1981; Zlotnicki et al., 1984; McClelland
and Druitt, 1989). In this paper, we present a detailed description of
paleomagnetic results of the Hole 791B basaltic mousse and discuss
the emplacement mechanisms based on the paleomagnetic data and
other geological and petrographic results.

SAMPLES AND MEASUREMENT

All the Hole 79 IB samples were drilled using an rotary core barrel
(RCB), and about 15% recovery was achieved. Thirty-four 10-cm3

minicore specimens were collected from almost all the horizons of
the basaltic mousse (Table 1). Of these, six samples were collected
from large lithic clasts, and the rest from intervals representing
mixtures of lithic clasts and matrix. Most of the samples were fresh,
containing fresh glass shards and phenocrysts of olivine and plagio-
clase with a small amount of secondary smectite in vesicles. Only one
sample, from the basal horizon of the basaltic mousse (Sample
126-791B-76R-1, 46-48 cm), is moderately altered, and it includes
pseudomorphed olivine phenocrysts and vesicles filled with secon-
dary minerals. The lithic clasts and the matrix are highly vesicular and
include no blocky fragments with flat fracture surfaces. Because of
the large number of vesicles, it is difficult to define visually bounda-
ries of cooling or deposition units within the mousse matrix.

The samples were measured using a fully automatic spinner (FAS)
magnetometer with a built-in AF demagnetizer (Taylor, Fujioka, et
al., 1990, pp. 13-42). Fifteen specimens were subjected to stepwise
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Tori Shima

Figure 1. Location map of Leg 126 drill sites in the Izu-Bonin Arc high (Sites
788 and 789) and backarc rift (Sites 790 and 791). The volcanic arc extends
from Sumisu Jima through Sites 788/789 to Tori Shima. The Sumisu Rift is
composed of the Kita and Minami Sumisu basins. The bathymetric map is from
Murakami (1988).

thermal demagnetization (up to 600° C), and 4 to AF (up to 50 mT)
demagnetization. Thermal demagnetization was performed with the
on-board Schonstedt TSD-1 thermal demagnetizer. In addition to
these samples, seven minicores were cut into three or four small disks
(about 3 cm3), and each disk was measured to evaluate the homoge-
neity of remanence direction within the 10-cm3 minicore specimens.

RESULTS

Typical examples of changes in remanence direction and intensity
during stepwise demagnetization are shown in Figures 2A, 2B, and
2C. Magnetic properties of measured specimens are summarized in
Table 1. The intensities of natural remanent magnetization (NRM) of
the basaltic mousse specimens range from 60 to 18,000 mA/m. The
samples, including >50% lithic clasts, have higher remanence inten-
sities (5,000 to 18,000 mA/m) than those with <50% clasts (Table 1
and Fig. 3). In most of the specimens, 90% of remanence was
thermally demagnetized between 300° and 550°C (Fig. 2A). The
remanence directions were generally stable and changed <5° with the
stepwise thermal and AF demagnetizations (Figs. 2A and 2B), with
no correlation to clast content. The median demagnetizing field
(MDF) and the mean blocking temperature (MBT) generally range
from 30 to 46 mT and from 300° to 440°, respectively. One exception
is Sample 126-791B-73R-2, 84-86 cm, which shows a large direc-
tional change and the existence of at least two remanence components
(Fig. 2C).

Figure 4 is a histogram of the remanence inclinations for the
mousse samples. Although remanence inclinations are not expected
to be disturbed by rotary drilling, the measured inclinations show

completely random distribution, having no dependence on the lithic
clast content of each sample.

However, the remanence directions do become consistent on a
smaller scale. Figure 5 shows the remanence directions of disk
specimens cut from the minicore samples. Many of the disks cut from
the same minicore have consistent directions (α 9 5 = 8°-35°), except
for Samples 126-791B-66R-1, 103-105 cm, and -67R-1, 42-44 cm,
in which the directions of single disks are >50° from the direction of
the other two disks from the same sample. The directional consistency
among the disk specimens cut from the same minicore sample is not
always restricted to multiple sampling of the same lithic clast. In
Sample 126-791B-64R-1, 59-61 cm, three disks, each of which has
a <10% clast content (Table 1), show similar remanence directions.
In Sample 126-791B-66R-1,126-128 cm, the upper and lower disks,
including different lithic clasts, show similar remanence directions.
In Sample 126-791B-66R-1, 132-134 cm, the upper disk has a <5%
clast content, whereas the other three disks have 50%-70% clast
content (Table 1), yet all show similar inclinations. In Sample 126-
791B-67R-1, 42-44 cm, the middle disk with a <5% clast content
shows a similar direction to that of the lower disk with a 15% clast
content. These results suggest that there usually is internal consistency
of remanence direction for the basaltic mousse on a scale of about 10 cm3,
and that the directional consistency also exists between both clasts
and matrix within the same minicore specimen.

Figure 6 summarizes the remanence direction and intensity of the
18 samples that were collected from an ~ 1.5-m interval of the basaltic
mousse (from Samples 126-791B-66R-1, 52-54 cm, to -66R-2, 39-
41 cm), with sampling intervals of 1 to 30 cm (Table 1). The rema-
nence directions of one 10-cm3 minicore and seven 3-cm3 disk samples
from one core piece about 15 cm long (126-791B-66R-1, Piece 19)
coincide with each other (α 9 5 = 6.3°), except for the one minicore
from the top of the piece (Sample 126-791B-66R-1, 122-124 cm).
Of these, Sample 126-791B-66R-1, 125-127 cm, and the upper disk
from Sample 126-791B-66R-1, 132-134 cm, have <5% lithic clast
content, whereas the other samples have 30%-70% clast content
(Table 1). This supports the directional consistency between both
clasts and matrix within this piece, except for the uppermost part
including Sample 126-791B-66R-1,122-124 cm. In contrast, in other
core pieces (126-791B-66R-1, Pieces 15 and 17, and 126-791B-66R-2,
Pieces la to lc), there is no consistent remanence directions within
the same piece or between lithic clasts and matrix (Fig. 6), except for
the four disks from the same minicore sample in 126-791B-66R-2,
Piece lb.

All these results from detailed sampling on a smaller scale suggest
that the size of directional consistency of the basaltic mousse is on
the order of several centimeters, which is generally larger than a
10-cm3 minicore (2.5-cm diameter), but smaller than the 15-cm-long
core pieces (6-cm diameter), and that within the intervals of such
directional consistency, both clasts and matrix have similar rema-
nence directions.

DISCUSSION

As stated in the previous sections, the basaltic mousse is composed
of volcanic materials with no evidence of reworking or resedimenta-
tion. This strongly suggests that the volcaniclastic fragments were
produced in situ. The magnetic properties of the basaltic mousse are
generally characterized by strong NRM intensities and by the domi-
nance of a single stable component with high MBT and MDF. The
NRM/IRMs ratio (after AF demagnetization to 25 mT) for mousse
Sample 126-791B-72R-2, 3-5 cm, is 1.40 x I0"2, which is a value
characteristic of igneous rocks that carry a full TRM (Cisowski et al.,
1990). The remanence vectors of the basaltic mousse samples show
directional consistencies of -2-15 cm diameter, although they are
coarse-grained volcaniclastics. In the intervals showing consistency
of remanence directions, both clasts and matrix seem to have similar
directions of remanence. All these results suggest the thermal origin
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Table 1. Summary of horizon, lithology, and paleomagnetic results of the Hole 791B basaltic
mousse samples.

Core, section,
interval (cm)

126-79IB-
62R-1,75-77
64R-1,59-61
Upper
Middle
Lower
64R-2,36-38
65R-1,48-50
66R-1,52-54
66R-1,84-86
66R-1,84-86
66R-1,103-105

Middle
Lower
66R-1, 106-108
66R-1, 109-1II
66R-1, 122-124
66R-1, 125-127
66R-1, 126-128
Upper
Middle
Lower
66R-I, 132-134
Upper
Upper middle
Lower middle
Lower
66R-2,0-2
66R-2,5-7
66R-2.8-10
66R-2, 10-12
66R-2, 17-19
66R-2,21-23
Upper
Upper middle
Lower middle
Lower
66R-2,28-30
66R-2,39-41
67R-1,42-44

Middle
Lower
67R-1,62-64
67R-2, 108-110
67R-3,2-4
72R-2, 3-5
72R-2,54-56
Upper
Middle
Lower
72R-3, 71-73
73R-1,56-58
73R-2,40-42
73R-2, 84-86
73R-3, 35-37
76R-1,46^8

Piece
no.

4a
7

4
8

11
15
15
17

17
17
19
19
19

19

la
la
la
la
Ib
lb

Ic
2
4b

5
15

1
la
6a

8
6c
lc
4c
3b
8

Decl.
(degrees)

56.4
218.4
217.4
214.2
234.9
159.8
260.5
40.7

5.8
359.8
312.0
144.1
339.3
315.9
99.5
12.6

355.3
23.7
41.8
36.3
87.8
30.7
24.2
21.9
15.8
12.9
24.0
83.2

221.0
293.2

84.8
196.7
348.5
350.5
347.1
353.2
352.8
128.2
50.0
4.9

348.8
52.2

8.9
316.7
144.8
121.0
293.4
159.2
140.9
154.7
170.4
165.2
299.0
223.8
269.9
324.9
245.0

Incl.
(degrees)

-72.2
34.3
40.3
27.7
68.5

-30.4
4.6

46.8
-16.8
-79.6
-19.9
-20.0

-5.3
-18.0
-45.0
-5.0
-3.7
72.1
66.0
63.6
73.3
68.4
59.2
42.5
58.6
58.4
57.9

-11.5
39.5

-28.5
-23.4

11.2
6.2

13.1
7.9
0.6

-2.3
-63.8
-54.4

19.0
-17.0

50.9
59.7

-18.3
6.6

-23.6
—42 1

-6l6
-8.8
-1.8

-21.2
25.9
36.9

56^2
67.3
12.3

Int.
(mA/m)

738
3170
6370
3660

170
2550

12800
410
836

4150
343
194
132

1090
769

4110
317

1040
1510
614
710

3490
5420

390
5850

10200
18200
11100

261
61.2

9660
698

6100
1620
1990
2120
9550
1180
6890
1250
2970
1080
532
140

1880
832
205

5260
6370
7020
2840
6950
5070
9720

326
1940

14800

Clast
(*)

20
<5
<5
<5
10
40

100
40
30

100
30
30
30
15
<5
20
<5
<5
35

30
40
60
<5
50
70
70

100
I0
<5

100
I0
55
30
50
70
50
10

100
25
30
<5
15

20
40

9
60
80
60
30
70
50
90

100
10
70

Demag.

ThD
ThD
ThD
ThD

ThD
ThD
ThD
AFD

ThD
ThD

AFD
ThD
ThD
AFD

ThD

ThD
ThD
AFD
ThD

MDF/MBT

300
370
440
380

405
390
410

46 mT

400
390

30 mT
390
390

33 mT

350

380
90

33 mT
360

Notes: Piece no. = number of the core piece from which the sample was collected; Decl., Incl., and Int. = declination, inclination,
and intensity of natural remanent magnetization; Clast% = approximate lithic clast content of the sample in volume percent,
measured visually; Demag. = kind of demagnetization method (ThD: thermal demagnetization, and AFD: alternating-field
demagnetization); MDF/MBT = median demagnetizing field or mean blocking temperature of the demagnetized sample. The
results of the disk specimens divided from the same minicore are shown below the results of the original minicore with their
position (upper/middle/lower or upper/upper middle/lower middle/lower) in the original minicore sample. Rectangle illustrates
the interval shown in Figure 6.

of the remanent magnetization of the basaltic mousse. Thus, direc-
tional consistency within a limited interval probably indicates a
cooling unit, and the stable remanence direction represents the ther-
mal remanent magnetization (TRM) direction of each cooling unit.

Considering the random distribution of remanence inclinations of
the basaltic mousse as a whole, we evaluate two models for its
emplacement mechanisms (Fig. 7): one involves deep-sea explosive
fountaining of basaltic magma (Fig. 7A); the other involves non-
explosive emplacement of a hyaloclastic lava flow (Fig. 7B). The
explosive fountaining model assumes that deep-sea fountaining
produces the volcaniclastic fragments of the basaltic mousse. The
explosivity of magma is caused by the rapid expansion of dissolved
H2O in magma, as proposed by Gill et al. (1990). The nonexplosive
emplacement model assumes the nonexplosive eruption of the basaltic
mousse as hyaloclastic lava flows. The volcaniclastic character of the
basaltic mousse is mainly caused by hyaloclastic fragmentation.

The dominance of a single stable component of TRM in most of
the samples requires that each cooling unit of the basaltic mousse
erupted as volcanic ejecta in a hot state and then settled and amalga-
mated after rapid cooling in the water column to an ambient tempera-

basaltic mousse clasts as illustrated in Figure 8. After formation of a
volcaniclastic cone or layer during a previous eruptive episode, new
magma with similar chemical composition erupted and incorporated
the unconsolidated old scorias, thus producing a mixture of the older
lithic clasts and younger matrix. Mixing of the clasts and matrix
probably occurred in the vent and fountain, where repeated recircu-
ture (Fig. 7A). Rapid cooling before settling, the frothy appearance
of volcaniclastic fragments and the lack of blocky fragments with flat
fracture surfaces, the small size of a cooling unit (-2-15 cm), and the
completely random distribution of the remanence direction of each
cooling unit, all favor the explosive fountaining model.

How were the lithic clasts of the basaltic mousse made? According
to Gill et al. (1990), the clasts are characterized by similar chemical
composition to the mousse matrix but by a higher degree of crystal-
lization and alteration. Thus, they probably are accessory fragments
that are older than the matrix. The systematic difference of remanence
intensities between clasts and matrix (Fig. 3) supports the different
origin of them, although the cause of the intensity difference cannot
be defined yet. Based on the characteristics of the basaltic mousse
stated and discussed above, we propose a model for the origin of the
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A . Sample 126-791B-66R-2, 39-41 cm

Scale: 800 mA/m per division

N, Up

NRM

NRM

S, Down * Horizontal
° Vertical NRM 100 200 300 400 500 600 C

Sample 126-791B-66R-2, 5-7 cm

E, Up

W, Down
• Horizontal
o Vertical

600 C

i i i r
NRM 100 200 300 400 500 600 C

Figure 2. Typical example of change of remanent magnetization vector during stepwise thermal (A and C) and
alternating-field (B) demagnetizations. Solid and open circles on equal-area projections are on lower and upper
hemispheres, respectively.
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B. Sample 126-791B-66R-2, 21 -23 cm

Scale: 1300 mA/m per division

NRM 10 20 30 40 50 mT

C. Sample 126-791B-73R-2, 84-86 cm

N, Up

NRM

Wr

Horizontal
Vertical

NRM

S, Down

Scale: 50 mA/m per division

NRM 100 200 300 400 500 600 C

Figure 2 (continued).

lation of volcanic materials is expected to exist. As stated above,
some clasts have remanence directions consistent with the adja-
cent matrix. This can be explained as a result of the reheating of
older clasts by the adjacent younger matrix. One pure clast sample
having two remanence component directions (Sample 126-791B-
73R-2, 84- 86 cm; Fig. 2C) can be interpreted as an example of
incomplete reheating of the clast.

CONCLUSION

Highly vesiculated basaltic tuff breccia (the basaltic mousse) was
drilled and recovered from the Izu-Bonin backarc rift basin. On the
basis of geological, petrological, paleontological, and geophysical
evidence, Gill et al. (1990) estimated the basaltic mousse to have
erupted by explosive fountaining at a depth of 1800-2500 mbsl. The
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Figure 3. Histogram showing the distribution of NRM intensity of the basaltic
mousse samples. Lithic clast content (clast% by volume) of each sample is
shown by patterns.

present paleomagnetic study confirms the thermal origin of remanent
magnetization of the basaltic mousse and defines the rather small size
(-2-15 cm) of each cooling unit. These results support the explosive
fountaining model for the emplacement mechanism of the basaltic
mousse and enable us to reconstruct the details of the eruptive
sequence.
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Core North

Fo\<Cy66R-2>21-23cm

72R-2,54-56cm

Figure 5. Equal area projection showing remanence directions of small disk
specimens taken from the selected minicore samples. Disks from the same
minicore are circled with a solid line. Solid and open circles are on lower and
upper hemispheres, respectively.
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Figure 6. Diagrams showing the directional consistency of remanence of the samples collected from
Sections 126-791B-66R-1 and -66R-2. A. Relationship between the downhole interval and remanence
declination, inclination, and intensity of each sample. Vertical axis shows the downhole interval from the top
of Section 126-791B-66R-1. Square, triangle, and diamond show the declination, inclination, and intensity of
samples, respectively. Smaller symbols correspond to the disk specimens taken from minicore samples. Each
symbol is filled with the pattern corresponding to the lithic clast content of each sample. The samples collected
from the same piece are circled with a solid line in the intensity column. Pieces la-lc may be regarded as a
single rigid piece without any drilling rotation, because they are fitted well with each other along their
boundaries. B. Equal-area projection showing the remanence directions of the samples belonging to
Pieces 15, 17, 19, and l a - l c . Each symbol shows the identification of piece number. Smaller symbols
correspond to the disk specimens taken from minicore samples. Solid and open symbols are on lower
and upper hemispheres, respectively.
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Figure 6 (continued).
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Figure 7. Schematic diagram illustrating two models of the emplacement
mechanism of the basaltic mousse in a subaqueous environment. Top and
bottom figures show the explosive fountaining model (A) and the nonexplosive
emplacement model (B), respectively. See text for further explanations.

Scoria cone or beds
formed during the previous eruptive episode

Recirculation and mixing
of lithic clasts and matrix

Figure 8. Schematic diagram illustrating the origin of the lithic clasts and
matrix of the basaltic mousse. A. A volcaniclastic cone or layer was formed
during a previous eruptive episode. B. New magma then erupted and incorpo-
rated the unconsolidated old scorias. See text for further explanation.
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