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ABSTRACT

Chemical analyses of volcanic glass from Shikoku Basin (offshore southern
Japan) provide insight into volcanic source terrains, sediment dispersal mechanisms, and
glass alteration and cementation processes that are not evident from basic sedimentologic
and petrographic techniques. Previous studies at Ocean Drilling Program (ODP) Sites
1173, 1174 and 1177 in Shikoku Basin suggest that a minor amount of opal cement
inhibits consolidation of hemipelagic sediment approaching the Nankai Trough
subduction zone. I analyze sediment samples from Deep Sea Drilling Project and
Integrated Ocean Drilling Program sites to: 1) examine cement distribution and
chemistry, and 2) determine volcanic glass sources and alteration mechanisms. I
determine amorphous silica content and use backscattered electron imaging and
quantitative wavelength-dispersive electron microprobe analysis to determine the
distribution and source of silica cement. Four of the samples are primarily hemipelagic
mud with minor amounts of volcanic glass; one sample (444-16) is a discrete ash layer
with minor amounts of clay. Samples 443-30 and 444-13 are mostly clay with
disseminated basaltic andesite pumice, likely sourced from the nearby Izu-Bonin Arec.
Samples 442-28 and 443-34 contain rhyolitic glass chemically consistent with volcanoes
from the Japanese Islands. Sample 444-16 is a rhyolitic ash layer with anomalously high
FeO, chemically most closely resembling rhyolitic glass sourced from Baegdusan
volcano on the border of North Korea and China. This uniquely high Fe rhyolite could
be a useful marker bed in ash correlation studies. Sample 297-12 contains glass with a
wide range in SiO,, FeO, and CaO (relatively immobile elements) suggesting it is

composed of glass from multiple magmatic sources contained within the same



stratigraphic interval. Due to its high clay content and fine grained glass pieces, sample
297-12 is likely the distal portion of a turbidite (Bouma sequence E) that has incorporated
glass from many volcanic sources. Sample 444-16 exhibits a wide range in major
element chemistry for SiO; and alkali elements, and has homogeneous compositions for
FeO and CaO. This suggests a single volcanic source for glass that has undergone
extensive post-depositional alteration. In contrast to the extensive alteration of this ash
layer, there is minimal alteration of nearby disseminated glass in clay-dominated
sediment with similar thermal history. We interpret the alteration of the ash layer as
resulting from extensive water-rock interaction within a high permeability ash bed.
Within sediment from Sites 297, 442, 443, 444, and C0006 the presence of an amorphous
silica cement is detected through secondary and backscattered electron (SEM and BSE)
images. The cement appears as a coating at grain contacts, filling voids in zones of clastic
material, and as altered material in contact with volcanic glass shards. The observed
cement appears to be mobile and sourced from these volcanic glass shards, and may be
the material strengthening the sediment. The amorphous silica content of hemipelagic
sediments from Sites 297, 442, 443, and 444 is higher in the Upper Shikoku Basin (USB)
sediment than in the Lower Shikoku Basin (LSB), similar to results for Sites 1173, 1174,
and 1177. Thus, amorphous silica cementation appears to be a common feature
throughout Shikoku Basin. This cementation process may also be occurring at sites such
as offshore Alaska, California, and Guatemala where conditions are favorable for the

formation of sediment strengthening amorphous silica cement.
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CHAPTER 1: SEDIMENT DISTRIBUTION AND GLASS ALTERATION
1.1 INTRODUCTION

Chemical and morphological analyses of volcanic glass fragments are used to
determine volcanic source area, size and timing of magmatic events, stratigraphic
correlations, and sediment dispersal patterns (Huang, 1980; Perkins et al., 1995; Shane et
al., 1996; Haberle and Lumley, 1998; Katoh et al., 2000; Schneider et al., 2001).
Generally, these studies compare the chemical composition of discrete ash layers or
disseminated glass fragments within sediment to the chemistry of known volcanic
sources or corollary samples. Typically, the geochemical analyses used for correlation
are carried out on individual glass shards using microbeam techniques in order to avoid
the problem of sample contamination. In order to interpret major element chemical
compositions of volcanic glass it is necessary to understand both controls on the
composition of erupted material and the processes that affect their composition during
diagenesis. Fractional crystallization in a magma chamber causes an evolution (from
mafic to felsic) of the eruption product. Volcanic material from “primitive” or basaltic
magmatic systems have low Si and alkali element content, high CaO and FeO content,
whereas the composition of more evolved magmas are enriched in SiO, and alkali
elements;and are lower in CaO and FeO. The mobility of elements within volcanic glass
during post-eruptive hydration processes is highly variable; it is controlled by
temperature, water-rock interaction, and the composition of glass and water (Hajash and
Chandler, 1981). Volcanic glass readily alters to more stable phases, such as smectite or
other clay minerals. This alteration process involves the mobilization of elements; Na,O

and K,O are the first elements to be leached from volcanic glass (Cerling et al., 1985).



Here we use the depletion of these alkali elements as an indicator for glass alteration.
Most other elements are considerably less mobile than Na,O and K,O (Stefansson and
Gislason, 2001; Gislason, 2008). We use SiO,, FeO, and CaO (i.e. relatively immobile
elements) compositions to identify volcanic source area and sediment mixing.

Glass analyses have been successfully applied to a range of geologic problems
throughout the Shikoku Basin and surrounding Japanese islands. Extensive volcanism in
the area and preservation of volcanic deposits allows chemical and stratigraphic
correlations of distal tephra layers to their eruptive sources (Machida, 1999). For
example, glass chemistry data coupled with image analyses and sedimentary structures
have been used to infer the timing, source, and mechanism of glass transport for ash beds

of the Miura-Boso Peninsulas, Japan (Lee and Ogawa, 1998). In this study, we discuss
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samples from four Deep Sea Drilling Project (DSDP) sites offshore southern Japan in
Shikoku Basin (Fig. 1.1). The lithosphere in Shikoku Basin was created by spreading
along a ridge (spreading stopped ~15 Ma); the Kinan seamount chain (Fig. 1.1) delineates
this fossil spreading center (Chamot-rooke et al., 1987; Okino et al., 1994). The Shikoku
Basin is flanked to the east by the Izu-Bonin Arc and to the west by the Kyushu-Palau
Ridge.
1.2.1 Site 297
Site 297 is ~100 km seaward of the Nankai Trough subduction zone on ~23 Ma crust.
The estimated total sediment thickness is 780 m; 680 m were drilled on DSDP Leg 31
(Shipboard Scientific Party, 1975). The sediments are primarily hemipelagic mud with
ash,
silt, and sand interbeds (Shipboard Scientific Party, 1975). We examine a sample from
249 meters below seafloor (mbsf) within a unit consisting of claystone with minor ash
and fossils. This interval likely is equivalent stratigraphically to the upper Shikoku Basin
facies described at Ocean Drilling Program sites in the region (Shipboard Scientific
Party, 2001b; 2001d). The sediment from which our sample 297-12 was collected is
dominantly (~85%) clay minerals with ~3% volcanic glass (Shipboard Scientific Party,
1975).
1.2.2 Sites 442, 443, 444

Sites 442, 443, and 444 are approximately 400 km from the trench on slightly
younger crust than Site 297; they are closer to the fossil spreading ridge (Fig. 1.1). The
sediment at Sites 442 and 444 is ~410 m thick; at Site 443 there is ~580 m of sediment

(Shipboard Scientific Party, 1980a; 1980b, 1980c). At all three sites the sediment consists



of hemipelagic mud with some distinct ash layers and some disseminated ash. We
examined one sample from Site 442 (258 mbsf), described in smear slides as ~91% clay
minerals and ~2% volcanic glass(Shipboard Scientific Party, 1980a). We examined two
samples from Site 443: 275 mbsf, ~63% clay minerals and ~12% volcanic glass; and 317
mbsf, ~74% clay minerals and ~13% volcanic glass Finally, we examined two samples
from Site 444: 198 mbsf, ~60% clay minerals and 7% volcanic glass; and 226 mbsf, ~5%
clay minerals and ~95% volcanic glass (Shipboard Scientific Party, 1980c).
1.3 METHODS
1.3.1 Instrumental Techniques

Samples were examined using backscattered electron (BSE) imaging on a Cameca
SX-100 microprobe at New Mexico Tech. Operating conditions for the microprobe were
15kV acceleration voltage and 10 nA beam current. Vacuum and surface impregnation
techniques were used in order to preserve the texture and structure of the samples during
lapping and polishing. Slides were polished and then evaporatively coated with carbon
and analyzed using quantitative elemental analysis of selected phases using wavelength-
dispersive spectrometers (White et al., Submitted). Most glass analyses were conducted
using a beam diameter of 10 um, due to the small size of the shards; where possible a 15
or 20 um beam was used.

Glass shards were quantitatively analyzed to determine the abundance of SiOs,
AlLO3, TiO,, FeO, MnO, MgO, SO,, Ca0, Cl, Na,0, and K,O. Count times of 20
seconds were used for all elements except SO, and Cl, which were counted for 30
seconds. Standard reference materials of feldspars, amphiboles, and glasses were

analyzed at the beginning and end of each analysis in order to determine analytical



accuracy and precision, as well as to monitor instrument calibration. A total of 138
individual volcanic glass fragment and pumice pieces were analyzed from six sediment
samples with an average of 24 glass pieces analyzed from each sample. Sample totals for
the glass analyses are ~95%, with low totals caused by glass hydration (Scheidegger et
al., 1978; Reed, 1996). Therefore the data were normalized to 100% to allow better
comparison among samples. Analyses with totals <85% were discarded.
1.3.2 Sediment Thermal History

We estimate the thermal history for each sediment sample based on the sediment
accumulation history for each site and 1-D transient heat conduction between the basalt
basement and the seafloor (White et al., Submitted). Sedimentation rates for Sites 442,
443, and 444 are constrained by biostratigraphy (Shipboard Scientific Party, 1980a;
1980b; 1980c). For site 297, which has limited age constraints, we apply sedimentation
rates for the lower and upper Shikoku Basin facies from the nearest Ocean Drilling
Program (ODP) site (1177; Shipboard Scientific Party, 2001d). We follow the method
applied for estimating thermal histories of Site 1173 and 1177 sediment (Spinelli et al.,
2007). The seafloor is a constant temperature boundary; heat flux into the base of the
sediment column decreases as the lithosphere conductively cools over time.
1.4  RESULTS

We use BSE images to compare glass morphology, clay content, and grain size
distributions within each sample. Grain sizes were measured for each quantitatively
analyzed point to insure proper beam size was applied for glass composition analysis and

to draw sedimentological inferences based on grain size distributions. The mineralogy,



chemistry and morphology of these samples are applied to interpreting the sedimentary,

diagenetic, and volcanic history of the area.

1.4.1 Image Analysis

There is a distinct lack
in clay content for sample
(444-16) compared to all other
samples examined (Fig. 1.2).
Clay-dominated samples (~60-
90% clay) contain ~5-15%
volcanic glass fragments, and
minor amounts of volcanic
rock fragments and biogenic
tests disseminated
throughout the sediment (Fig.
1.2a). In contrast the ash layer
(444-16) is ~95% volcanic
glass
and ~5% clay; there is a
distinct lack of biologic
material (Fig. 1.2b). Glass

within samples 297-12 (Fig.

1.3a), 443-30, and 444-13 (Fig.

1.3b) are primarily vesiculated

A. 442-28

500 microns

Figure 1.2: (A) Backscattered electron image of
sample with high clay content and minor amount
of volcanic glass. Contains both pumice pieces
(P) and glass wall triple junctions (T). (B.) Image
from sample 444-16 (at same scale) an ash layer
with low clay content and delicate glass shards.



A 20712 . I . _ glass fragments, while samples
442-28 and 443-34 are
composed of both bubble wall
shards and vesiculated glass
(Fig. 1.2a). Glass morphology
for sample 444-16 is similar to
that of samples 442-28 and

443-34, but the 444-16 glass

shards are more delicate and
smaller than those found within
the five other samples (Fig.
1.2b).

1.4.2 Electron Microprobe
Analysis

The normalized results of the

e ——e = clectron microprobe analyses
Figure 1.3: (A) Backscattered electron image of are given in Table 1-1. Glass
typical pumice piece from sample 297-12. (B)
Larger pumice pieces are common in samples 443- populations from each sediment

30 and 444-13. o
sample form individual clusters

on a total alkali versus silica (TAS) plot (Fig. 1.4). Glass from samples 442-28, 443-30,
443-34, and 444-13 fall primarily in tight clusters (Fig. 1.4); although, five shards from
sediment sample 443-30 occur well outside the otherwise tight basaltic andesite cluster

(i.e. dacite to rhyolite). Glass chemistry distributions from 297-12 and 444-16 are more



Table 1.1: Major-element chemistry of volcanic glass in Shikoku Basin

Sample Si0, S0, TiO; AlLO; MgO Ca0 MnO FeO Na,O K,O
297-12* (248.95 mbsf, 3.20 Ma)
67.97 0.07 045 16.22 0.90 4.81 0.07 3s 376 143
71.80 0.03 0.49 14,65 0.92 3.29 0.07 325 318 1.88
64.18 0.02 0.50 18.49 0.82 6.42 0.10 3.86 4.09 1.23
70.60 0.02 0.47 15.23 0.74 3.89 0.10 3.40 3.50 1.78
53.09 0.01 1.03 13.84 5.36 9.92 0.25 13.39 2.52 0.36
76.93 0.02 0.30 12.49 0.34 1.98 0.07 1.73 3.74 2.20
68.46 0.01 0.51 16.74 0.51 5.00 0.04 3.14 3.93 1.43
75.72 0.02 0.12 14.07 0.23 1.58 0.03 2.14 263 3.24
70.82 0.02 0.53 14.52 0.98 3.56 0.12 3.49 3.93 1.70
7713 0.01 0.26 12.70 047 1.82 0.09 1.99 3.1 2.19
71.36 0.05 0.47 14 .45 1.02 3.54 0.08 3.42 3.50 1.78
T76.66 0.03 0.30 13.00 0.42 2.05 0.08 2.0 288 219
68.29 0.03 0.61 15.62 1.33 4.32 0.07 438 3.46 1.61
7066 0.01 047 15.40 0.77 393 0.05 297 365 1.81
442-28% (258.13 mbsf, 14.08 Ma)
78.81 0.00 0.06 12.00 0.02 0.59 0.03 0.90 264 4.77
79.21 0.01 0.10 11.74 0.01 0.60 0.05 0.94 261 4.55
78.22 0.00 0.08 11.83 0.02 0.60 0.00 0.92 2.84 4.87
78.26 0.00 0.06 11.98 0.02 0.60 0.02 1.01 2.80 4.79
78.68 0.01 0.13 12.11 0.02 0.64 0.01 0.97 263 4.58
79.32 0.00 0.04 12.07 0.01 0.58 0.05 1.04 224 4.31
78.33 0.02 0.12 11.89 0.01 0.60 0.03 0.99 257 5.19
78.40 0.04 013 11.96 0.02 0.62 0.03 1.04 273 4.86
7867 0.00 0.13 11.68 0.02 0.57 0.02 0.89 2.29 547
78.82 0.01 0.10 11.89 0.02 0.64 0.00 1.06 2.08 517
79.14 0.00 0.05 11.90 0.01 0.57 0.02 0.83 2.58 4.61
78.67 0.00 0.06 11.92 0.03 0.65 0.03 0.96 2.57 4.99
79.12 0.00 0.10 11.94 0.03 0.62 0.00 0.93 243 4.58
78.74 0.00 0.09 11.98 0.03 0.61 0.00 0.96 2.58 4.77
78.28 0.04 0.06 11.81 0.03 0.60 0.02 1.05 260 523
78.93 0.00 0.11 11.68 0.04 0.61 0.04 0.99 2.74 4.79
78.71 0.00 0.13 11.75 0.03 0.62 0.04 0.97 264 5.04
79.71 0.00 0.05 11.76 0.03 0.52 0.05 092 2.22 4.40
67.55 0.13 0.86 1417 142 3.99 0.07 514 279 3.20
53.26 0.02 1.13 16.39 3.85 10.49 017 11.69 221 0.36
78.87 0.01 011 11.91 0.03 0.61 0.05 0.90 281 4.50
77.03 0.02 0.02 12.98 0.18 0.65 0.08 1.22 218 479
59.29 0.00 1.04 13.73 3.88 8.02 0.22 10.45 1.96 0.92
71.70 0.00 0.15 15.64 0.02 1.35 0.06 162 5.09 4.01
79.92 0.00 0.10 11.83 0.02 0.60 0.03 0.88 229 4.21
78.92 0.00 0.07 11.95 0.01 0.59 0.02 1.00 241 4.78
81.77 0.00 0.08 12.15 0.02 0.62 0.00 0.97 0.66 3.53
78.98 0.00 0.09 11.93 0.02 0.58 0.00 0.90 2.54 4.87
78.12 0.02 0.09 12.05 0.02 0.63 0.07 1.03 261 5.05
79.16 0.01 0.09 11.95 0.04 0.63 0.05 0.98 225 4.55
79.29 0.03 01 11.84 0.01 0.56 0.02 0.99 227 4.62
79.82 0.00 0.12 11.86 0.00 0.58 0.02 0.92 233 420
78.63 0.00 0.01 12.82 0.03 0.64 0.01 0.89 267 415
78.87 0.00 0.09 12.01 0.01 0.58 0.02 1.09 2.58 4 46
7868 0.00 0.09 11.85 0.02 0.62 0.08 0.98 2.35 517
78.56 0.01 0.10 12.00 0.03 062 0.02 1.00 2.48 4.92
79.05 0.01 0.12 12.26 0.05 0.80 0.04 1.30 219 4.09
79.41 0.03 0.08 11.87 0.03 0.53 0.04 0.99 2.35 4.49
T2.42 0.04 0.59 12.05 0.71 416 017 6.28 242 0.45
443-30° (274.96 mbsf, 9.55 Ma)
55.81 0.04 1.10 14 .49 4.06 8.95 0.24 12.14 252 0.36
55.82 0.08 1.07 14.39 3.90 8.98 0.15 12.32 255 0.36
56.59 0.01 1.05 14.23 3.79 8.59 0.22 12.01 265 0.36
56.04 0.06 0.97 14.60 417 8.55 0.24 12.01 2.35 0.38
56.88 0.03 0.99 14.37 3.82 8.74 0.26 11.86 241 0.37
75.86 0.01 0.31 14.57 0.43 1.39 0.02 1.38 263 3.00
56.47 0.05 1.09 14.27 3.86 8.71 0.21 12.24 2.56 0.35
56.18 0.07 1.07 14.18 3.96 8.82 0.25 12.19 272 0.37
56.30 0.01 1.10 14.18 3.93 8.67 0.20 12.38 2.46 0.37
79.36 0.03 0.42 11.83 0.43 2.34 013 213 246 0.57
79.44 0.03 028 12.14 041 1.72 0.1 1.93 217 1.29
78.87 0.00 0.39 1217 0.42 2.3 0.13 232 2.48 0.58
54.36 0.02 0.95 8.10 11.18 8.85 0.33 14.63 1.04 0.23
56.83 0.02 0.99 13.88 4.16 8.83 0.20 12.24 232 0.33
66.50 0.25 0.92 14.93 1.09 3.63 0.14 4.85 4.52 2.49
57.61 0.00 0.94 14.98 3.56 9.43 0.18 10.11 264 0.32



443-34" (317.39 mbsf, 12.03 Ma)

74.03 0.04 0.45 13.49 0.53 334 0.22 418 272 0.69
74.81 0.12 0.46 13.24 0.52 318 0.15 4.01 2.30 0.84
74.35 0.02 0.38 13.45 0.45 322 0.19 3.88 2.87 0.76
74.52 0.00 0.45 13.44 0.30 3.31 0.12 4.03 2,69 0.69
75.32 0.00 0.52 12.99 0.30 3.21 0.15 4.10 2.36 0.66
78.34 0.04 0.42 11.60 0.40 2.80 0.17 3.44 1.87 0.62
76.05 0.01 0.45 12.90 0.29 3.32 0.16 4.04 1.83 0.65
75.53 0.02 0.50 12.64 0.53 343 0.12 3.97 2.08 0.76
75.42 0.01 0.40 12.74 0.35 317 0.18 365 2.91 0.81
75.10 0.03 0.45 1277 0.50 323 0.14 3.97 265 0.70
75.15 0.00 0.56 12.86 0.58 3.33 0.18 5.11 1.36 057
75.44 0.00 0.43 12.73 0.51 311 0.21 3.74 2,65 0.85
75.40 0.01 0.45 12.65 0.49 3.10 0.18 3.90 2.49 0.73
76.31 0.00 0.47 12.66 0.42 3.29 0.16 3.99 1.74 0.62
73.01 0.02 0.50 13.76 0.46 413 0.16 4.45 243 0.67
74.58 0.08 0.46 12.21 0.70 365 0.17 4.32 2.51 0.74
74.99 0.01 0.41 12.81 0.64 3.16 0.17 425 224 0.83
73.12 0.01 0.66 12.52 0.86 399 0.13 529 225 0.55
72.37 0.02 0.68 12.49 0.88 421 0.19 5.46 2,66 0.55
74.08 0.03 0.59 12.21 0.83 365 0.13 4.88 2.40 0.61
76.09 0.10 0.49 1262 0.50 222 0.10 227 2.18 3.02
71.21 0.01 0.67 13.03 1.10 443 0.15 5.63 2.79 0.54
75.60 0.02 0.45 12.80 0.47 343 0.17 3.99 2.19 0.62
74.82 0.01 0.42 1273 0.55 3.38 0.17 4.15 2.41 0.72
75.23 0.01 0.34 12.94 0.65 3.10 0.21 3.86 2.32 0.86
74.22 0.01 0.45 12.85 0.51 364 0.16 353 341 0.69
74.31 0.00 0.43 13.40 0.50 355 0.21 419 2.44 0.58
75.95 0.02 0.51 12.82 0.49 315 0.18 3.99 1.91 0.65
75.71 0.01 0.41 13.29 0.48 3.30 0.11 3.90 1.86 0.66
75.19 0.01 0.38 12.93 0.49 323 0.17 4.00 2,68 0.66
75.14 0.01 0.36 12.92 0.49 3.16 0.18 3.95 2.84 0.73
75.42 0.02 0.40 12.76 0.44 3.33 0.17 3.85 2.36 0.72
76.21 0.03 0.45 12,91 0.53 3.36 0.19 4.02 1.44 0.63

444-13° (197.92 mbsf. 11.75 Ma)
55.65 0.06 1.05 15.39 3.79 8.85 0.20 11.49 2.57 0.55
54.05 0.18 1.04 15.31 4.33 9.46 0.32 12.02 2.49 0.46
54.28 0.1 1.08 15.23 4.26 5.47 0.26 11.81 2.56 0.53
55.03 0.13 1.05 14.93 4.42 8.85 0.24 12,25 2,16 0.54
55.80 0.08 1.04 15.03 3.94 8.87 0.24 11.62 2.59 0.53
54.90 0.12 1.06 14.77 3.93 8.83 0.23 12.05 2.96 0.56
56.05 0.05 1.05 13.92 4.70 9.34 0.30 11.87 1.91 0.49
55.02 0.05 1.08 14.13 461 8.83 0.23 11.37 3.93 0.48
56.96 0.07 1.03 15.14 3.74 866 0.27 11.08 2.26 0.56

444-16° (226.42 mbsf. 13.29 Ma)
80.65 0.01 0.25 11.97 0.01 0.25 0.14 3.56 0.82 2.07
71.14 0.03 0.25 14.89 0.07 1.40 0.14 3.38 4,03 4.46
74.97 0.03 0.33 1163 0.00 0.80 0.13 4.19 2.75 4.88
75.79 0.00 0.18 1.25 0.00 0.22 0.09 3.28 411 4.89
75.47 0.05 0.28 12.20 0.07 0.80 0.16 418 2.74 3.88
76.13 0.00 0.19 1.23 0.33 0.16 0.14 3.34 3.72 458
69.03 0.03 0.38 15.36 0.24 1.50 0.08 3.82 5.29 4.19
76.71 0.01 0.26 1151 0.00 0.21 0.05 3.50 3.11 4.37
73.57 0.03 0.41 13,61 0.13 1.33 0.22 5.31 1.26 3.92
74.54 0.03 0.18 1.79 0.32 0.31 0.11 3.65 3.55 4.99
70.58 0.00 0.44 15.75 0.24 1.61 0.10 3.83 2.94 4.37
75.83 0.00 0.24 1.97 0.02 0.41 0.19 3.85 2.98 4.27
75.62 0.14 0.25 1.16 0.21 0.15 0.12 3.58 422 3.96
75.96 0.01 0.21 11.86 0.00 0.21 0.11 3.46 3.47 4.58
71.99 0.00 0.32 13.00 0.42 0.86 0.18 4.40 4.04 452
76.42 0.01 0.17 167 0.00 0.28 0.11 367 317 4.31
68.31 0.00 0.44 15.46 0.24 160 0.10 427 430 513
77.25 0.02 0.19 11.33 0.00 0.21 0.08 3.37 3.16 4.06
70.37 0.04 067 14.32 0.22 202 0.27 6.32 2.26 3.31
76.74 0.02 0.21 11.28 0.00 0.24 0.09 3.35 3.38 4.44
77.48 0.02 0.20 11.42 0.00 0.19 0.08 3.42 2.90 4.09
7317 0.00 0.30 14,92 0.08 1.36 0.15 3.46 2,16 4.16
73.18 0.05 0.36 13.21 0.09 1.15 0.24 5.10 2.05 4.33
77.29 0.00 0.28 1.71 0.00 0.22 0.03 276 3.29 4.24
77.57 0.02 0.23 1165 0.00 0.24 0.14 371 2.75 3.54
74.40 0.00 0.25 1167 0.00 0.19 0.10 3.48 441 527
74.97 0.00 0.24 11.46 0.00 0.19 0.07 3.59 4.28 4.95

Note: Samples normalized to 100 % to account for lower probe count due to hydration.

Sample size: *n=14  *n=39 Sn=16 'n=33 ‘n=9 fn=27
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Figure 1.4: Total alkalis vs. silica (TAS) plot
illustrating the compositional ranges of glasses from
our six samples (field boundaries and nomenclature
from Le Maitre, 1989). Clusters are encircled by a
dotted line on the 50% data density contour (data
density within dotted line > 1/2 maximum density for
cluster). Sample 442-28 and 443-34 have large
regions of low data density and are encircled by a
second dashed line to highlight the range in values.
Sample 297-12 has a wide range in SiO2 and little
variability in alkali content. Sample 444-16 has
variability of both SiO2 and alkali elements. Sample
443-30 has been broken up into two populations,
basaltic (B) and rhyolitic (R). Cross in upper right
shows precision of measurements determined by
analysis of standards.

variable. To discriminate glass
sources and aid with
interpretation of processes, for
each compositional cluster we
determined the data density and
plotted the 50% density contour
(i.e. encircled fields have
density of data points >1/2
maximum density for the
cluster) (Fig. 1.4). The glass
chemistry distributions from
sediment samples 443-34 and
444-16 have fairly large regions
with low data density; in these
two cases, a second broader
field was drawn to highlight the

total range in compositions.

Glass compositions in the six sediment samples range from basaltic andesite to

rhyolite and there is a wide range of alkali contents between the individual rhyolitic

samples. Samples 443-30 and 444-13 contain primarily basaltic andesite glass and

overlap one another in fairly tight compositional clusters. Glasses in sediment samples

442-28 and 443-34 are mostly rhyolitic in composition; their distributions consist of a

tight central cluster and modest tail regions with low data density (Fig. 1.4). The
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distribution of glass compositions from sediment samples 297-12 and 444-16 are quite

K0 wi%

Ca wt%

6

different from those for other
samples and each other.
Glasses from 297-12 show a
large range in SiO, content

(~54% to ~76%); most are

o spread over a range from dacite

'S to rhyolite with very little

consistency of glass chemistry
from shard to shard (the
distribution is a broad plateau).
There is little variation in total
alkali content in the 297-12

glasses (Fig. 1.4). The glasses
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Figure 1.5: (A) Potassium vs. iron and (B)

FeO wt%

15 from 444-16 are dominantly

rhyolite; their compositional

Calcium vs. iron variation diagrams illustrating

the compositional ranges of glasses from our six

distribution is much wider (in

samples. Symbols and lines are the same as in

Figure 4. Sample 444-16 exhibits anomalously

high Fe for a rhyolite.

both silica and total alkali

contents) than those from other

sediments sampled. Further differences in glass composition distributions are examined

in K,O vs. FeO and CaO vs. FeO plots (Fig. 1.5).

As with Figure 1.4, the 50% density contour for each cluster is shown; additional

broad fields are shown for samples 443-34 and 444-16. The distributions highlight the
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compositional homogeneity of glass in samples 442-28, 443-30, 443-34, and 444-13
compared to the diffuse distributions for samples 297-12 and 444-16, particularly with
respect to K,O vs FeO. Sample 444-16 glasses have anomalously high FeO content for a
rhyolite (Fig. 1.5b). The high FeO content for the 444-16 glasses shift them well off the
trend in CaO versus FeO content displayed by glasses from all the other samples (Fig.
1.5b). The wide range in chemical compositions for sample 444-16 is not expressed for
all elements. Elements FeO and CaO (Fig. 1.5b) have a relatively tight cluster,
compared to SiO; (Fig. 1.4), K,O (Fig. 1.5a), and Na,O (Fig. 1.6) contents which are
quite diffuse. This concentration of FeO and CaO as well as the wide range in SiO»,
K0, and Na,O may be used to identify the processes that affected the ash layer
contained within sample 444-16.

For the six glass composition clusters, we use box plots to compare distributions
of Si, FeO, Ca0, and Na,O content (Fig. 1.6). Their interquartile ranges (IQR) for SiO,
content are <1.18 wt% and for CaO content are <0.51 wt%. Samples 444-16 and 297-12
have a wide range in compositions. The IQR for Si content in 444-16 is 3.40 wt% and in
297-12 is 6.40 wt%. For NayO, the distribution for sample 444-16 is much broader
(IQR=1.29 wt%, range=4.47 wt%) than for sample 297-12 (IQR=0.63 wt%, range=1.57
wt%) as well as all other samples.

1.5 DISCUSSION
1.5.1 Glass Sources

Although no direct correlation to individual eruptive events can be made, the

rhyolite and dacite glass compositions from samples 297-12, 442-28, 443-30, and 443-34

are consistent with arc volcanics from the Japanese Islands (Furuta and Arai, 1980;
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Pouclet et al., 1986). The
source of the basaltic andesites
in samples 443-30 and 444-13
is likely closer to the drilling
sites than the felsic source; the
large basalt andesite pumice
pieces are likely transported a
shorter distance compared to
the smaller rhyolitic glass
(Furuta and Arai, 1980). The
major element chemistry of the
sample 443-30 and 444-13
glasses is consistent with
similar basaltic andesites
sourced from the [zu-Bonin
Arc (Yuasa and Nohara, 1992).
The diagnostically high
FeO content of rhyolitic glass
(Hildreth, 1981; Machida,
1999) of sample 444-16 (Fig.
1.5b) may help identify the
source volcano for the ash

layer. Rhyolites that are
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Figure 1.6: Box plots of Si, Fe, Ca, and Na
content (in wt%) of glass particles for our six
sediment samples (number of glass particles
analyzed indicated below sample ID; 138 samples
total). Median value is at transition from light to
dark gray within each box. Top and bottom of
boxes are 75th and 25th percentile, respectively.
The 90th and 10th percentile are indicated by
ends of lines extending from boxes. Samples
297-12 and 444-16 show significantly greater
ranges in element composition compared to the
other samples.

13



sourced from different volcanoes can have very different chemical compositions that can
be used to fingerprint a source (Sarna-Wojcicki et al., 1984). There are very few volcanic
sources near the Shikoku Basin that produce rhyolitic glass having FeO content similar to
sample 444-16. Within the region, Baegdusan on the border of North Korea and China
produces glass with major element chemistry most similar to that of sample 444-16
(Machida, 1999). However, Bacgdusan has been active only since the early Pleistocene
(Machida, 1999) while the 444-16 sediment sample was deposited much earlier (~12
Ma). Although volcanic regions have been shown to generally overtime have, more
similar than not, chemically characteristic eruptions (Sarna-Wojcicki et al., 1984; Self et
al., 1986; Perkins et al., 1995). Furthermore, the described transport direction for ash is
due east where as Site 444 is located ~150° to the southeast. The distance between
Baegdusan volcano and the sediment core is 1700 km, which is ~300km beyond the
known transport distance for volcanic ash sourced from Baegdusan (1400km) (Machida,
1999), but is not an unreasonable distance. A minor change in wind direction of ~60°
could easily transport material sourced from Baegdusan volcano out to Site 444 within
the Shikoku Basin (Fig. 1.7). If the high FeO content of rhyolitic glass observed at
Baegdusan volcano is indicative of volcanoes in that region, the volcanic ash in the 444-
16 could be derived from another, related volcano in the same volcanic region. However,
the limited information available on geochemistry of this volcanic area prevents any
further correlation to be made.
1.5.2 Sediment Dispersal

Glasses in sample 297-12 likely are derived from multiple magmatic sources; all

other samples apparently reflect single ash sources. Sample 297-12 glass shards have
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large ranges in SiO,, FeO, and
CaO contents with very little
variation of alkali elements
(Fig. 1.4). SiO,, FeO, and CaO
are not strongly affected by
glass alteration (Stefansson and
Gislason, 2001; Gislason,
2008). These components are
relatively homogeneous within
all samples except 297-12,

suggesting a process unique to

297-12 is responsible for its
deposition. The wide range in
relatively immobile elements
(S10,, FeO, CaO) (Fig. 1.4, 1.5,
and 1.6) and the homogeneity of

total alkali elements (K,O and

@ Site 444

Figure 1.7: Isopach map of Late Quaternary ash
sourced from B = Baegdusan with a distribution
direction ~1400 km east of the source (solid lines;
Machida, 1999). With wind direction shifted 530 to
the southeast, ash from the Baegdusan region could
be transported to Shikoku Basin (hypothesized ash
distribution in dashed lines).

Nay0) (Fig. 1.4) suggests glass from multiple magmatic sources is contained within

sample 297-12 and has undergone little alteration.

The chemistry as well as the age of sample 297-12 is consistent with that of a

turbidite containing glass from multiple magmatic sources deposited during a time of

known turbidite deposition. Ash from multiple events can be deposited on the

continental margin as discrete event beds before being carried out into the basin via
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turbidites or bottom currents (Norin et al., 1958; Huang, 1980; Ogawa, 1998; Schneider
et al., 2001). Seafloor topography has been shown to strongly influence the distribution
of turbidites through time within the Shikoku Basin. Notably, modern turbidites are not
able to extend much further than the trench (Ike et al., 2008). However, uplift of the
Shikoku basin initiated in late Miocene to early Pliocene, before the Nankai trough was
well developed, allowed turbidite deposition far into the Shikoku Basin (Karig, 1975).
Turbidity current deposits at Site 297 are discussed as occurring at depths ranging from
330-570 mbsf (Pickering et al., 1993). Base on nanofossil age constraints the turbidites
predate the Pleistocene-Pliocene boundary of ~2.6 Ma at 210 mbsf and are above middle
to late Miocene sediment (~11.6-16 Ma) at 630 mbsf. Sediment contained within the
depth range of observed turbidites is early Pliocene in age (~3.6-5.3 Ma) at 350-440 mbsf
(Shipboard Scientific Party, 1975). Using sediment accumulation rates from Site 1177
(nearest age corollary core) an age of ~3.20 Ma was determined for sample 297-12.
Using the same sediment accumulation rates as sample 297-12 ages for the top and
bottom of observed turbidites were determined. The base of the turbidite succession at
570 mbsf is ~11.8ma and is ~5.2 Ma at the top (330 mbsf). This suggests that the
turbidite contained within sample 297-12 is ~2 Ma younger than the earliest observed
turbidite at Site 297, and that turbidite deposition at Site 297 occurred over a longer
period of time than previously thought.

The high clay content and fine grain size, coupled with glass chemistry indicative
of multiple magmatic sources are most consistent with sediment from sample 297-12
being the distal part of a turbidite (Bouma sequence E). The development of the Nankai

Trough coinciding with the last observed turbidite (330 mbsf) supports the lack of coarser
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Bouma sequences A through D within sample 297-12. Many workers have demonstrated
the affect topography has on sediment transport for turbidity currents and its ability to
restrict all but the finest grain portion of the turbidite (Bouma Sequence E) being carried
beyond the obstruction (i.e. Nankai Trough) (Alexander and Morris, 1994; Kneller and
McCaffrey, 1999). This turbidite containing glass from multiple magmatic sources was
most likely initiated through slope instability on the shelf where sediment from multiple
volcanic sources accumulated (Schneider et al., 2001). Sedimentary structures, glass
morphology and other petrographic features of sample 297-12 are similar to the other
clay-dominated samples with ~2-13% disseminated glass. Thus, the chemical analyses of
volcanic glass in sample 297-12 are critical for indicating the reworked sediment includes
material from multiple magmatic events.
1.5.3 Glass Alteration

Clay content, shard morphology and chemical composition differ greatly between
the rhyolitic glass within samples 442-28 and 444-16. Although sample 442-28 is not a
discrete ash layer (~91% clay minerals, ~2% volcanic glass) it exhibits many of the
characteristics typical of a single-sourced, explosive rhyolite (Perkins et al., 1995). These
features include a tight grouping in glass composition (Figs. 1.4, 1.5, and 1.6). In
contrast, the wide range in glass composition of SiO,, K,0O, NaO and a tight grouping of
FeO and CaO for the sample 444-16 ash layer (~95% volcanic glass) suggests either: 1)
simultaneous ash deposition from multiple magmatic sources with distinct glass
chemistry, 2) deposition from eruptions at one source with fractional crystallization
within a single magma chamber (Schneider et al., 2001), or 3) diagenetic alteration of

glass from a single source.
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The chemical composition of sample 444-16 likely reflects alteration due to glass
interacting with sediment pore water. As alkali elements are extremely mobile (i.e. easily
leached from volcanic glasses), and FeO and CaO in glass are not greatly affected by
alteration due to the interaction with seawater, their concentrations in the sample 444-16
support alkali element mobility through increased water-rock interaction. Silica within
volcanic glass has also been shown to be highly mobile under advanced alteration
processes (White et al., 2009) and this mobility may explain the wide range in SiO,
concentrations. The ash layer of sample 444-16 is most likely not the result of
simultaneous glass deposition from two or more sources or fractional crystallization
within the magma chamber during eruption. An ash layer having two volcanic sources
should exhibit a bimodal distribution of element compositions, which is not observed for
sample 444-16 (Fig. 1.4). Also the tight grouping of FeO and CaO (Fig. 1.5) for the
majority of glass analyses suggests sample 444-16 is sourced from a single magmatic
event. Fractional crystallization during a single eruptive event could account for the
variability in Si and alkali elements. As magma chambers evolve the composition of the
melt becomes more rhyolitic, causing enriched in SiO,, Na,O, K,0, and depletion in
MgO, FeO, and CaO (Hildreth, 1981; Sigurdsson, 2000). Also, elements in a zoned
magma chamber tend to covary in a linear fashion, rather than exhibiting wide,
uncorrelated compositional variation. While sample 444-16 does exhibit differences in
Si0,, Na,O, and K,O the lack of correlation between these elements, as well as the lack
of variability in FeO and CaO (Fig. 1.5) rules out fractional crystallization as a cause for

the unique chemical signature of the ash layer.
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Differences in the

degree of glass alteration
between the 442-28 and 444-
16 rhyolite glass shards can be
caused by differing thermal

histories, different amounts of

Temperature ("C)

water-rock interaction, or

differences in the susceptibility

0 I L] I L] ' L]
of the shards to alteration (i.e. 0 5 10
Time (Ma)

differences in size and/or Figure 1.8: Thermal history for our sediment

samples based on sediment accumulation rates
and 1-D transient heat conduction. All
Chandler, 1981). Greater samples excluding 297-12 have very similar
thermal histories.

morphology) (Hajash and

alteration of the 444-16 glass

shards may result from: 1) a warmer thermal history, 2) longer time for alteration, 3)
greater volume of pore fluid cycling through the system, or 4) shards more physically
susceptible to alteration (i.e. greater surface area/volume). We explore the potential
differences between the thermal histories for each sample. For all samples except 297-12
the thermal histories are very similar (Fig. 1.8). Both 442-28 and 444-16 are ~12 Ma.
The modeled thermal histories predict a maximum difference in temperature of 7 °C
(higher for the 444-16 sediment) at 7 Ma after deposition. More rapid heating of the 442-
28 sediment in the intervening ~5 Ma shifts it to slightly higher temperatures than the
444-16 sediment. These small (and compensating) differences in thermal history would

produce little difference in kinetically-driven glass alteration progress between the two
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samples. This suggests that the differences in glass alteration between samples 442-28
and 444-16 are not driven by a longer or warmer thermal history for the 444-16 sediment.
Sample 444-16 is an ash layer with much lower clay content than the five other
samples. Ash layers commonly have high porosity (Tribble and Wilkens, 1994) and
higher permeability than surrounding clay-dominated sediment (Saffer et al., 2000). A
high permeability ash layer likely experienced much more fluid flow than the
surrounding hemipelagic sediment. Thus, glass shards within the ash layer may have
experienced more water-rock interaction than shards disseminated throughout the
hemipelagic sediment. Laboratory experiments on glass alteration for samples with the
same thermal history indicate that rhyolitic glass subject to higher water-rock ratio leach
more alkali elements (Hajash and Chandler, 1981). This scenario explains the broad
distribution in total alkali content for the 444-16 glass. The element SiO; is also variable
between glass shards in sample 444-16. SiO2 is typically considered to be a more
immobile element during the glass alteration process (Stefansson and Gislason, 2001;
Gislason, 2008), although in some studies, Si02 has been shown to be mobile (Berger et
al., 1987; White et al., Submitted). Furthermore, at ODP Sites 1173 and 1177 (in the
Shikoku Basin, landward of Site 297) significant alteration of discrete ash layers and
disseminated amorphous silica occurs at the same depth (Spinelli et al., 2007), suggesting
that Si0; is mobile during the glass alteration process in this environment. Samples from
Sites 442, 443, and 444 (in the Shikoku Basin seaward of Site 297) show little evidence
of glass alteration where amorphous silica concentrations similar to Sites 1173, 1177, and
297 are found. This difference in glass dissolution suggests the thermal history is the

primary control on glass alteration progress both in ash layers and in the hemipelagic
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sediment. The difference in glass alteration mechanisms between sites (1173 and 1177)
and (442, 443, and 444) may result from different sediment accumulation rates. The Site
1173 and 1177 sediments were buried quickly causing a rapid increase in temperature.
Approximately 5 Ma after deposition, sediment at Sites 1173 and 1177 were exposed to
temperatures >50°C; the same age sediment at Site 444 is at ~22°C. This suggests that the
amount of glass alteration within sediment that warms very slowly (i.e. slow sediment
accumulation, far from the trench is sensitive to the water-rock ratio. In rapidly heated
sediments (i.e. rapid burial, close to trench), thermal history is the primary control on
glass alteration (i.e. rapid heating overwhelms differences in water-rock interaction).
1.6 CONCLUSIONS

Volcanic glass in Shikoku Basin sediments is derived from the Izu-Bonin arc
(basaltic andesite) and the Japanese arc (explosive rhyolitic eruptions). Glasses in sample
444-16 have unusually high FeO content for a rhyolitic eruption. The only source within
the region known to produce glass with similar composition is Baegdusan volcano on the
border of North Korea and China. Though, the sample 444-16 ash layer pre-dates known
activity from Baegdusan an older volcano within the same region may produce glass with
similar high FeO content that is transported to Site 444 within the Shikoku Basin through
a 60° shift in wind direction. Due to its unique chemistry, the sample 444-16 ash layer is
well suited as a stratigraphic marker that may allow intercorrelation between different
sediment cores. In addition, identification of an appropriate aged volcanic source would
lead to greater insight into the complexities of ash distribution around the Japanese

islands.
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Though the exact sources of volcanic material contained within sample 297-12
were not determined, glass chemistry data clearly indicate that this sample contains
material from multiple magmatic events and sources. The fine grain size and high clay
content coupled with glass compositions that show a large variability in relatively
immobile elements and a small range in mobile elements indicate sample 297-12 is a
distal turbidite. Sample 444-16 represents a discrete ash layer from a single magmatic
source that has undergone extensive alteration post deposition due to sea water
interaction. The high permeability (low clay content and large grain size) ash layer
allowed extensive water-rock interaction leading to significant alteration causing a wide
spread in mobile alkali elements (Na,O and K,0O) as well as Si which has been shown to
mobilize during advanced glass alteration. Sample 444-16 compared to other high clay
content samples demonstrates the ability of clay to lower water-rock interaction and
affect element mobility.

Glass geochemical analyses are commonly used to identify potential volcanic
sources.

However, in these Shikoku Basin samples, glass chemistry also provides information on
sedimentological and diagenetic processes. The five samples examined comprising clay-
dominated sediments with disseminated glass do not visibly (macroscopically or
microscopically) display clear sedimentological differences. Yet, the glass chemistry
data clearly indicate that sample 297-12 is a turbidite, and the others are consistent with
hemipelagic sediment accumulation. In fine grained marine sediments, such as these, in

which macroscopic textural variation is minimal, and sedimentary structures are largely
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lacking, quantitative analysis of glass chemistry can be an extremely valuable tool for
interpreting both depositional and diagenetic processes affecting the sediments.
CHAPTER 2: GLASS ALTERATION AND SEDIMENT CEMENTATION
2.1 INTRODUCTION

A small amount of cement can strengthen sedimentary rocks and affect their
deformation (Clough et al., 1981; Karig, 1993; Schnaid et al., 2001; Saidi et al., 2003;
Spinelli et al., 2007). In marine environments, quartz, calcite, authigenic clay minerals,
and zeolite commonly act as cements (Larsen, 1983). Volcanic glass is a potentially
important, though little investigated, source of cement in marine sediments; glass
alteration products (e.g., palagonite, allophone, and saponite) have been shown to
increase sediment strength (Schiffman et al., 2006). In marine sediments, volcanic glass
is either present as discrete ash layers or is dispersed throughout the sediment column.
For example, in the Shikoku Basin offshore the Japanese volcanic arc, the dominantly
hemipelagic sediment is punctuated by multiple ash layers (Shipboard Scientific Party
2001). However disseminated glass dispersed throughout the sediment column in many
cases have been shown to be in greater volume than glass contained within discrete ash
layers (Huang, 1980). This disseminated glass may play an important role in cementation
of sediment due to its presence throughout the sediment column. Though the
disseminated glass represents only a small fraction of the total sediment, as little as 1-2
wt% cement can dramatically strengthen sediment (Clough et al., 1981; Schnaid et al.,
2001). The process of glass alteration and the minerals these processes form have been
extensively studied for basaltic glass (Crovisier et al., 1983; Zhou et al., 2001) and to a

lesser extent for rhyolitic glass (Hajash and Chandler, 1981). Many glass alteration
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products demonstrate diagnostic major element enrichment or depletion relative to their
source glass. This chemical alteration may be used for identification, as well as aiding in
the understanding of the processes that led to their formation.

Previous work on Shikoku Basin sediment identified a Si-rich amorphous phase
coating grains. The coating occurs in zones with high amorphous silica content and
elevated (nearly constant) porosity within the upper Shikoku Basin facies at Ocean
Drilling Program (ODP) Sites 1173 and 1177 (Spinelli et al., 2007). Sharp physical and
chemical changes that mark the base of this cemented zone are used to define a
diagenetic boundary separating upper Shikoku Basin facies from lower Shikoku Basin
facies sediment (Shipboard Scientific Party, 1991; 2001). Here we examine six
additional sites within Shikoku Basin (Deep Sea Drilling Project (DSDP) Sites 297, 442,
443, and 444, and Integrated Ocean Drilling Program Sites C0006 and C0007) to
determine the extent and source of the cement.

2.2 SITE DESCRIPTION
2.2.1 Site 297

Site 297 is ~100 km seaward of the Nankai Trough subduction zone on ~23 Ma
crust (Fig. 2.1). The estimated total sediment thickness is 780 m; 680 m were drilled on
DSDP Leg 31 (Shipboard Scientific Party, 1975). The sediments are primarily
hemipelagic mud with ash, silt, and sand interbeds (Fig. 2.2; Shipboard Scientific Party,
1975). The upper/lower Shikoku Basin facies boundary at Site 291 has been defined
based on age relations (Fox, 1996) rather than as a diagenetic boundary as at Sites 808,
1173, 1174, and 1177 (Shipboard Scientific Party, 1991; 2001). The upper Shikoku

Basin facies and upper portion of the lower Shikoku Basin facies sediment have high and
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Figure 2.1: Location of DSDP Sites 297, 442, 443,
444, ODP Sites 1173, 1174 and 1177, and IODP
Site C0006 and C0007 in the Shikoku Basin. Thin
lines are bathymetry in meters. Barbed line is
Nankai Trough subduction zone deformation front.

2.2.2 Sites 442, 443, 444

nearly constant porosity (Fig.
2.3). A step drop in porosity
occurs ~350 meters below
seafloor (mbsf) within the
lower Shikoku Basin facies.
We examine sediment samples
throughout the upper Shikoku
Basin and lower Shikoku Basin
facies; the sediment is
dominantly (~85%) clay
minerals with ~3% volcanic
glass (Shipboard Scientific

Party, 1975).

Sites 442, 443, and 444 are approximately 400 km from the trench on slightly

younger crust than Site 297; they are closer to the fossil spreading ridge (Fig. 2.1).

Sediment at Sites 442 and 444 is ~410 m thick; at Site 443 there is ~580 m of sediment

(Shipboard Scientific Party, 1980a; 1980b, 1980c). At all three sites, the sediment

consists of hemipelagic mud with some distinct ash layers and some disseminated ash;

~60-95% clay and ~2-13% volcanic glass (Shipboard Scientific Party, 1980a, 1980b,

1980c). Similar to Site 297, the upper/lower Shikoku Basin facies boundary is defined

based on age relations, not diagenetic reaction progress We examine sediment samples
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Figure 2.2: Stratigraphic correlations between drill sites in Shikoku Basin and on the
Nankai margin (Klein and Kobayashi, 1981; Shipboard Scientific Party, 2001;
Shipboard Scientific Party, 2008). TSS= trench slope sediment; ATW= axial trench
wedge; USB= upper Shikoku Basin facies; LSB= lower Shikoku Basin facies; V=
volcaniclastic

from the upper Shikoku Basin facies, lower Shikoku Basin facies, and the section below
the lower Shikoku Basin facies.
2.2.3 Site C0006 and C0007

Sites C0006 and C0007 are landward of the trench (Fig. 2.1) and were designed to
sample the main frontal thrust of the accretionary wedge (Shipboard Scientific Party,
2008). Sediments at Sites C0006 and C0007 comprise upper Shikoku Basin facies
sediment overlain by trench wedge sediment and a drape of slope sediment (Shipboard

Scientific Party, 2008). We examine sediment samples from the trench wedge and upper
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Figure 2.3: Site 297 sediment porosity (A; Shipboard Scientific Party, 1975) and
amorphous Si content (B). Dashed lines are inferred lithologic boundaries (Klein and
Kobayashi, 1981). Solid line is modeled amorphous Si content based on sediment
thermal history and amorphous Si reaction kinetics. Gray band is predicted location
of cemented section based on amorphous Si alteration. The base of the cemented
section coincides with a steep drop in both porosity and amorphous Si.

Shikoku Basin facies at Site C0006 and one sample from the upper Shikoku Basin facies

at C0007.
24  METHODS
2.4.1 Amorphous Silica Content

Amorphous silica content of bulk sediment samples was measured using an
alkaline leaching method (DeMaster, 1981). Approximately 100 mg of freeze-dried
sediment was digested in 40 mL of 1.0 wt% NaCOs; (pH=11.4) at 85°C. ApH 114
solution was used to minimize clay mineral digestion (Schluter and Rickert, 1998). Once
the digestion process began, 0.200 mL aliquots of leachate were taken at 5, 15, 30, 60,
90, 120, 200, and 300 minute intervals. Silica concentration in the leachate (determined

by spectrophotometry; Grassholf et al., 1983) increases as both amorphous silica (e.g.,
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glass, opal) and structured silicates (e.g., clay, quartz, feldspar) in the sediment dissolve.
The amorphous silica dissolves quickly, dominantly controlling silica content in the
leachate early; the contribution of dissolved silica from structured silicates is slower and
more prolonged. A break in slope in leachate silica content versus time indicates
exhaustion of amorphous silica sources, allowing calculation of the amorphous silica
content of the sediment (DeMaster, 1981). For each sediment column examined, we
simulate sediment accumulation and 1-D heat conduction. We use the modeled thermal
history for the sediments to estimate the amount of dissolution of amorphous silica (e.g.,
Spinelli et al., 2007).
2.4.2 Petrographic Analysis

Samples were examined using backscattered electron (BSE) imaging on a Cameca
SX-100 microprobe at New Mexico Tech. Operating conditions for the microprobe were
15kV acceleration voltage and 20 nA beam current. Vacuum and surface impregnation
techniques were used in order to preserve the texture and structure of the samples during
lapping and polishing. Slides were polished, evaporatively coated with carbon, and
analyzed using quantitative elemental analysis of selected phases using wavelength-
dispersive spectrometer (WDS) scans (Reed, 1996). Most analyses were conducted using

a beam diameter of 10 um, due to the small size of the material of interest; where

possible a 15 or 20 um beam was used. Analysis points were quantitatively analyzed to
determine the percentage of Si, Al, Ti, Fe, Mn, Mg, S, Ca, Cl, Na, and K. Standard
reference samples of feldspars, amphiboles, and glasses were analyzed at the beginning
and end of each analytical run in order to be able to calculate analytical accuracy and

precision, as well as to monitor instrument calibration.
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Additional samples with minimal preparation (i.e. volume of sediment broken
open and fresh surface sputter coated with carbon) were analyzed by secondary electron
imaging (SEM) under low vacuum on the JEOL 5800LV at the University of New
Mexico. Weight percentages of elements Si, Al, Ti, Fe, Mg, Ca, Cl, Na, and K were
measured using electron dispersive scans (EDS). An accelerating voltage of 20 kV and a
live time of 75 seconds were used.

25 RESULTS

We use the measured amorphous Si content of bulk sediment samples to define
potential diagenetic boundaries and examine possible relationships between amorphous
Si content and porosity (e.g., Spinelli et al., 2007). BSE and SEM image analyses are
used to determine the source of amorphous Si and controls on the formation of this
material. For most of the sites, samples analyzed cover the stratigraphic intervals of the
upper and lower Shikoku Basin facies; samples from Sites C006 and C007 are from the
upper Shikoku Basin facies and overlying trench wedge sediment.

2.5.1 Measured Amorphous Si Content

At Site 297, sediment above 350 mbsf contains ~0.5-1.0 wt% amorphous silica
(Fig. 2.3). From 305 to 356 mbsf, amorphous silica content drops from ~1 wt% to <0.1
wt%. Sites 442, 443, and 444 have relatively high Si content (~1-2.5 wt%) throughout
the entire sediment column (Fig. 2.4). These three sites lack the marked drop in Si
content observed at Sites 297 (Fig. 2.3), 1173, 1174, and 1177 (Spinelli et al., 2007). At
Sites C006 and C007, sediment above and within the upper Shikoku Basin facies contains

~1 wt% amorphous silica (Fig. 2.5).
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Figure 2.4: Amorphous Si content of
sediment at Sites 442, 443, and 444.
Dashed lines are inferred lithologic
boundaries (Klein and Kobayashi,
1981). Solid line is modeled
amorphous Si content. Gray band is
modeled cemented section. The
cemented section has >1 wt%
amorphous Si; the base of the
cemented section is not observed at
these sites.

2.5.2 Image Analysis

Based on BSE and SEM image
analyses, all sites examined contain abundant
disseminated volcanic glass fragments. These
volcanic glass fragments ranged in physical
condition from pristine, angular, and unaltered
to pitted, highly dissolved and weathered (Fig.
2.6, 2.8). Glass pieces and surrounding
material were analyzed using wavelength-
dispersive spectrometer (WDS) scans and
electron dispersive (EDS) scans. Our
investigation focuses on Site 297, where the
trend in amorphous silica content versus depth
is similar to those for Sites 1173, 1174, and
1177.
Sample 297-12 (249 mbsf) is representative of
sediment analyzed from a zone with high
porosity and high amorphous silica content
(Fig. 2.3). The bulk sediment is dominantly
clay. The BSE image in Figure 2.6 shows a
large feldspar grain encased by a rim of
partially altered volcanic glass, within the clay

matrix. Four points in this field (A, B, C, and
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Figure 2.5: Site C0006 sediment porosity (A;
Shipboard Scientific Party, 2008) and amorphous
Si content (B). Dashed lines are facies boundaries
(Shipboard Scientific Party, 2008).

100 microns

Figure 2.6: Representative backscattered electron
(BSE) image of highly altered glass (A) with
amorphous Si-rich material filling pore space (B).
The sediment is dominantly clay matrix (C). Point

D and surrounding bright area is a feldspar grain
that is encased in volcanic glass (A).

D) were quantitatively analyzed
to determine their major
element compositions. The
composition at point D is
consistent with feldspar.
Chemical composition at point
A indicates a hydrated
(analytical total of ~90 wt.%)
dacitic glass (Fig. 2.7). The
amorphous (and low mean
atomic number) material around
the volcanic glass and filling
surrounding pore space was
analyzed at point B. This
material has significantly lower
totals (~20 wt%) than the
volcanic glass, but has similar
major element ratios. The
compositional distribution of
the glass, scaled to the low total
for the alteration product, is

indicated by horizontal black

lines in the Figure 2.7. This represents the wt% of each element had the alteration
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product (B) only been affected by the lower total (i.e. only loss of material/hydration, no

change in composition). Measured elemental wt% below the line indicates depletion;

measured values above the line indicate enrichment. The alteration product is slightly

depleted in Si, Al, and Ca, with a
larger depletion in Na.
Magnesium is appreciably
enriched; iron is slightly
enriched.

Glass shards from sample
297-12 also were analyzed
quantitatively using SEM.
Similar to samples analyzed on
prepared microprobe polished
thin sections, an amorphous
material was found in the
proximity of volcanic glass

contained within the minimally
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Figure 2.7: Results of un-normalized BSE chemical
analysis corresponding to points A, B, and C for
sample 297-12 (Fig. 6). Analysis point A is typical
of hydrated andesitic volcanic glass with ~90 wt%
analytical totals and ~60 wt% Si. Point B has much
lower analytical totals relative to the glass (A)
suggesting a large volume of material has migrated
away from the site of alteration. Black horizontal
lines indicate composition of alteration product had it
only been affected by a lower total caused by a loss
of material. Analysis of the matrix (C) is consistent
with detrital smectite.

prepared SEM analyzed samples (Fig. 2.8). The amorphous material coats clay particles.

Both the volcanic glass (A) and the amorphous material (B) (Fig. 2.9) are similar in

composition to glass and amorphous material analyzed using BSE image analysis (Figs.

2.6, 2.7). The amorphous material is depleted in Si, Ca and Na, and is enriched in Mg

and Fe. Aluminum shows enrichment of < 1wt%.
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Sediment samples from
Sites 442, 443, 444, and C006
were also analyzed using both
BSE and SEM images analysis.
We found abundant disseminated
glass throughout the sediment

column. The glass contained

within these samples ranged in

20 microns

Figure 2.8: Representative secondary electron
microscopy (SEM) image of altered glass shard (A)
fresh glass to pitted and with amorphous Si-rich material (B) coating clay
grains (C) from sample 297-12.
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2.6  DISCUSSION . . .
Figure 2.9: Results of un-normalized BSE chemical

2.6.1 Measured Amorphous Si analysis corresponding to points A and B for sample
297-12 (Fig. 9). Analysis point A is typical of
At Site 297, the sediment  hydrated andesitic volcanic glass with ~87 wt%
analytical totals and ~60 wt% Si. Similar to BSE
analysis (Fig. 7) point B also has lower analytical
totals relative to the glass (A) suggesting a large
volume of material has migrated away from the site of

from ~100-350 mbsf has high

(and nearly constant) porosity

and high amorphous silica alteration. Black horizontal lines indicate composition
of alteration product had it only been affected by a
content. At the base of this zone,  Jower total caused by a loss of material.
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amorphous silica content and porosity both drop abruptly. This is indicative of a zone of
cemented sediment from ~100-350 mbsf comparable to those ~100-200 km north at Sites
1173 and 1177 (Spinelli et al., 2007). To be consistent with the lithologic descriptions at
Sites 808, 1173, and 1177, the upper Shikoku Basin/lower Shikoku Basin facies
boundary at Site 297 should be defined at ~350 mbsf, approximately 175 m deeper than
the demarcation based on age relations. Site 442, 443, and 444 sediments also have high
amorphous Si content within a zone with temperatures similar to the cemented zones at
Sites 297, 1173, and 1177. Thus, these Site 442, 443, and 444 sediments may be
cemented by the same process and these sections likely are equivalent to the upper
Shikoku Basin facies. These sites lack the transition from high to low amorphous silica
content with increasing depth (i.e. the upper/lower Shikoku Basin facies boundary likely
is below the sediments examined). This likely is due to the thinner sediment column at
Sites 442, 443, and 444. The basal sediments at these sites may be heated sufficiently for
diagenetic cementation to have begun, but additional heating and breakdown of the
cement has not occurred yet. As the sediment at these sites is buried further, the
diagenetic boundary separating high amorphous silica content cemented sediment and
low amorphous silica content uncemented sediment may develop. In the accretionary
prism, at Sites C006 and C007, trench wedge and upper Shikoku Basin sediment have
amorphous silica concentrations (~1 wt%) similar to the cemented section in the Shikoku
Basin sites (Fig. 2.5).
2.6.2 Source of Cement

The cemented zones at Sites 1173 and 1177 have been proposed to result from

opal (sourced from siliceous tests) diagenesis (Spinelli et al., 2007). This hypothesis fits
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the cemented section’s ability to preserve porosity evenly across the entire cemented
section. Siliceous tests that settle to the ocean floor would be distributed evenly
throughout the hemipelagic Shikoku Basin sediment section allowing for homogeneous
distribution of the associated amorphous silica. In addition, preliminary BSE and SEM
analyses of the cementing material were consistent with opal (i.e. amorphous; primarily
Si and Al). Further study indicates volcanic glass is likely the source of an amorphous
Si-rich gel cementing upper Shikoku Basin sediment. Abundant disseminated glass was
observed at Sites 297, 442, 443, 444, and C006. Disseminated glass at Site 297 is
partially altered to an amorphous material with abundant Si and Al. Proximity and
similarity in chemical composition suggest that the amorphous silica-rich gel is derived
from glass alteration.
2.6.3 Glass Alteration

Most studies of volcanic glass alteration and glass alteration products focus on
basaltic glass. We use these basalt-focused studies as an analog for processes occurring
within the basaltic andesite to rhyolitic glass found within sample 297-12 at Site 297.
The amorphous Si gel associated with the disseminated volcanic glass of sample 297-12
is depleted in Si, Al, Ca, and Na; it is enriched in Mg and Fe. These chemical trends are
consistent with amorphous silica gels sourced from basaltic glass that later form
crystalline clays (Berger et al., 1987). However, there are critical differences between
the chemistry of alteration products associated with basaltic glass (Berger et al., 1987;
Zhou et al., 2001) and the amorphous material we analyzed. Basaltic glass alteration
products commonly have ~85-90% analytical totals (Berger et al., 1987; Zhou et al.,

2001) suggesting a 10-15% loss in material/hydration. The alteration product in the Site
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297-12 sample has analytical totals of ~44 wt% (SEM chemical analysis) to ~18%
(electron microprobe chemical analysis), indicating larger loss in material. These
differences in analytical totals may be explained by varying degrees of glass alteration.
The glass in the BSE image (Fig. 2.6) appears to be highly dissolved and has the highest
degree of alteration, while the glass in the SEM image (Fig. 2.8) is relatively fresh with
sharp well defined edges. The basaltic glass analyzed in earlier studies (e.g., Berger et
al., 1987; Zhou et al., 2001) may be even less dissolved, as indicated by the higher total
wt% detected within the amorphous gel material.

As glass alteration progresses, more silicate gel is formed allowing greater
amounts of material to move away from the glass and interact with the surrounding
sediment. The alteration product is mobile, filtering out into pore space and coating clay
far from the source glass (Fig. 2.6). Similar Si-rich amorphous material has been
observed coating clay grains within the cemented section of Site 1173 (Spinelli et al.,
2007).

We propose that the formation of volcanic-glass-derived, Si-rich amorphous gel is
common throughout the Shikoku Basin. Volcanic glass disseminated through the
hemipelagic sediment of Shikoku Basin is hydrated and heated upon burial and altered to
a Si-rich gel. The gel with much lower density than its glass source spreads through the
surrounding sediment, coating grains and cementing grain contacts (Fig. 2.10). With
further burial and heating this intermediate glass alteration product is transformed to

palagonite or authigenic clay that does not act as cement.
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100 microns 20 microns

Figure 2.10: BSE (left) and SEM (right) images for sample 297-12 demonstrating the
process of glass alteration (1) creating an amorphous Si rich material (2) that coats clay
grains within the matirx (3) strengthening sediment and preserving porosity.

2.7 CONCLUSIONS

A minor amount of cement within marine environments can strengthen sediment
and inhibit consolidation. Spinelli et al., (2007) provided evidence for ~1 wt% Si cement
strengthening sediment and preserving porosity within Upper Shikoku Basin facies
sediment at Sites 1173 and 1177 (Fig. 2.1). Additional analyses at Sites 297, 442, 443,
444, C0006 and C0007 indicate that cementation of sediments above a diagenetic
boundary is common throughout the Shikoku Basin.

Through a combination of imaging and chemical analyses, we identify volcanic
glass as the source of the Si cement that is strengthening the sediment. BSE imaging of
the cemented zone show a Si-rich amorphous material near altered volcanic glass.
Quantitative analysis of the glass and its alteration product show the two are similar in
composition. However, the alteration product is slightly depleted in Si, Al, and Ca; it is
enriched in Fe an Mg. This chemical signature is consistent with siliceous gel alteration
products associated with glass pieces that have undergone extensive dissolution (Berger
et al., 1987; Zhou et al., 2001). Here, we observe Si-rich amorphous material: 1) within
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pore space created during glass dissolution, 2) filling pore space within the matrix, and 3)
coating clay grains. These observations indicate that the glass alteration product is highly
mobile and a small amount of glass is capable of cementing a large volume of sediment.
Throughout Shikoku Basin, volcanic-glass-sourced cement coats grains,
strengthens sediment, and preserves porosity in the upper Shikoku Basin facies. Similar
cementation may occur in other sedimentary basins where volcanic glass accumulates in
the sediment and is heated and hydrated sufficiently to cause alteration. Heating of the
sediment and alteration of the glass can occur at sites where the crust is relatively young
and hot (e.g., Shikoku Basin; (Okino et al., 1994), and/or where sediment is deeply buried
(i.e. thick) (e.g., Gulf of Alaska; (Brocher et al., 1994). In sedimentary basins this
cementation affects sediment consolidation and porosity. In convergent margins, this
strengthened sediment may affect deformation features as sediment is subducted or

incorporated into the accretionary wedge.
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Figure Al: Sample
297-12 (249 mbsf)
vesiculated glass
surrounding feldspar
grain.

Figure A2: Sample
297-12 (249 mbsf)
vesiculated glass.
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Figure A5: Sample
442-28 (258 mbsf)
large glass triple
junctions and small
glass fragments in
clay matrix.

Figure A6: Sample
442-28 (258 mbsf)
large blocky vesicular
glass pieces and small
glass fragments in
clay matrix.



Figure A7: Sample
442-28 (258 mbsf)
large glass bubble
walls and small
vesiculated glass in
clay matrix.

Figure A8: Sample
442-28 (258 mbsf)
large vesiculated
glass in clay matrix.
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Figure A9: Sample
443-30 (275 mbsf)
vesiculated glass,
small glass pieces and
detrital quartz in clay
matrix.

Figure A10: Sample
443-30 (275 mbsf)
large glass bubble
wall in clay matrix.



Figure A11: Sample
443-30 (275 mbsf)
large blocky
vesiculated glass,
with carboniferous
and siliceous
microfossils in clay
matrix.

Figure A12: Sample
443-30 (275 mbsf)
vesiculated glass,
small glass pieces and
detrital quartz in clay
matrix.
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Figure A13: Sample
443-34 (317 mbsf)
large vesiculated
glass surrounding
feldspar grain, minor
amount of clay.

Figure Al14: Sample
443-34 (317 mbsf)
large vesiculated
glass surrounding
multiple feldspar
grains, minor amount
of clay.



Figure A15: Sample
443-34 (317 mbsf)
vesiculated glass,
small glass pieces and
detrital quartz in clay
matrix.

A .
100.pm BSE 15.kV

Figure A16: Sample
443-34 (317 mbsf)
vesiculated glass,
small glass pieces and
detrital quartz in clay
matrix.
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Figure A17: Sample
444-13 (198 mbsf)
large vesiculated
glass, small glass
pieces and detrital
quartz in clay matrix.

Figure A18: Sample
444-13 (198 mbsf)
large blocky
vesiculated glass and
small glass pieces in
clay matrix.
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Figure A19: Sample
444-13 (198 mbsf)
large blocky
vesiculated glass,
small glass pieces and
detrital quarts
emplaced through
bioturbation in clay
matrix.

Figure A20: Sample
444-13 (198 mbsf)
large vesiculated
glass and small glass
pieces in clay matrix.
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Figure A21: Sample
444-16 (226 mbsf)
glass wall triple
junctions and small
vesiculated glass
pieces with minor
amount of clay.

Figure A22: Sample
444-16 (226 mbsf)
glass wall triple
junctions and
vesiculated glass
pieces with minor
amount of clay.



55

Figure A23: Sample
444-16 (226 mbsf)
fine grained glass
wall triple junctions
and vesiculated glass
pieces in clay matrix.

Figure A24: Sample
444-16 (226 mbsf)
glass wall triple
junctions and
vesiculated glass
pieces in clay matrix.



