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28. COMPUTED TOMOGRAPHY SCAN ANALYSISOF SITE 941 CORES,
WESTERN MASS-TRANSPORT DEPOSIT, AMAZON FAN?
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ABSTRACT

X-ray computed tomography (CT) and pore-water chemistry analyses were performed using whole round-core samples
from the regionally extensive Western Mass-Transport Deposit (WM TD), Site 941 of Ocean Drilling Program (ODP) Leg 155,
on the Amazon Fan. Here, the CT value has a good correlation with the bulk density and water content of the sediment. The CT
image shows a plume-shaped, fluidized structure with gas bubbles in the mud sediment, Sample 155-941B-6H-4, 0-20 cm, at
~47 meters below seafloor, at the top of a 2-m-thick soupy and gassy sediment interval. Significant increase in the water con-
tent was recognized in the fluidized sediment when compared to those of the surrounding unfluidized sediments. The content
coincided with the fresh-water dilution estimated from the anomal ous pore-water chemistry. The fluidization was thus caused
by the dissociation of gas hydrate. The quantitative CT value analysis alows us to estimate that the percentage of gas hydrate
content reaches ~10 vol% of the fluidized sediment (17.5 vol% of the pore space). This content seems to be equivalent to the
highest contents of the gas hydrate above bottom-simulating reflectors (BSRs) reported from other hydrate regions. BSRs
underlie parts of the continental slope updip from the WMTD. The 2-m-thick soupy and gassy sediment is inferred to be
derived from a part of “missing” sediment interpreted from seismic-reflection profiles of the source area of the WMTD that is
bounded by scarps up to 200 m high. Furthermore, the disassociation of gas hydrate should be the most important trigger mech-
anism for causing the regionally extensive slope failure that produced the WMTD.

INTRODUCTION depositional age and to examine the relationship between debris
flows and sea-level change in the Amazon Fan (Shipboard Scientific

Submarine failures are an important means of sediment transfer Party, 1995a). The BMTD overlies middle Pleistocene mottled silty
from the continental slope to deep water. Mass-transport deposits cl_ay at the top of t'he Bottom I__evee Complex (Site 933), and it_s ae_rial
(MTDS) as products of submarine failure, are an important fan con- dlstrlbl_mon remains uncertain. The _BI_\/ITD comprises chao_tlc silty
stituent and akey agent in shaping fan morphology and stratigraphy, clay with deformed mud clasts_ containing terrigenous organic matter
particularly in the long-lived deep-water fans (Damuth and Embley, as was expected from the seismic facies. The URMTD consists of
1981). A few previousstudies, however, have paid attentiontotheor-  dark gray mud, much of which appears deformed (Site 936). It filled
igin and process of the MTDs in deep-water fans (e.g., Galloway et the pre-existing topographic lows together with a limited amount of
al., 1991). Multifold seismic datafor the Mississippi Fan indicate that erosion, and 0\_/erI|_es the_Lower and Middle Levee Cor_npl_exgs on the
the “mass transport complex” occurs at the base of sequences defirR@iS of the seismic profiles. Based on apparent continuity in a seis-
within a sequence stratigraphic model (Weimer, 1989). This compleiiC profile and the consistent age of the underlying foraminifer-nan-
is overlain and/or onlapped by channel and levee sediments. To dafi9fossil-rich clay layer, Piper et al. (Chapter 39, this volume) suggest
the relationship between sea-level change and the formation §at the BMTD and the URMTD are part of a single MTD. The dep-
debris-flow deposits is still uncertain because a precise and indepepsitional timing was thought to be in the regressive stage of sea level
dently dated correlation between sea-level changes and formation Bgcause of the age of overlying sediment. However, an erosional fea-
debris flows has been lacking (Shipboard Scientific Party, 1995a). ture located between both MTDs and the underlying foraminifer-nan-

Detailed mapping of the Amazon Fan with seismic-reflection pro_nofossll-rlch clay makes precise age determination difficult.
files, long-range side-scan sonar (GLORIA), and SeaBeam bathym- 1he WMTD, on the other hand, occurs at or very near the present-
etry have shown the development of the extensive MTDs of moré@y seafloor on the western part of the Amazon Fan. It is conform-
than 50,000 kih(Damuth et al., 1983; Damuth and Flood, 1985;ably overlain by a condensed section of the hemipelagic sediments
Flood and Damuth, 1987; Manley and Flood, 1988; Damuth et al(Unit Il and the uppermost 5 m of Unit Il) and the calcareous ooze
1988; Flood et al., 1991) (Figs. 1, 2). Two surficial MTDs, the west{Unit 1), as shown in the cores obtained from Hole 941A (Shipboard
e MTD (WMTD) and the eastern MTD (EMTD), and two buried Scientific Party, 1995c). The depositional age of the hemipelagic sed-
MTDs, Unit R (URMTD) and the bottom MTD (BMTD), have been iment overlying the WMTD is 18 kg. The seismic profiles tentatively
identified from the seismic profile record in the Amazon Fan (e.g.2llow us to correlate the WMTD with the Purple Channel-levee Sys-
Manley and Flood, 1988). Although these deposits are termetem 22 ka in age. Hence, the timing of the formation of the WMTD
“debris-flow deposits” in the recent literature, | will use the termShould be during the last glacial maximum (LGM) or during the pre-
“mass-transport deposit” as suggested by Piper et al. (Chapter 6, ti§ding sea-level fall (Piper et al., Chapter 39, this volume).
volume), because they are composed of complex deposits located be-F/uidized sediments obtained on Leg 155 were described as soupy
tween the slump and slide deposits and debris-flow deposits. an_d/or mousse-like, and their amounts are significant in the WMTD

During Leg 155, three MTDs, the BMTD, Unit R, and the (Fig. 3) when compared to those of the channel-levee complex of the

WMTD, were all sampled to clarify the sedimentary facies and thé\Mazon Fan. For example, more than 15% of the sediments obtained
from the advanced hydraulic piston core (APC) Hole 941B drilled in

_ the WMTD are fluidized. In particular, a 2-m-thick layer of soupy
_ Flood, RD., Piper, D.JW., Klaus, A., and Peterson, L.C. (Eds), 1997. Proc. ODP, - gediment with signs of extreme gas expansion and a honeycomb
Sci. Results, 155: College Station, TX (Ocean Drilling Program). ized b d bel fl
2Department of Earth and Planetary Sciences, Kyushu University, Fukuoka, Japan. structure was recognized between 47 and 49 meters below seafloor
soh@planet.geo.kyushu-u.ac.jp (mbsf), and was, in turn, overlain by 2 m of mousse-like sediment.
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Figure 1. Location map showing the Western Mass-Transport Deposit with
Site 941. In and around the source area of the WMTD, a bottom-simulating
reflector, represented by the gray pattern, is developed. A curved line, shown
by tip of arrow, isthe location of the seismic line shown in Figure 11 (modi-
fied from Manley and Flood, 1988, and Damuth et al., 1988).

Recently, the origin of the fluidized sediments with gas has received
much attention in relation to gas hydrate disassociation (e.g., Ship-
board Scientific Party, 1994). When considering that disassociation
of gas hydrate is one of the most important trigger mechanisms for
causing slope failure in passive margins (Kayen and Lee, 1993), the
nature of the fluidized sediment provides a clue to understanding the
origin of the slopefailurethat produced the masstransport. In this pa-
per, | show computed tomography (CT) images of core samples ob-
tained from Site 941 and examine the physical properties of fluidized
sediment in the WMTD using CT images to reveal the presence of
gas hydrate in the WMTD. The initial conditions when the mass
transport occurred in the continental slope are also discussed.

METHODS AND SAMPLES
An X-ray CT scanner is a device used for reconstructing the im-
age of an object penetrated by X-rays, using the X-ray linear attenu-
ation coefficients calculated from absorption or scattering. For the
imaging, the linear attenuation coefficients transfer to

CT value (N = 1000 (1 - pw) /uw), Q)
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where pw is the X-ray linear attenuation coefficient of standard wa-
ter, 20.4 mtin the device, and pisthe X-ray linear attenuation coef-
ficient of the sample. Several published articles are available about
the CT scan method applied to core samples (e.g., Hunt et al., 1988;
Holler and Kogler, 1990; Orsi et a., 1993). The CT scanner used in
this study is a Toshiba X-force, housed in the Technical Research
Center, Japan National Oil Corporation, Chiba. The scanner is a
third generation CT with 836 Xe gas detectors in the detector array.
A 120-peak kV X-ray beam was used. One pixel, in this study, ex-
presses an average of a unit volume with an area of 0.35 mm? wide
and athickness of 2.0 mm. The dataare displayed on 512~ 512 pix-
elson agray-level viewing system with the brighter parts represent-
ing higher CT values.

Two holes were cored in Site 941, which penetrated the WMTD;
Hole 941B was offset ~500 m from Hole 941A. The MTDs from
these two holes are characterized by abrupt changesin lithology and
color, structures indicative of deformation such as folds and faullts,
discordant stratal relationships between dipping laminae, beds and
lithologic contacts, and the occurrence of various-sized clasts. Most
of the deposits are composed of mud clasts and are clast supported
with little apparent matrix. The clasts commonly show a variety of
colors, textures, and compositions with high abundance of bathyal
benthic foraminifers and a low abundance of abyssal benthic fora-
minifers. A few clasts in Hole 941B contain Miocene nannofossils.
The thickness of the WM TD deduced from Hole 941A was 124.4 m.

Deformation and disturbance of sediment clearly resulted from
the coring process. Expanding gas extruded from the pore water dur-
ing core recovery disrupted the sediments in many of the Leg 155
cores, including Site 941 cores. The expansion effects are more ex-
tensive, resulting in widespread modification of primary sedimentary
structures, and are later described in detail. Some sediment was also
lost from the core sections as well as the displacement of intervals of
more consolidated clayey sediment along the core liner as gas pres-
sure was released. This sediment loss resulted in the expansion of
void space within the core sample. The expansion of the void in the
core liner significantly influenced the shipboard multisensor track
(MST) data. For example, the bulk density obtained from the gamma-
ray attenuation porosity evaluator (GRAPE) dropped abruptly from
1.70 to 1.35 g/cm?® with the first appearance of voids resulting from
gas expansion (~5 mbsf), and the GRAPE value did not recover with
increasing depth. Three core samples from Hole 941A and 15 core
samples from Hole 941B were scanned in this study (Table 1). These
samples consisted of 20-cm-long whole-round coresin the coreliners
that were coated with paraffin to prevent dehydration and then kept
a 4°- 5°C during transport to the laboratory. Sixteen MTD samples
and two levee sediments were scanned. All whole-round core sam-
ples scanned in this study were selected using the shipboard MST
data so as to exclude obvious artifacts resulting from the gas expan-
sion. Asaresult, the CT images presented here are images with fewer
drilling-induced artifacts than ordinary.

To exclude theinfluence of artifacts as much as possible, | adopt-
ed CT values obtained by using afixed region of interest (ROI) from
an areawithin asample. The ROI was selected with care from the ho-
mogeneous domainsin the CT value, judging from the CT value his-
togram. Domains with bimodal modesin the CT values were exclud-
ed from the ROI. Moreover, the ROl was selected away from the mar-
gin of core sample to avoid the influence of “beam-hardening,” and
domains showing CT values abnormally higher were also deliberate-
ly excluded from the ROI. The dimensions of the ROI adopted here
range from 68.3 mm? to 1384.9 mm? over aregion of suitable size.
The results of repeated scanning demonstrate good reproducibility of
CT values. Thewet bulk density and water content data (Table 1) col-
lected as part of the shipboard index properties analyses on Leg 155
(Shipboard Scientific Party, 1955c) were utilized to show the rela
tionship between the CT value, bulk density, and water content. |
used the shipboard wet bulk density data obtained from discrete sam-
ples that were usually taken within 70 cm and commonly within 30
cm of the sites of thewhole-round core samplesfor the CT scan study.
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Figure 2. Schematic cross-section of the upper Quaternary sediments of the Amazon Fan. Stacked channel-levee systems result from aggradation by turbidites.
Groups of stacked channel-levee systems make up levee complexes (ML C = Middle Levee Complex), and they are divided by aregionally extensive debris-flow
deposit. The distribution and depositional age of two MTDs, URMTD and BMTD, areillustrated. The Western Debris-Flow deposit is the youngest debris-flow
deposit. Am, Aq, Pu, BI, Ye, 5, Or, and 6 signify successively older channel-levee systems of the Upper Levee Complex. LM = Lake Mungo Excursion (30 ka).

RESULTS
CT Scan Image

The CT scan images display internal sedimentary structures as
well as drilling-induced artifacts. The sedimentary structures can be
divided into two types based on the CT images; structureless mud-
stone and banded siltstone and mudstone (Fig. 4). In turn, there are
two different structurel ess massive sediments from observing the CT
images. These are clasts in the debris flow and faintly mottled and
color-banded silty clay. The structureless mudstones consist of faint-
ly mottled and color-banded silty clay that commonly contains nu-
merous bright spots that are interpreted as authigenic minerals, prob-
ably hydrotroilite. The clasts of the MTD normally do not contain any
bright spots, athough they are similar in texture. The banded silt-
stone and mudstone, on the other hand, developed only in the hemi-
pelagic or levee sediments (Fig. 4). The banded siltstone and mud-
stone is graded, although the thickness of the band varies, ranging
from millimeters to a few centimeters. The bases of the bands are
commonly distinct and sharp when compared to the tops, even in the
CT scan image. This suggests that they contain thin-bedded turbid-
ites. Sand layers can be easily identified from the CT image pattern.
Deformation structures, excluding drilling-induced artifacts, arerare-
ly recognized. One exception is the crenulated deformations recog-
nized in the sample from the interval from 58.6 to 58.8 mbsf, Sample
155-941B-7H-5, 0-20 cm (Fig. 5). The deformed bedding dips steep-

ly (>60°) and can be interpreted as tight folds formed during slum

ing or sliding of the sediments.

Most of the sediment samples obtained from Site 941 suffere

p_

XCB-induced shearing appears to have modified the sedimentary
structures and fabric more than was thought aboard ship from the
split-core observations. It should be emphasized that the sediment
samples taken by XCB should be treated with caution. The XCB-in-
duced artifacts were obviously cut by gas expansion-induced frac-
tures, thus the gas expansion-induced fractures formed later than the
XCB-induced artifacts. Fluidized sediment with spherical bubbles
was identified on the CT image in the interval from 48.4 to 48.6 mbsf,
Sample 155-941B-6H-4,-@0 cm (Fig. 7). This corresponds to the
mousse-like part seen at the top of the ~2-m-thick soupy (and/or
mousse-like) sediment interval from 48.4 to 50.4 mbsf. The extreme
gas expansion and “honeycomb” structures are clearly developed in
the soupy sediment that is intercalated between the more consolidat-
ed sediments below and above. From the CT image taken from Sec-
tion 155-941B-6H-4, two units are identified: (1) the fluidized unit in
the central part of the sample; and (2) the unfluidized unit with gas
expansion-induced open fractures surrounding the fluidized center.
The fluidized unit is less bright than the surrounding unfluidized unit,
and the spherical bubbles are concentrated toward the top of the CT
image. The fluidized unit is plume-shaped, suggesting that the fluid-
ized unit intruded into the unfluidized unit. Careful observation indi-
cates an “oatmeal-like” texture that is a mixture comprising the flu-
idized materials and a small number of small unfluidized patches that
can be identified within the fluidized unit. This can be seen along the
margin of the fluidized unit (Fig. 7). Furthermore, the boundary of the
fluidized unit cuts diagonally across the extension of the gas expan-
sion-induced open fractures in the unfluidized part, suggesting that
H1e fluidization must have taken place no earlier than the formation
of the gas expansion-induced open fractures.

from drilling-induced artifacts (cf. Shipboard Scientific Party,
1995a). Many structures resulting from these artifacts were observed Quantitative Analysisfor Fluidized Sediment
in the CT images, and they can be grouped into four types: open frac- ) )

ture, shear, contortion, and fluidization. Among them, the open fradRelationships of CT Values, Bulk Density, and Water Content

ture is commonly developed through the whole-round core samples. . .
The open fracture consists of closely spaced millimeter- to centime- The average CT value s plotted vs. bulk density and water content

ter-scale fractures regularly formed perpendicular to the core axid) Figures 8 and 9. The relationship between the CT value and wet
The open fracture is interpreted to be formed by gas expansion (mo __Ik density shows a positive linear correlation, whereas the r_elat_lon-
ly methane) originally dissolved in the pore water. The shearing an p betlween the CT v.alue anq water content shows a negative l'near
contortion of the sediments are artifacts that are caused by the exteff@!Telation. The resulting relationship between the wet bulk density
ed core barrel (XCB) coring, as they are common features in all XCHsample: 9/c) and the CT value can be approximated by

core samples, whereas they are not observed in the APC samples.
Figure 6 shows the CT image of the core sample obtained from the
interval from 162.8 to 163.0 mbsf, Sample 155-941A-18X-3-130
150 cm. This image clearly shows rotational shearing with open sig- The response of CT scanners to biological materials with X-ray
moidal fractures that have disturbed the sedimentary structures. Simttenuation near that of water is fairly well known (McCullough,
ilar sigmoidal fractures are commonly developed in the XCB coresl975) and shows that a density increase of 0.013glomesponds to

CT value = 131Bgpe — 1322 (R=0.965). @
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Table 1. List of CT valuesand physical propertiesfor Site 941.

Water Wet Grain Dry
Core, section, Depth CT  Standard Confidence content density density density Porosity Void
interval (cm) Lithology ~ (mbsf) value deviation (0.05) (%) (g/lemd)  (g/lem®)  (g/emd) (%) ratio
155-941A-
8X-3, 68-88 D.F. 63.0 1226.9 19.7 2.7 27.3 1.93 2.77 1.40 50.4 1.02
18X-3, 130-150 D.F. 162.8 26.3 1.96 2.71 1.45 48.6 0.95
19X-5, 117-137 D.F. 176.4 1312.1 105 14 25.8 1.99 2.76 1.48 48.3 0.94
155-941B-

3H-6, 130-150 D.F. 22.2 989.2 38.5 5.2 35.1 1.75 2.72 113 58.9 143
4H-3, 0-20 D.F 28.9 1057.6  113.2 154 32.6 1.83 2.79 1.23 56.8 131
4H-5, 123-143 D.F 30.7 1051.7 50.7 6.9 32.7 1.83 2.80 1.23 57.0 133
4H-6, 130-150 D.F 32.2 1114.9 238 32 315 184 275 1.26 55.2 123
4H-7, 130-150 D.F. 337 1086.3 19.9 2.7 323 1.83 2.77 1.24 56.2 1.28
5H-4, 0-20 D.F. 39.0 1069.6 345 4.7 323 1.84 2.80 1.25 56.6 1.30
6H-4, 0-20 D.F. 48.4 968.7 323 44 36.4 1.74 2.73 111 60.4 153
7H-7, 0-20 D.F. 58.6 1170.1 12.2 1.7 289 1.88 275 1.34 52.1 1.09
7H-5, 130-150 D.F. 56.9 1282.5 195 26 24.8 1.98 2.74 1.49 46.8 0.88
8H-3, 130-150 D.F. 62.6 1229.1 354 48 26.9 1.95 2.82 1.43 50.3 101
8H-5, 130-150 D.F. 64.4 1254.0 14.0 1.9 25.7 1.99 2.80 1.48 48.6 0.94
9H-3, 130-150 D.F. 68.4 1171.0 14.2 1.9 29.3 1.90 2.72 1.34 52.4 1.10
10H-2, 130-150 D.F 72.2 1233.1 16.6 2.2 289 1.93 2.79 1.38 52.5 111
11H-6, 0-29 D.F 80.2 12235 39.1 53 28.0 1.93 2.72 1.39 50.8 1.03
12H-3, 130-150 D.F 83.1 1208.6 31.7 43 26.9 1.93 272 141 494 0.98

Note: CT = computed tomography; D.F. = debris flow.

an increase of 10 units in the CT value. Device response to denser
materials and those of different composition, such as soils and sedi-
ments, however, isless certain (e.g., Petrovic et a., 1982; Soh et d.,
1993). In this study, adensity increase of 0.01 g/cm? resultsin acor-
responding increase of 13.1 unitsin the CT vaue. Thisis higher than
that of biological materials, but similar to those of denser sediments.
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For example, Ors et a. (1993) reported an increase of 12.7 unitsin
the CT valuefor ashallow-water core sample collected from the Lou-
isiana continental shelf. The difference could be dueto differencesin
the chemical composition, because the attenuation coefficient is a
function of effective atomic number of an absorbing material when
density and photon energy are held constant (Pogossian et al., 1977).



Figure 4. Three types of CT scan images. The sedimentary structure of 1 and
2 isstructureless, whereas 3 is banded. There are many open fissures because
of gas expansion, but along the axis fissures in 3 is another kind of fissure
associated with XCB core disturbance. Samples (1) 155-941B-3H-6, 130—
150 cm, ) 155-931B-39X-2, 136150 cm, and3) 155-941B-18X-3, 136
150 cm.

In particular, the difference in content of high atomic number ele-
ments influences the CT value of the sample even if the bulk density
isunchanged (cf. Anderson et al., 1988; Boespflug et al., 1995).

In addition, it is proposed that the difference in chemical compo-
sition in the samples influences the adequacy of Equation 2. At
present, three mud samples obtained from the WMTD and one sam-
ple from the underlying levee sediment have been examined (table 9
in Shipboard Scientific Party, 1995c). These data indicate that the
chemical composition in the mud sediments is similar. Thisis aso
supported by the fact that the clay mineral compositions of the 11
sampl es obtained from the WM TD and the |evee sediment seem to be
amost constant (cf. table 2 in Shipboard Scientific Party, 1995c).
Among the major el ements of the sediment, Feand Ti are most likely
to be particularly important as high atomic number elements that will
influence the CT value. The content of Fe,O,, for example, ranges
from 7.75 to 8.40 wt%, and the TiO, content isrelatively small, rang-
ing from 0.94 to 1.04 wt%; therefore it is important to consider the
influence of the variation of Fe content in the samples. Using theem-
pirical relationship between the linear X-ray attenuation coefficient
and Fe content (fig. 6 in Anderson et al., 1988) enables usto estimate
theincreasein CT value with the increase of the Fe content. Asare-
sult, the increase of 0.65 wt%, the difference between 7.75 wt% and
8.40 wt% in the Fe,O; content, correspondsto the increase of 16 units
in the CT value, which corresponds to an error of 0.013 g/cm? to the
correct bulk density. Hence, the differences in composition of the
sediments would probably not have a major impact on the bulk den-
sity determined from the CT values.

Thereis also agood relationship between the CT value and water
content of the samplesasplotted in Figure 9. Because the rel ationship
between bulk density and water content (w) shows a good negative
correlation, the CT value of the sediment should be mainly governed
by water content included in the sediment. The relation was found to
be

CT value = - 29.45w + 2031 (R2 = 0.956) @)
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Figure 5. CT images showing crenulated deformation. The upper CT image
isthe vertical profile, and the lower image is the longitudinal profile of Sam-
ple 155-941B-7H-5, 130-150 cm. Location of the vertical profileis shownin
the longitudinal profile. Both images show that the deformed bedding dips
steeply. Window width = 452; window level = 1282.

Figure 10 shows the histogram of CT values, pixel by pixel, ob-
tained from the bubble within the fluidized part of Section 155-941B-
6H-4. Most of the CT values are negative. The small peak around O
shows the presence of water, because 0 unit in the CT value corre-
sponds to water (p = 1 g/cm?3). Hence, the CT value shows that the
congtituents of the bubble are lighter than water. Considering that the
core samples are completely coated by paraffin, it is most likely that
the bubble is composed mainly of methane gas and water. The water
contentsin the bubbles vary, but insignificantly, judging from the CT
value distribution. In particular, the peak suggesting water is rarely
identified in the other bigger bubbles.

Pore-Water Chemistry

Pore-water chemistry analysis was performed to understand the
quality of water that came into the fluidized unit. The pore-water
samples were taken from the fluidized and the unfluidized units with
care, excluding the marginal part to prevent contamination by seawa-
ter. The chlorinity content of the pore water squeezed from Section
155-941B-6H-4 of the fluidized unit was 481 mM, whereas that of
the unfluidized unit was 559 mM, which corresponds to 1.16 times
more chlorinity. Itissignificant that the content of the other elements,
including Na, NH,*, K, Mg, Ca, and SO,, in the porewater taken from
the unfluidized unit was also lower than that of the fluidized unit. The
ratios of the content of those elements between the fluidized and un-
fluidized unitsvary between 1.16 in Caand 1.04 inK asshownin Ta-
ble 2. The greatest ratio of 1.16, Cl and Ca, suggests that the anoma-
lous pore-water chemistry in the fluidized sediment can be explained
by dilution of ~14 vol% freshwater. It demonstrates that fluidization
was not caused by “flow-in" during APC coring.

469



Amia 7«

), ()mm1
+), 0D

WL 920
W 1336

930:8

Xforce

Amazon .
Figure 6. A CT vertical-profile image showing artifacts due to XCB core dis- ‘a0, ().,‘,.2
turbance. There are many sigmoidal open fissures. Such sigmoidal shear is {
commonly developed in the XCB cores. The longitudinal profile is shown in
Figure 4. Window width = 626; window level = 1318.

DISCUSSION

The results of the CT scan and pore-water chemistry analyses
suggest that the fluidized part of Section 155-941B-6H-4 is produced
by theinvasion of freshwater together with large amounts of methane
gas into the original unfluidized sediments. The methane gas in the
bubble should be different from the dissolved methane that is extrud-
ed from the pore water, which is associated with the pressure release o
that caused the gas expansion-induced fractures. Thisis because the W
formation of the bubblestook place after the formation of the gas ex-
pansion-induced fractures. The fluidization thus occurred later than
the formation of the gas expansion-induced open fractures. A possi-
ble explanation is that the fluidization took place when the gas hy- i
drate disassociated, and the gas hydrate-induced high water-content Amazon Fan
fluidized sediment could move upward like a plume from the bottom f,,h 0,“",3
of the fluidized unit because the mixture of freshwater, gas, and sed- {
iments would be lighter than the surrounding sediments. Thisis con-
sistent with the occurrence of large gas bubbles that are concentrated
particularly on the top of the core samples. It ismost likely therefore
that the disassociation of the gas hydrate occurred during shipboard
storage in the core rack before the core temperature was raised to
room temperature, so that the MST measurements could be made.

Two modes of occurrence of gas hydrate in a fine-grained sedi-
ment are possible: (1) gas hydrate dispersed as small particles coex-
isting with pore water in the pores or (2) gas hydrate was included as
ardatively larger nodule. For this, the CT image of Section 155-
941B-6H-4, showing a plume-like shape of the fluidized sediment
provides aclear explanation. The coexistence of the fluidized and un-
fluidized units, and the chlorinity anomaly in the pore water, shows
the significant inhomogeneity of the gas hydrate in the sediment. If
such homogeneity were absent so that the gas hydrate was evenly dis-
tributed in the sediment as small particles included in the pores, it
would be impossible to elucidate the origin of the plume-shaped flu-
idization and the significant gap in chlorinity in the pore water be-
tween both units. This is also supported by the “oatmeal-like” textul
found only in the boundary between the fluidized and unfluidize
units.

Nine CT values were carefully obtained from the fluidized uni
excluding bubbles (Table 3). They range from 879 to 957 units wii

5805

Xforce

Figure 7. Three CT images of Sample 155-941B-6H-4, 0-20 cm, showing
plume-like shape fluidization structure with bubbles. Panel 1 is a longitudi-
nal profile (window width: 920; window level: 1836), panels 2 and 3 are ver-
tical profiles (window width = 452; window level = 907). The locations of
panels 2 and 3 are shown in x and y, respectively.
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1400

1300

1200 -

1100

CT value

1000

900
20

Water content (%)

an average of 913 units. In comparison, five CT values that were ob-
tained from the unfluidized unit range from 1147 to 1080 units, with
an average of 1123 units. The density of the unfluidized unit was cal-
culated, using Equation 2, as 1.86 g/cm?, whereas the density of the
fluidized unit was calculated as 1.70 g/cm?. Hence, the density con-
trast between the fluidized and unfluidized unitsis 0.16 g/cm?®. This
density contrast would cause a density imbalance in the sediment,
and the fluidized material would move upward as a plume. Based on
Equation 3, the differencein CT values also enables usto estimatethe
differencein water content of both units. Thewater content of theflu-
idized unit was 38.0%, whereas the water content of the unfluidized
unit was 30.8%. The difference of the water content between the un-
fluidized and fluidized units thus was estimated to be 7.2%. This sug-
gests that the sediment was diluted by 7.2% freshwater derived from
the gas hydrate. The total amount of the gas hydrate-induced fresh-

40

Figure 9. Graph showing the relationship between CT
value and water content.

water can also be estimated using the chlorinity anomaly (e.g., Behr-
mann, Lewis, Musgrave, et al., 1992). In Section 155-941B-6H-4, the
freshwater content was estimated to be ~14% of the total pore-water
content as described above. The porosity obtained from Section 155-
941B-6H-4 ranges from 0.52 to 0.55 (Shipboard Scientific Party,
1995b). Assuming that the original porosity is0.52, the water content
of the sediment associated with gas hydrate-induced freshwater
should increase 7.2%. It is thus possible to say that the value of the
water content estimated from the CT valueis consistent with that ob-
tained from the pore-water chemistry.

Let us consider that the volume change of hydrate disassociation.
0.8 m? of freshwater can be produced by the disassociation of 1 m? of
methane hydrate in the case of a fully saturated structure-l methane
hydrate (Kvenvolden, 1993). Using the relationship of the volume
change between the gas hydrate and the freshwater dissolved, it is
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Figure 10. Histogram of CT value, pixel by pixel, obtained from a small bubble in Sample 155-941B-6H-4, 0-20 cm. A pesk is seen around 0, suggesting the
presence of water. Other negative values show the mixture of gas (methane) and probably water vapor. Note sample site in upper left.

Table 2. Results of the pore-water chemical analysis of Sample 155-941B-6H-4., 0-20 cm.

Core, section, Cl SO, Na NH, K Mg Ca
interval (cm) (mM) (mM) (mM) (mM) (mM) (mM) (mM)
155-941B-
5H-4, 0-20 (reference) 512.8 nd. 504.3 33 8.8 40.0 38
6H-4, 0-20 unfluidized 558.5 6.4 4441 34 85 36.4 42
6H-4, 0-20 fluidized 480.5 5.6 406.2 3.2 8.2 326 3.6

Unfluidized/fluidized ratio 116 114

1.09 1.06 1.04 112 117

Note: n.d. = no data.

possible to estimate that the volume of the hydrate will be ~10% of
the total volume (~17.5% of the pore space). Considering the occur-
rence of Section 155-941B-6H-4 that was taken from the top of the
2-m-thick soupy sediment, the hydrate content in the 2-m-thick
soupy zone of the interval from 47 to 49 mbsf could reach up to 10%
of the total volume because the water content would be higher than
that of Section 155-941B-6H-4. The percentage of gas hydrate con-
tent in sedimentsisthought to increase from thetop of the gashydrate
to above the bottom-simulating reflectors (BSRs; e.g., Rowe and
Gettrust, 1993). For example, the gas hydrate content of the highest
above the BSR reaches ~18% of the pore space in the vicinity of the
Chile Triple Junction (Bangs et a., 1993). In Site 997 in the Blake
Outer Ridge, the highest hydrate content reaches ~8.4% of the total
volume above the BSR (Leg 164; Shipboard Scientific Party, 1996).
From the comparison with this data, it is possible to mention that the
percentage of gas hydrate content in the 2-m-thick soupy sediments
is significantly high, as equivalent to the highest peak values above
the BSR.
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The source area of the WMTD is best understood in the MTDs in
the Amazon Fan (Damuth and Embley, 1981; Damuth et al., 1988;
Piper et al., Chapter 6, this volume). The strata updip of the WMTD
are well preserved in the continental slope off the Amazon Canyon,
and the WMTD is bounded by scarps up to 200 m high. The distribu-
tion of BSR islimited to the area upslope from the WMTD along the
Amazon Canyon in water depths shallower than 2000 m (Manley and
Flood, 1988; Fig. 1). The bathymetric map shows that small diapir-
like structures protrude upward from the BSR, and in places, pierce
the seafloor from small domes 10-20 m high. Figure 11 is a seismic
profile showing the BSR across the headscarp of the WMTD. Many
normal faults are recognized, and it is likely that thick sediments, in-
cluding the BSR, have been displaced from the headscarp of the
WMTD. Downslope from this scarp, alarge sump (or side) block is
also identified, which corresponds with the very proximal sump area
of the WMTD (their central debris flow) identified by Damuth et al.
(2988). If Section 155-941B-6H-4 and the 2-m-thick soupy sediment
were derived from above the BSR, they should correspond to a part
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Table 3. Detailed CT values obtained from the domains of the unfluid- than the 10 vol% of the total volume. This content seems to be
ized and fluidized units, Sample 155-941B-6H-4, 0-20 cm. equivalent to the highest contents of the hydrate above the
BSRs reported in the Chile Triple Junction and the Blake Out-

CT Standard ~ Confidence er Ridge.

Samplesites  value  deviation  (0.05) 4. The continental slope updip of the WMTD is bounded by
Unfluidized unit 114749 30.26 20.65 scarps up to 200 m high and hummocky topography associated

average: 1123  1130.03 4.93 483 with slides and blocks is developed downslope. The distribu-

T R Y tion of the BSR is limited to upslope of the WMTD along the

114624 1211 11.87 Amazon Canyon in shallower than 2000 m of water depth. If

Fluidized unit 933.76 8.07 701 Section 155-941B-6H-4 and the 2-m-thick soupy sediment

average: 913 ggggﬁ }%% 18'3% were derived from above the BSR, then they should corre-

05662 1047 10.26 spond to a part of “missing” sediment above the BSR inferred

g%géé g% 3.8‘11 from seismic-reflection profiles of the source area. This leads

to the conclusion that the disassociation of gas hydrate is the
most important trigger mechanism for causing the regionally
Note: CT = compuited tomography. extensive slope failure that produced the WMTD.

of “missing” sediment above the BSR inferred from seismic-reflec-
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Figure 11. An interpretation of the seismic-reflection profile, showing the development of a bottom
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