
Tobin, H., Hirose, T., Ikari, M., Kanagawa, K., Kimura, G., Kinoshita, M., Kitajima, H., Saffer, D., 
Yamaguchi, A., Eguchi, N., Maeda, L., Toczko, S., and the Expedition 358 Scientists
Proceedings of the International Ocean Discovery Program Volume 358
publications.iodp.org

https://doi.org/10.14379/iodp.proc.358.105.2020

Site C00251

G. Kimura, T. Hirose, M. Ikari, K. Kanagawa, M. Kinoshita, H. Kitajima, D. Saffer, 
H. Tobin, A. Yamaguchi, N. Eguchi, L. Maeda, S. Toczko, J. Bedford, S. Chiyonobu, 
T.A. Colson, M. Conin, P.H. Cornard, A. Dielforder, M.-L. Doan, J. Dutilleul, 
D.R. Faulkner, R. Fukuchi, G. Guérin, Y. Hamada, M. Hamahashi, W.-L. Hong, 
A. Ijiri, D. Jaeger, T. Jeppson, Z. Jin, B.E. John, M. Kitamura, A. Kopf, H. Masuda, 
A. Matsuoka, G.F. Moore, M. Otsubo, C. Regalla, A. Sakaguchi, J. Sample, 
A. Schleicher, H. Sone, K. Stanislowski, M. Strasser, T. Toki, T. Tsuji, K. Ujiie, 
M.B. Underwood, S. Yabe, Y. Yamamoto, J. Zhang, Y. Sanada, Y. Kido, E. Le Ber, 
and S. Saito with contributions by T. Kanamatsu2

Keywords: International Ocean Discovery Program, IODP, Chikyu, Expedition 358, 
NanTroSEIZE Plate Boundary Deep Riser 4: Nankai Seismogenic/Slow Slip Megathrust, Site 
C0025, Kumano Basin, Nankai accretionary prism, mud diapir, slope sediment, fore-arc basin, 
gas hydrate

1 Kimura, G., Hirose, T., Ikari, M., Kanagawa, K., Kinoshita, M., Kitajima, H., Saffer, D., Tobin, H., Yamaguchi, A., Eguchi, N., Maeda, L., Toczko, S., Bedford, J., Chiyonobu, S., Colson, T.A., 
Conin, M., Cornard, P.H., Dielforder, A., Doan, M.-L., Dutilleul, J., Faulkner, D.R., Fukuchi, R., Guérin, G., Hamada, Y., Hamahashi, M., Hong, W.-L., Ijiri, A., Jaeger, D., Jeppson, T., Jin, Z., 
John, B.E., Kitamura, M., Kopf, A., Masuda, H., Matsuoka, A., Moore, G.F., Otsubo, M., Regalla, C., Sakaguchi, A., Sample, J., Schleicher, A., Sone, H., Stanislowski, K., Strasser, M., Toki, T., 
Tsuji, T., Ujiie, K., Underwood, M.B., Yabe, S., Yamamoto, Y., Zhang, J., Sanada, Y., Kido, Y., Le Ber, E., and Saito, S., 2020. Site C0025. With contributions by T. Kanamatsu. In Tobin, H., 
Hirose, T., Ikari, M., Kanagawa, K., Kimura, G., Kinoshita, M., Kitajima, H., Saffer, D., Yamaguchi, A. Eguchi, N., Maeda, L., Toczko, S., and the Expedition 358 Scientists, NanTroSEIZE Plate 
Boundary Deep Riser 4: Nankai Seismogenic/Slow Slip Megathrust. Proceedings of the International Ocean Discovery Program, 358: College Station, TX (International Ocean Discovery 
Program). https://doi.org/10.14379/iodp.proc.358.105.2020

2 Expedition 358 Scientists’ affiliations.
MS 358-105: Published 18 July 2020
This work is distributed under the Creative Commons Attribution 4.0 International (CC BY 4.0) license. 

Contents

1 Introduction and operations
4 Lithology
7 Structural geology

11 Biostratigraphy and paleomagnetism
13 Geochemistry
17 Physical properties
20 References

Introduction and operations
Site C0025 (proposed Site KB-01C) is located near the north-

western margin of the Kumano Basin (Figure F1). The Nankai
Trough Seismogenic Zone Experiment (NanTroSEIZE) drilling
campaign demonstrated that the outer wedge of the Nankai fore arc
has been growing since ~2.2 Ma (Strasser et al., 2009), and the inner
wedge beneath the present Kumano fore-arc basin is inferred to
have developed for several million years based on the ages of fore-
arc basin sediments and the underlying accretionary prism (Moore
et al., 2015; Tsuji et al., 2015; Kimura et al., 2018; Underwood, 2018).
The timing of the switch in the subducting plate at the Nankai
Trough from the Pacific plate (PA) to the Philippine Sea plate (PSP)
is uncertain and controversial. The traditional model suggested
continuous subduction of the PSP since ~15 Ma (e.g., Seno and
Maruyama, 1984; Taira, 2001; Kimura et al., 2005), whereas Hall et
al. (1995), Hall (2002), Clift et al. (2013), Pickering et al. (2013), and
Underwood (2018) suggested the switch occurred after ~10 Ma. Re-
viewing the terrestrial geology of southwest Japan and recent drill-
ing results, Kimura et al. (2014, 2018) discussed the possibility that
the subducting plate mostly switched from the PA to the PSP at ~12
Ma and subduction of the PSP stopped but resumed at ~6 Ma after
a long interruption.

Figure F1. Bathymetric map, Site C0025. MSL = from mean sea level.
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The geologically young accretionary prism and fore-arc sedi-
ments of the inner and outer wedges constitute more than half of 
the hanging wall of the seismogenic megathrust in the Nankai sub-
duction zone (Figure F2). Therefore, understanding the evolution of 
the geological and geophysical evolving processes of the prism and 
fore-arc basin is important to clarify their effect on the onset of the 
hanging wall megathrust.

Site C0025 presents a key location to understand the beginning 
of the inner wedge prism and development of the Kumano fore-arc 
basin. One interpretation for the northern edge of the Kumano Ba-
sin is that the incipient accretionary prism began to thrust upon the 
northern old accretionary prism or the igneous basement concur-
rently with slope deposition (Tsuji et al., 2015; Kimura et al., 2018) 
(Figure F2). The thrust has finally grown to an anticlinal dome of 

Figure F2. Seismic profile near northwestern margin of Kumano Basin (Tsuji et al., 2015), Site C0025. TWT = two-way traveltime. BSR = bottom-simulating 
reflector. Blue circles = inferred top of accretionary prism, white circles = splay fault.
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fault-bend folding and set up as the northern margin of the Kumano 
fore-arc basin (Tsuji et al., 2015; Kimura et al., 2018).

An alternative interpretation for the domal uplift of the mass 
shown could be a large upwelling structure related to mud diapirism 
(Morita et al., 2004; Moore et al., 2017). The Kumano Basin is well 
known for the many mud volcanoes, likely the surface expression of 
these mud diapirs (Moore et al., 2017). Drilling at Site C0025 tar-
geted the geologic structure, components, and present status of the 
northern margin of the Kumano Basin. This chapter presents the 
preliminary description and interpretation from core samples col-
lected at this site.

Site C0025
The D/V Chikyu arrived at Site C0025 at 2100 h (Japan Standard 

Time [JST]) on 25 March 2019 (Figure F1; Table T1; also see Table 
T2 in the Expedition 358 summary chapter [Tobin et al., 2020a]). 
After completing transponder deployment, dynamic positioning 

calibration, and a field arrival check, the 10⅝ inch rotary core barrel 
(RCB) bottom-hole assembly (BHA) (Table T2) was run in the hole 
at 0430 h on 26 March.

Hole C0025A
The RCB BHA was spudded in at 2039.5 m below rotary table 

(BRT) at 1030 h and washed down to 2049 m BRT by 1315 h on 26 
March 2019. Drilling ahead without coring continued to the target 
depth to begin coring (2439.5 m BRT; 400 meters below seafloor 
[mbsf ]) by 0615 h on 27 March. Cutting and retrieving cores started 
at 0845 h and continued until coring reached 2620 m BRT (581 
mbsf) by the end of the contingency time at 1100 h on 29 March. A 
total of 19 RCB cores were recovered (Table T3). The BHA was 
pulled out of the hole while recovering transponders at 1415 h on 29 
March and stopped at 1962 m BRT to spot cement. The BHA was 
recovered on deck, and all operations for Site C0025 were com-
pleted by 1000 h on 30 March.

Table T1. Drilling summary, Site C0025. mbsl = meters below sea level. Download table in CSV format.

Hole Latitude Longitude

Water 
depth 
(mbsl)

Top 
depth 
(mbsf)

Bottom 
depth 
(mbsf)

Cores 
(N)

Advanced 
(m)

Core 
recovered 

(m)
Recovery 

(%)

Cored 
interval 

(m) Start date Finish date

Days 
in 

hole

C0025A 33°24′05.4600″N 136°20′09.1428″E 2039.5 0.0 580.5 19 180.5 123.02 68.2 400.0–580.5 26 Mar 2019 30 Mar 2019 4

Table T2. BHA summary, Site C0025. BHA = bottom-hole assembly, LWD = logging while drilling, RIH = run in hole, POOH = pull out of hole. PDC = poly-
crystalline diamond. CLOCB = deep outer core barrel. XO = crossover, DP = drill pipe, DC = drill collar, std = stand, jt = joint, HWDP = heavyweight drill pipe. 
Download table in CSV format.

Run Hole LWD run RIH date POOH date Bit type BHA type BHA details

38 C0025A NA 26 Mar 2019 30 Mar 2019 Bit: RR15a Baker 
BHC405; S/N 7161556

Deep core 10-5/8 inch PDC bit × bit sub w/o stabilizer × CLOCB × top sub × head sub × 
8-1/2 inch coring DC (9 jt) × 8-1/2 inch coring jar × 8-1/2 inch coring DC (3 
jt) × XO-1 × 5-11/16 inch HWDP (3 std) × 5-1/2 inch DP S-150 (70 std) × 
XO-2 × 6-5/8 inch DP Z-140 (22 std) × 6-5/8 inch DP UD-165

Table T3. Core summary, Site C0025. RCB = rotary core barrel. Download table in CSV format.

Core Coring system Core on deck (h)

Coring 
time 
(min)

Top depth 
BRT 
(m)

Bottom 
depth BRT 

(m)

Top 
depth 
(mbsf )

Bottom 
depth 
(mbsf)

Advanced 
(m)

Recovered 
(m)

Recovery 
(%)

358-C0025A-
1R 10-5/8 inch RCB 27 Mar 2019 1103 39 2439.5 2449.0 400.0 409.5 9.5 10.94 115.2 
2R 10-5/8 inch RCB 27 Mar 2019 1335 29 2449.0 2458.5 409.5 419.0 9.5 0.00 0.0 
3R 10-5/8 inch RCB 27 Mar 2019 1625 15 2458.5 2468.0 419.0 428.5 9.5 3.50 36.8 
4R 10-5/8 inch RCB 27 Mar 2019 1946 21 2468.0 2477.5 428.5 438.0 9.5 7.10 74.7 
5R 10-5/8 inch RCB 27 Mar 2019 2228 15 2477.5 2487.0 438.0 447.5 9.5 9.30 97.9 
6R 10-5/8 inch RCB 28 Mar 2019 0101 14 2487.0 2496.5 447.5 457.0 9.5 9.65 101.6 
7R 10-5/8 inch RCB 28 Mar 2019 0333 19 2496.5 2506.0 457.0 466.5 9.5 9.15 96.3 
8R 10-5/8 inch RCB 28 Mar 2019 0551 18 2506.0 2515.5 466.5 476.0 9.5 5.92 62.3 
9R 10-5/8 inch RCB 28 Mar 2019 0802 18 2515.5 2525.0 476.0 485.5 9.5 4.72 49.7 
10R 10-5/8 inch RCB 28 Mar 2019 1025 17 2525.0 2534.5 485.5 495.0 9.5 4.35 45.8 
11R 10-5/8 inch RCB 28 Mar 2019 1252 18 2534.5 2544.0 495.0 504.5 9.5 8.56 90.1 
12R 10-5/8 inch RCB 28 Mar 2019 1531 14 2544.0 2553.5 504.5 514.0 9.5 9.10 95.8 
13R 10-5/8 inch RCB 28 Mar 2019 1811 15 2553.5 2563.0 514.0 523.5 9.5 9.77 102.8 
14R 10-5/8 inch RCB 28 Mar 2019 2025 20 2563.0 2572.5 523.5 533.0 9.5 8.81 92.7 
15R 10-5/8 inch RCB 28 Mar 2019 2252 17 2572.5 2582.0 533.0 542.5 9.5 8.85 93.2 
16R 10-5/8 inch RCB 29 Mar 2019 0124 17 2582.0 2591.5 542.5 552.0 9.5 3.52 37.1 
17R 10-5/8 inch RCB 29 Mar 2019 0346 20 2591.5 2601.0 552.0 561.5 9.5 3.50 36.8 
18R 10-5/8 inch RCB 29 Mar 2019 0820 17 2601.0 2610.5 561.5 571.0 9.5 2.62 27.6 
19R 10-5/8 inch RCB 29 Mar 2019 1058 18 2610.5 2620.0 571.0 580.5 9.5 3.66 38.5 

.0 .0
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Transit to Shimizu, Japan
The ship began sailing at 1000 h on 30 March 2019 and arrived 

at the stand-by point off the port of Shimizu, Japan, at 0230 h on 31 
March 2019.

Lithology
We documented the lithologic character of 18 cores from Hole 

C0025A. All of the cores were retrieved using the RCB system. The 
cored interval is limited, extending from 400.00 to 574.77 mbsf (Fig-
ure F3; Table T4). Sediment in Core 358-C0025A-1R is weakly con-
solidated to soupy and largely homogenized to a slurry of sandy 

mud or muddy sand, and Core 2R had no recovery. Most of the re-
maining RCB cores are lithified (e.g., “silty claystone”) and stratified. 
Sedimentary layering is obscured, however, in fragmented zones 
and intervals of structureless sandy mudstone to muddy sandstone.

We discriminated among lithologies based on visual observa-
tions of the split core, smear slide petrography, bulk powder X-ray 
diffraction (XRD), and bulk sediment X-ray fluorescence (XRF) (see 
Lithology in the Expedition 358 methods chapter [Hirose et al., 
2020]). Division of lithologic units at the scale of depositional facies 
(Figure F3) is based on differences in grain size, bed thickness, com-
position (especially calcium carbonate content), internal sedimen-
tary structures, and inferred mode of deposition. Depositional ages 
are based on nannofossil assemblages (see Biostratigraphy). The 
section recovered from Hole C0025A appears to be conformable 
throughout and has a maximum age of 4.13 Ma.

Unit I (basal fore-arc basin facies)
Interval: 358-C0025A-1R-1, 0 cm, to 5R-4, 122 cm
Depth: 400.00–441.93 mbsf
Age: early Pleistocene (1.34–1.59 Ma)

Description and interpretation of lithology
Most of Core 358-C0025A-1R consists of a weakly lithified mix-

ture of silty clay and sand without clear stratification; homogeniza-
tion of grains to muddy sand or sandy mud is probably an artifact of 
drilling disturbance. Below Core 2R, the intact portion of Lithologic 
Unit I is composed of mudstone (silty claystone to clayey siltstone) 
with thin interbeds (generally <5 cm) of medium to fine sandstone, 
silty sandstone, sandy siltstone, and siltstone. The base of Unit I co-
incides with the lowermost sandy bed in Core 5R at 441.93 mbsf 
(Figure F3). The age range of nannofossil assemblages is consistent 
with early Pleistocene deposition.

The dominant lithology in Lithologic Unit I is greenish gray silty 
claystone to clayey siltstone (Figure F4A). Except for its mottled 
color, manifestations of bioturbation are rare. The mudstone con-
tains scattered silt and fine sand lamination, pyrite nodules, and 
opaque grains, as well as local concentrations of organic matter and 
fine-grained pyrite. Thin interbeds (<5 cm) are common and have 
textures ranging from medium to fine sandstone, silty sandstone to 
sandy siltstone, and siltstone. Most such beds display sharp bases 
and are internally structureless, but some display subtle normal size 
grading (Figure F4A). These features are indicative of deposition by 
turbidity currents. The abundance of silt and sand in the Unit I tur-
bidites results in consistently higher magnetic susceptibility values 
compared to Unit II below (see Physical properties).

Unit II (trench-slope facies)
Interval: 358-C0025A-5R-4, 122 cm, to 19R-CC, 40 cm
Depth: 441.93–574.77 mbsf
Age: late Pliocene to early Pleistocene (1.59–4.13 Ma)

Figure F3. Stratigraphic column, Site C0025. Ages are from nannofossil 
assemblages (see Biostratigraphy).
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Table T4. Summary of lithologic units based on core descriptions, Site C0025. Download table in CSV format.

Hole

Top core, 
section, 

interval (cm)

Base core, 
section, 

interval (cm)
Depth 

range (mbsf )
Lith. 
unit

Age (from 
nannofossils) Major lithology Minor lithologies

Inferred depositional 
processes and setting

C0025A 1R-1, 0 5R-4, 122 400.00–441.93 I early Pleistocene Silty claystone to clayey 
siltstone

Medium to fine sandstone, 
siltstone, muddy sand to 
sandy mud

Hemipelagic settling and frequent 
turbidity currents in basal fore-arc 
basin

C0025A 5R-4, 122 19R-CC, 40 441.93–574.77 II late Pliocene to early 
Pleistocene

Calcite-bearing silty 
claystone to clayey 
siltstone

Sandy mudstone to muddy 
sandstone, volcanic ash 
(tuff )

Hemipelagic settling and rare air fall 
tephra in trench-slope 
environment
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Description of lithologies
The silty claystone to clayey siltstone of Unit II is also greenish 

gray to dark olive-gray. Irregular changes in color are related to bio-
turbation, variable concentrations of calcareous nannofossils, 
higher concentrations of dispersed sand-sized lithic fragments, and 
terrigenous organic matter. Rare sedimentary structures include 
parallel lamination, but most of the fine-grained sediment is mot-
tled or structureless (Figure F4B). This common lithology also con-
tains scattered occurrences of dark green clay-rich bands, organic 
matter, pyrite, glauconite, foraminifers, worm tubes, sponge spic-
ules, fine sand lamination, Chondrites and Zoophycos trace fossils 

(Figure F4D), pumice clasts, thin volcanic ash beds (Figure F4E), 
and irregular ash pods. Glauconite occurs as dispersed grains and in 
concentrated clusters (Figure F4C). The zones with higher concen-
trations of glauconite are probably responsible for increases in natu-
ral gamma radiation (NGR) values (see Physical properties).

Intervals in Cores 358-C0025A-7R, 16R, and 17R are composed 
of roughly equal mixtures of fine sand-, silt-, and clay-sized particles 
(Figure F4F). Most such examples are heavily fragmented or in ex-
treme cases reduced to slurry. The sand grains are evenly dispersed 
among finer particles rather than concentrated in discrete layers. 
Accordingly, these intervals lack both primary stratification and in-

Figure F4. Examples of common lithologies, Site C0025. A. Silty claystone to clayey siltstone in Unit I; normally graded silty sandstone (reddish brown) marks 
Unit I/II boundary. B. Mottled, bioturbated silty claystone to clayey siltstone, Unit II. C. Scattered glauconite, clusters of glauconite, and pyrite grains, Unit II. 
D. Zoophycos bioturbation, Unit II. E. Light gray volcanic ash (tuff ), Unit II. F. Contact between silty claystone/clayey siltstone and sandy mudstone to muddy 
sandstone separated by 2 cm thick dark green band, Unit II.
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ternal sedimentary structures. It is unclear whether the fragmenta-
tion and blending of diverse grain sizes are primary attributes (i.e., 
created during transport and deposition of sediment), products of 
structural deformation, or artifacts of drilling disturbance. Addi-
tional work using X-ray computed tomography (CT) scan images 
might help resolve some of these questions. Networks of sediment-
filled veins and high-angle fractures are also distinctive in Cores 
16R–19R (see Structural geology).

Petrography
The smear slides we used to record the compositional propor-

tions and texture of dominant lithologies from Hole C0025A were 
positioned in “clusters” next to whole-round sample intervals (for 
tabulated results, see Core descriptions; also see SMEARSLD in 
Supplementary material). Silt- and clay-sized grains are dominant 
in most specimens. Sand-sized content increases in the lower por-
tions of Unit II (i.e., the sandy mudstone to muddy sandstone litho-
logy). Quartz and clay minerals are ubiquitous constituents of silty 
claystone to clayey siltstone. Grains of feldspar, mica, and heavy 
minerals are common in Unit I. Their content decreases in Unit II. 
Dispersed shards of volcanic glass and volcanic lithic fragments are 
few to common. Calcareous nannofossils are common to abundant; 
their content is substantially higher in Unit II, which generally im-
parts a lighter gray macroscopic color. That observation is also con-
sistent with the results of XRF and XRD analyses (see below), which 
reveal higher CaO and calcite concentrations. Fragments of sponge 
spicules, foraminifers, diatoms, and terrestrial organic matter are 
rare to common. Diatom and sponge spicule content increases from 
Unit I to Unit II. Opaque grains (e.g., pyrite) are common, and 
grains of glauconite are rare in the smear slides of background sedi-
ment.

X-ray fluorescence geochemistry
XRF analysis of bulk sediment samples was used to quantify 

compositional trends of silty claystone with depth (Table T5). The 
XRF samples were colocated in clusters next to whole-round sam-
ples (e.g., for interstitial water [IW]), along with specimens for XRD, 
coulometric carbon measurements, and smear slides. The XRF re-

sults (Figure F5) provide contents of major and minor element ox-
ides (SiO2, Al2O3, CaO, K2O, Na2O, Fe2O3, MgO, TiO2, P2O5, and 
MnO) complemented by loss on ignition (LOI) measurements.

CaO values are the most definitive for discriminating between 
the lithologic units, increasing significantly in Unit II. Smear slides 
verify that the pronounced CaO enrichment coincides with in-
creases in the proportion of calcareous nannofossils. The upper 
portion of Unit I displays higher Fe2O3 concentrations. We also see 
a shift in Unit II to lower TiO2 values and irregular scattering of LOI 
values in both units. Overall, however, bulk sediment geochemistry 
does not change systematically with depth.

X-ray diffraction mineralogy
We used bulk powder XRD to calculate proportions of common 

minerals in the dominant lithology of silty claystone to clayey silt-
stone (Figure F6; Table T6), where total clay minerals + quartz + 
feldspar + calcite = 100%. The XRD specimens were also colocated 
in clusters next to whole-round intervals. Calcite is above the detec-
tion limit in all samples, and weight percent values show the most 
variability among common minerals; the normalized abundances of 
calcite correlate reasonably well with coulometric carbonate data 
(see Geochemistry).

In Unit I, the average total clay mineral content is 40.5 wt% and 
ranges from 36.2 to 43.7 wt%. The average quartz content is 32.1 
wt% and ranges from 29.6 to 35.6 wt%. Feldspar content ranges 
from 22.4 to 23.9 wt%, and calcite varies between 4.3 and 4.7 wt%. 
Calcite content increases significantly in Unit II with an average of 
15.2 wt% and a range of 8.2–23.9 wt%. This sharp increase relative 
to Unit I matches smear slide estimates of calcareous nannofossils 
and CaO contents from XRF. Conversely, the normalized content of 
total clay minerals decreases to an average of 37.4 wt% in Unit II 
(range = 28.3–49.7 wt%). The average for quartz also decreases to 
28.0 wt% (range = 24.2–34.3 wt%), and feldspar content ranges from 
12.2 to 27.9 wt% (average = 19.4 wt%).

Definition of subunits
Separation of Unit II into distinctive subunits is not definitive 

based solely on compositional criteria, but we considered differ-
ences in related attributes and place a provisional subunit boundary 
at 543.70 mbsf (Section 358-C0025A-16R-1, 120 cm). Above that 
depth, the sediment consists mostly of bioturbated clayey siltstone 

Figure F5. X-ray fluorescence chemical compositions from bulk fine-grained sediments from Units I and II, Site C0025. See Table T5 for tabulated results. LOI = 
loss on ignition.
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to silty claystone with moderate levels of disturbance to primary lay-
ering. Below that depth, internally structureless intervals of sandy 
mudstone to muddy sandstone are common. Those unusual depos-
its without clear stratification contain roughly equal portions of 
sand-, silt-, and clay-sized particles. The higher concentration of 
dispersed sand grains is evident in smear slides and XRD data 
(lower clay mineral weight percent and higher quartz weight per-
cent). It is difficult to explain how such diverse clast sizes became 
thoroughly mixed and disseminated while they were suspended and 
transported by ocean currents. Diagnostic indicators of sediment 
gravity flow or mass transport are also lacking (e.g., no graded beds, 
matrix-supported intraclasts, soft-sediment folds, or convolute 
lamination). In addition, deformation is more intense and wide-
spread below 543.70 mbsf with fragmentation, abundant faults, and 
sediment-filled vein structures (see Structural geology). Additional 
research is required to determine how primary attributes of the sed-
iment might have influenced the spatial distribution of different va-
rieties of structural deformation.

Interpretation of depositional processes and 
environmental evolution

Our ability to reconstruct the full history of deposition at Site 
C0025 is hampered by spot coring and the lack of a defined base for 
Unit II. With the exception of some intervals in Cores 358-C0025A-
7R, 16R, and 17R that have higher concentrations of dispersed sand-
sized grains, the facies character of Unit II is monotonous, indica-
tive of a long-lasting phase of slow mud accumulation in an environ-
ment that was persistently isolated from pathways of sediment 
gravity flow. The mottled mudstone with elevated concentrations of 
calcite and calcareous nannofossils is consistent with hemipelagic 
settling above the calcite compensation depth. Concentrations of 
glauconite are indicative of prolonged exposure of the seafloor to 
authigenic reactions with bottom water.

We correlate the heavily bioturbated mudstone in Unit II with 
coeval Unit III deposits at Integrated Ocean Drilling Program Site 
C0002, which is located toward the seaward edge of the Kumano 
Basin. The total thickness of Unit III (starved-basin facies) is ap-
proximately 87 m (Expedition 315 Scientists, 2009), and its age 
ranges from late Pliocene to early Pleistocene (~3.8–1.6 Ma). In ad-
dition to coeval ages, both facies counterparts include similar oc-
currences of glauconite, sediment-filled vein structures, and calcite 
contents that are consistently greater than 10 wt% (Expedition 315 
Scientists, 2009).

The base of Unit III at Site C0002 is separated from the underly-
ing inner accretionary prism by an angular unconformity (Expedi-
tion 315 Scientists, 2009). In contrast, the top of the accretionary 
prism at Site C0025 remains unsampled. This lack of critical infor-
mation makes interpretation of the subunit boundary in Unit II (at 
543.70 mbsf ) more speculative. Mud diapirism or mud volcanism is 
one possible mechanism to explain the combination of stratal dis-
ruption (fragmentation and faulting) and widespread homogeniza-
tion of the grain size distribution (i.e., sand evenly dispersed in silt 
and clay) although there is no involvement of basement rocks of ac-
cretionary prism. Such injection features are active in the present-
day Kumano Basin (e.g., Tsunogai et al., 2012; Pape et al., 2014; Ijiri 
et al., 2018). Additional shore-based research will be required to test 
this hypothesis.

In Unit I, we recovered abundant thin beds of medium to fine 
sandstone, sandy siltstone to silty sandstone, and siltstone. These 
beds are likely products of turbidity currents that flowed into the 
Kumano Basin early in its history, similar to those in Unit II at Site 
C0002 (Expedition 315 Scientists, 2009; Underwood and Moore, 
2012). Reduction of calcite and nannofossils above the Unit I/II 
boundary at Site C0025 can be explained by dilution from elevated 
influxes of siliciclastic silt and clay during those initial stages of tur-
bidite deposition. At Site C0002, where the age-depth model is bet-
ter constrained, turbidite deposition started at ~1.6 Ma (Expedition 
315 Scientists, 2009). That period of time falls within the same 
range as the Unit I nannofossil assemblage from Site C0025 (1.34–
2.58 Ma), which reinforces the stratigraphic correlation between the 
two sites.

Direct comparisons of composition and lithofacies character be-
tween Site C0025 and Integrated Ocean Drilling Program Site 
C0009 (Expedition 319 Scientists, 2010; Hayman et al., 2012; Moore 
et al., 2015; Ramirez et al., 2015) are more problematic because cor-
ing was limited to deeper intervals at Site C0009 and the cuttings 
from such poorly indurated sediments are difficult to distinguish 
from (and are contaminated by) the drilling mud that is used during 
riser drilling operations; in addition, more friable lithologies and 
authigenic phases (e.g., glauconite) are not likely to survive as cut-
tings. With those caveats in mind, the “lower fore-arc basin” or 
slope facies at Site C0009 (Subunit IIIB; ~2.5–3.8 Ma) appears to be 
broadly coeval with Unit II at Site C0025. Interpretations of the un-
derlying Unit IV at Site C0009 are debated (Hayman et al., 2012; 
Moore et al., 2015; Ramirez et al., 2015), but those strata (either 
slope sediments or accretionary prism) are significantly older (>5.5 
Ma) than what was recovered from Site C0025.

Structural geology
Structural geology analyses at Site C0025 included description 

of cores retrieved from 400 to 580.5 mbsf (Hole C0025A). Features 
observed and measured in cores include bedding planes, sediment-

Figure F6. Random bulk powder X-ray diffraction mineral composition from 
sediment from Units I and II, Site C0025. See Table T6 for tabulated results.
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filled veins (vein structure), and faults. Where possible, we cor-
rected the measurements of planar and linear structures to true 
geographic coordinates using paleomagnetic data (see Structural 
geology in the Expedition 358 methods chapter [Hirose et al., 
2020]). The distribution of planar structures is shown in Figure F7
(see StructureMeasurementSheet_C0024_C0025.xls in CORE in 
STRUCTURE in Supplementary material). Deformation related to 
drilling and core recovery was noted but not recorded. Here, we de-
scribe and provide examples of each of the features that were re-
corded.

Bedding
Bedding planes (N = 44) measured mainly on thin sand lay-

ers/laminae are gently inclined or subhorizontal (less than or equal 
to ~11° with one exception; mean dip = 6.4°; Figure F7). Because of 
severe coring disturbance, paleomagnetic corrections could only be 
performed to four orientations of bedding planes, which do not 
show specific dip directions (Figure F8A). Observable bedding 
planes are common between 420 and 460 mbsf, whereas they are 
rare below 500 mbsf.

Deformation structures observed at Site C0025
Sediment-filled veins (vein structure)

Sediment-filled veins recognized as parallel sets or arrays of sig-
moidal or curviplanar seams generally <1 mm wide were found in 
cores from 500 to 575 mbsf (Cores 358-C0025A-11R through 19R) 
(Figure F9A–F9D). The typical thickness of these vein arrays ranges 
from 1 to 10 cm.

Sediment-filled veins are common in sediments at subduction 
zones (accretionary prism, slope, and fore-arc basins; Hanamura 
and Ogawa, 1993; Maltman et al., 1993) and were also identified in 
cores from Sites C0002 (Kumano Basin interval) and C0024. Similar 
vein structures have been reported in cores from other subduction 

zones sampled in ocean drilling, including Nankai, Costa Rica, and 
Oregon, and also in shallowly buried accretionary prism/slope sedi-
ments exposed on land in the Miura/Boso Peninsulas (Japan) and 
the Monterey Formation (United States) (Hanamura and Ogawa, 
1993; Maltman et al., 1993; Shipboard Scientific Party, 2001; Expe-
dition 334 Scientists, 2012). Field and experimental studies have 
shown that these structures are likely caused by shaking of sedi-
ments during earthquakes (Hanamura and Ogawa, 1993; Brothers 
et al., 1996).

Although typical arrays of sediment-filled veins are oriented 
subhorizontally or subparallel to bedding, they tend to show steeper 
inclinations (40°–80°; Figure F7) in the lower portion (540–575 

Figure F7. Dip data, Site C0025.
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mbsf) of Hole C0025A. Where they coexist with subhorizontal sed-
iment-filled veins, steeper ones always cut the subhorizontal ones. 
Some arrays of sediment-filled veins exhibit small spacing between 
veins and in some cases coalesce to form a 1–3 cm thick dark 
seam/fault (e.g., Figure F9C). In microscopic observation, the min-
eral assemblages inside and outside each vein appear to be similar; 
they are differentiated by a smaller dominant grain size within the 
vein structure (Figure F9E–F9H).

The sediment-filled veins are also resolved on X-ray CT images, 
depending on their thickness. The thickest ones (1–4 mm) occur as 

bright structures (CT number = ~1400–1500) (Figure F10B, F10D). 
Veins <1 mm thick are generally not resolved (Figure F10B) or may 
correspond to very thin, high–CT number features (Figure F10F).

Faults
Minor small-displacement fault structures are readily apparent 

on split core surfaces (Figure F11). They show apparent displace-
ments of a few millimeters to a few centimeters. Minor faults in 
Hole C0025A are divided into two groups, one with a normal sense 
of displacement and stepped slickensides on open surfaces and the 

Figure F9. Sediment-filled veins representing (A) steeply dipping and (B) subhorizontal arrays, Site C0025. C, D. Some sediment-filled veins have narrow inter-
vein spacing and appear similar to thick cohesive faults. E, F. Microscopic view of sediment-filled vein (arrow) (E: plane-polarized light [PPL]; F: cross-polarized 
light [XPL]). G, H. Close-up of sediment-filled vein and matrix (G: PPL; H: XPL).
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other with cohesive (“healed”) and closed surfaces similar to the 
dark seams described in the previous section. The sense and/or 
amount of displacement is defined by where they cut bioturbation 
or sedimentary structures or by asymmetric fabrics along the faults 
(Figure F11C, F11D). The latter group is divided into two sub-
groups: <1 or ≥1 mm thick fault planes/zones. The thinner faults are 
darker than the host rock, have planar surfaces with sharp boundar-
ies, exhibit various dip angles, and are developed in the upper part 
of the cored interval in Hole C0025A (Figures F7, F11A, F11B). De-
formation structures in fault planes are unclear in macroscopic 
view. When the fault plane is opened, some faults have slickenlines, 
mostly indicating dip-slip (Figure F11B).

On the other hand, the thicker faults defined by zones ≥1 mm 
wide (on the split surface) appear darker in color than the host rock, 
have planar surfaces with sharp boundaries, incline moderately to 
steeply (35°–85°), and are developed only in the deeper part of the 
cored interval (Cores 358-C0025A-18R and 19R). The thickness of 
these faults reaches >10 cm in places. Some examples of the thick 
faults are characterized by a dense distribution of sediment-filled 
veins (Figure F9C). Therefore, both thick faults and vein structures 
represent similarly scattered dips (Figure F7). Macroscopically 
asymmetric deformation textures can be observed in some thick 

faults; however, no cataclastic deformation was identified (Figure 
F11C, F11D). In microscopic view, the boundary between thick 
faults and the host rock is unclear. Grain size in the fault zone is 
similar to that of the host rock, and no preferred orientation of 
grains was found (Figure F11E, F11F).

Normal faults are not well resolved in X-ray CT images that are 
parallel to the core split surface but can be visually identified where 
they displace bedding or other deformation structures (Figure 
F10B). They occur as bright (CT number = 1400–1600), thin fea-
tures. The thicker healed faults are clearly visible and occur as 
bright features with higher CT numbers (1500–1650) than the sur-
rounding matrix (1200–1350) (Figure F10B, F10D). This suggests 
that healed faults are composed of material that is slightly denser 
than the surrounding matrix.

Although the orientations of these faults are scattered, the larg-
est population dips toward the southwest (Figure F8B). Two reori-
ented normal faults strike northwest–southeast and dip toward 
both southwest and northeast (Figure F8B). Where striations are 
measurable, dip-slip striations on northwest–southeast fault planes 
are dominant (Figure F8C). These observations suggest that most of 
the faults at Site C0025 were formed under a normal faulting stress 
regime, with northwest–southeast SHmax.

Figure F10. (A, C, E) Photo image logger (MSCL-I) and (B, D, F) X-ray computed tomography (CT) images parallel to split-core surface illustrating sediment-filled 
veins (green arrows), cohesive healed faults (yellow arrows), and normal fault (red arrows) (A, B: 358-C0025A-19R-3, 40–64.5 cm; C, D: 18R-2, 60–75 cm; 
E, F: 15R-7, 75–82.5 cm). In X-ray CT images, cohesive healed faults are brighter than surrounding matrix, corresponding to higher CT number and density. 
B. Normal fault can be identified because it displaces array-vein structures. (B, D) Sediment-filled vein structures are generally resolved in X-ray CT images and 
occur as bright features filled with higher density material; (B) thinner sediment-filled vein structures are not resolved.
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Biostratigraphy and paleomagnetism
Biostratigraphy

Preliminary age determination for core samples from Hole 
C0025A is based exclusively on the examination of calcareous 
nannofossils.

Calcareous nannofossils
We examined all core catcher samples from Hole C0025A for 

calcareous nannofossil biostratigraphy. Poorly to moderately pre-
served nannofossils were found in most samples, and species diver-
sity is comparatively low. Most Quaternary datum planes described 
by Sato et al. (2009) and the lower Pliocene zonal markers of Martini 
(1971) and Okada and Bukry (1980) were identified in the sedimen-
tary sequence. The numerical ages of calcareous nannofossil bio-
stratigraphy follow a review by Raffi et al. (2006). Calcareous 
nannofossils obtained from Hole C0025A are listed in Table T7.

Samples 358-C0025A-1R-CC, 10.5–15.5 cm (406.14–406.19 
mbsf), 3R-CC, 0.0–5.0 cm (422.45–422.50 mbsf), and 4R-CC, 17.0–
22.0 cm (435.695–435.745 mbsf), are characterized by the occur-
rence of large Gephyrocapsa spp. (>5.5 μm) and Helicosphaera sellii, 
which are found in the middle Pleistocene (Zone NN19/CN13b; 

1.34–1.59 Ma). Samples 5R-CC, 15.0–20.0 cm (447.135–447.185 
mbsf), 6R-CC, 0.0–5.0 cm (457.185–457.235 mbsf ), and 7R-CC, 
27.0–32.0 cm (465.96–466.01 mbsf ), are characterized by the oc-
currence of medium Gephyrocapsa spp. (4–5.5 μm), H. sellii, and 
Pseudoemiliania lacunosa and by the absence of large Gephyro-
capsa spp. (>5.5 μm), which indicates that these intervals are as-
signed to an age of 1.59–1.67 Ma. The early Pleistocene assemblages 
found at this site are characterized by the occurrence of discoasters 
including marker species of Pliocene to Pleistocene successions. 
The occurrence of Discoaster brouweri (last occurrence [LO] at the 
top of Zone NN18/CN12d; i.e., 2.06 Ma) was found in the intervals 
between Samples 8R-CC, 12.5–17.5 cm, and 9R-CC, 25.5–30.5 cm 
(472.42–480.73 mbsf). Discoaster pentaradiatus, Discoaster surcu-
lus, and Discoaster tamalis, corresponding to ages of 2.45, 2.52, and 
2.87 Ma, respectively, were recognized in Sample 10R-CC, 15.5–
20.5 cm (489.835–489.885 mbsf ), and below. Sphenolithus abies
(LO at 3.65 Ma) was identified between Samples 15R-CC, 9.5–14.5 
cm (541.59–541.64 mbsf ), and 16R-CC, 25.0–30.0 cm (546.195–
546.245 mbsf ). Reticulofenestra pseudoumbilicus (LO at 3.79 Ma) 
was found in Sample 17R-CC, 20.0–25.0 cm (555.42–555.47 mbsf), 

Figure F11. (A) Thin cohesive fault and (B) slickenlines on fault surface, Site C0025. White triangles = position of fault. (C) Thick cohesive fault and (D) its X-ray CT 
image. E, F. Thicker fault and host rock (E: PPL; F: XPL). White triangles = position of fault boundary (host rock is to the upper left and fault is to the lower right 
across this boundary).
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and below. Discoaster asymmetricus was continuously found in 
Sample 9R-CC, 25.5–30.5 cm (480.68–480.73 mbsf), and below. 
Discoaster quinqueramus (LO at 5.59 Ma) was absent in samples 
from Hole C0025A. These results indicate that the sediments recov-
ered from Hole C0025A correlate with Zones NN14–NN15/CN10–
CN11 to NN19/CN13b (1.34–4.13 Ma).

Paleomagnetism
Remanent magnetizations of archive halves and discrete sam-

ples from Hole C0025A were measured at demagnetization levels of 
0, 5, 10, and 20 mT peak alternating fields for archive halves and at 
0, 5, 10, 15, 20, 30, 40, 50, 60, 70, and 80 mT for discrete samples to 
recognize stable magnetic components. Because X-ray CT scan im-
ages show strong drilling disturbance in the upper cores from Hole 
C0025A, discrete samples were not collected between Cores 358-
C0025A-1R and 6R. Magnetostratigraphic interpretations were 
therefore not implemented in that interval. It is confirmed that low-

coercivity components can be removed by demagnetization at levels 
of 5–10 mT for discrete samples (Figure F12). Therefore, the data 
after demagnetization at 20 mT are used for magnetostratigraphic 
interpretations.

Stratigraphic interpretation
Inclinations are used to identify magnetic polarity (Figure F13). 

Inclination values are dominantly positive except for at 500–520 
and 570–580 mbsf based on discrete samples. Calcareous nanno-
fossil ages (see Biostratigraphy; Table T7) indicate that the sedi-
ments recovered from Hole C0025A correlate with Zones NN14–
NN15/CN10–CN11 to NN19/CN13b (1.34–4.13 Ma). A normal 
dominant interval during this period of time is the Gauss Chron 
(2.581–3.596 Ma), which is intercalated by a few reversed short sub-
chrons. Therefore, the magnetic results suggest that the cored inter-
val from Cores 358-C0025A-7R through 19R (457–574.775 mbsf ) 
possibly correlates with the Gauss Chron (2.581–3.596 Ma).

Figure F12. Vector endpoint and stereonet magnetization directions show-
ing of alternating field demagnetization results, Site C0025. Demag. = 
demagnetization, NRM = natural remanent magnetization.
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Geochemistry
Inorganic geochemistry

IW was taken from Hole C0025A cores. Because the intent was 
to drill through slope cover and penetrate into the inferred depth of 
the accretionary prism, only 420–572 mbsf was cored because of 
time constraints. Evidence of gas expansion was observed in many 
cores, and this process is likely responsible for some contamination 
of sediments by seawater while cutting and retrieving cores. Con-
centration data not corrected for seawater contamination are shown 
in Table T8. IW yields and squeezing parameters are shown in Table 
T9.

Salinity and chlorinity
One of the clear observations from this site is the pronounced 

freshening of IW throughout the cored interval. Salinity and chlor-
inity have measured values of 23.5–26.8 and 389.8–460.5 mM, re-
spectively (Table T8; Figure F14). These values represent 
freshening of 18%–35% as compared to normal seawater. Both mea-
surements show the lowest values at 450.3 mbsf, which is the esti-
mated depth of the bottom-simulating reflector (BSR). Both 
measurements also covary closely and values vary smoothly with 
depth. One possible explanation is that decomposition of gas hy-
drate during core recovery and before shipboard analysis causes the 
freshening. A low-temperature anomaly (7.5°–8.9°C) was observed 
using the infrared camera at 449.70–449.88 mbsf (interval 358-
C0025A-6R-2, 80–98 cm), and no anomalies were observed in 

Cores 7R–10R. Similarly, low chlorinity values were observed in Ku-
mano Basin pore water at Site C0002, where they were also ascribed 
to dissociation of gas hydrate (Expedition 315 Scientists, 2009). The 
relatively smooth downhole trends in the chlorinity profiles suggest 
that if hydrate dissociation is the cause of pore water freshening, the 
hydrate is evenly disseminated rather than concentrated in discrete 
layers. Other possible explanations for low chlorinity values are flux 
of low-chlorinity fluids from an underlying source (e.g., deep-seated 
clay mineral dehydration) or that meteoric fluid is circulating at the 
margin.

Sulfate and alkalinity
Sulfate (SO4

2−) concentrations are uniformly low, ranging from 
0.57 to 2.95 mM (Figure F14). The pattern indicates that the cored 
interval is well below the sulfate–methane transition zone. The 
presence of methane throughout the interval also supports this in-
ference (Figure F15). Therefore, it is likely that the minor sulfate 
found represents small amounts of contamination from seawater 
drilling fluid. Alkalinity is relatively low and scattered as compared 
to Site C0024, though it is still higher than seawater alkalinity. The 
low alkalinity may result from the formation of diagenetic carbonate 
minerals during burial.

Ammonium, phosphate, bromide, and manganese
Ammonium (NH4

+) was not detected in IW. Bromide (Br−) con-
centrations are low and close to seawater concentrations with few 
fluctuations in values. The concentrations range from 0.77 to 0.89 
mM over the entire cored interval of >150 m (Figure F14). The 
depth-concentration pattern of bromide mimics that of chloride, 
suggesting there are likely few additional bromide inputs from or-
ganic matter breakdown. However, the elevated Br/Cl ratios (1.84–
2.20 mmole/mole) are higher than the seawater ratio of 1.45 
mmole/mole, suggesting the addition of Br other than seawater. 

Figure F14. Salinity, pH/pmH, alkalinity, sulfate, chlorinity, bromide, ammonium, and phosphate, Site C0025. Black arrows = seawater (SW) concentrations.
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Table T9. Interstitial water yields and squeezing parameters, Site C0025. 
Download table in CSV format.

Table T8. Interstitial water geochemistry, Site C0025. Download table in 
CSV format.
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Manganese (Mn) concentrations vary between 0 and 2 μM with ex-
ceptions from two measurements at 432.8 and 440.5 mbsf (Figure 
F16). There is no reduced manganese in the oxygenated bottom 
seawater; therefore, all IW samples have manganese concentrations 
higher than seawater. The low but detectable dissolved manganese 
may be due to the reduction of Mn oxides as documented from In-
tegrated Ocean Drilling Program Site C0012 (Torres et al., 2015). 
Phosphate (PO4

3−) concentrations show very little variance and are 
only slightly elevated above a typical seawater concentration of 3 
μM (Figure F14). This suggests little diagenetic influence related to 
precipitation of apatite.

Major cations (Na, Ca, Mg, and K)
Except for calcium (Ca2+), downcore concentrations of major 

cations (sodium [Na+], potassium [K+], and magnesium [Mg2+]) 
show similar patterns. The concentrations remain below seawater 
values with small local minima at 450.3 mbsf (Figure F17), which is 
probably related to the same dilution process documented by the 

salinity and chlorinity profiles (Figure F14). The pattern of calcium 
and magnesium concentrations suggests reductions relative to sea-
water due to carbonate formation during burial but also that no 
horizons occur over the cored interval with active carbonate forma-
tion (Figure F17). This is consistent with the observed low alkalini-
ties (Figure F14).

Minor elements (B, Li, Si, Sr, and Ba)
Boron (B) concentrations show enrichment relative to seawater 

values and a broad maximum 2.5 times higher than the concentra-
tion in seawater across 450.3–489.2 mbsf (Figure F16). Boron con-
centrations increase between 420.2 and 450.3 mbsf and then 
gradually decrease between 489.2 and 571.9 mbsf. These trends may 
suggest diffusion profiles both upward and downward centered 
around a horizon with elevated boron concentrations. Boron is sol-
uble in formation waters and can be added to IW by low-tempera-
ture alteration of volcanic matter or higher pressure/temperature 
desorption from clays and removed from IW by low-temperature 

Figure F15. Headspace gases, Site C0025.
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Figure F16. Minor elements boron, lithium, strontium, barium, iron, manganese, and silica, Site C0025. Black arrows = seawater (SW) concentrations.
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adsorption onto clay minerals. Enrichment is commonly inferred as 
an indicator of fluid flux from greater depths and higher tempera-
tures (Palmer, 2017). The top of the boron concentration maximum 
observed at Site C0025 is centered at the estimated depth of the 
BSR, but lateral flux of a deeper fluid cannot be excluded as a cause 
of the maximum. Shore-based boron isotope studies on IW may 
help identify the process leading to increased boron concentrations 
from 450.3 to 489.2 mbsf.

Lithium (Li) concentrations (105.96–164.79 μM) are approxi-
mately 4–6 times higher than seawater concentration (~26 μM; Fig-
ure F16). A flux from depth could account for the high 
concentrations, which are typical for deep fluids in subduction zone 
fore arcs (e.g., You et al., 1995; Kopf et al., 2003) and often covary 
with elevated boron. However, the local lithium maximum at 542.7 
mbsf is deeper than the peak in boron and the minima in chlorinity 
and major cation concentrations. Shore-based lithium isotope stud-
ies may also help distinguish the source of elevated lithium.

Silica (Si) concentrations range from 660.95 to 931.92 μM (Fig-
ure F16). The values fluctuate by 10%–20% with local maxima at 
465 and 539.0 mbsf and a local minimum at 563.0 mbsf. The varia-
tions could be caused by local dissolution of volcanic glass. Stron-
tium (Sr) concentrations are remarkably similar to seawater 
concentrations with little variation (Figure F16). The depth profile 
is similar to that of calcium and is consistent with a general lack of 
diagenesis related to carbonate formation or alteration of pla-
gioclase in volcanic matter. Barium (Ba) concentrations are scat-
tered with no obvious downhole trends (Figure F16). The scattered 
nature could be related to localized dissolution or formation of bar-
ite.

Trace elements (Rb, Cs, V, Cu, Zn, Fe, As, Mo, Pb, and U)
Generally, the scatter in trace element concentrations at Site 

C0025 is lower than those typically observed at other sites along the 
Nankai margin (Figure F18). Rubidium (Rb) behaves chemically 
similar to potassium and mimics the potassium profile. Cesium (Cs) 
shows a downhole trend similar to rubidium, but cesium is enriched 
relative to seawater concentrations, whereas rubidium is depleted.

Zinc (Zn), copper (Cu), molybdenum (Mo), and uranium (U) 
concentrations are highly variable. Zinc, copper, and molybdenum 
concentrations are higher than seawater values, whereas uranium 

concentrations are lower. The latter reflects the lower solubility in 
reducing environments.

Organic geochemistry
Chemical compositions of hydrocarbon gases
Hydrocarbon gases in headspace gas

The composition and concentration of hydrocarbon gases de-
tected from headspace gas samples are shown in Table T10. The 
depth trends of methane, ethane, and propane concentrations and 
C1/(C2 + C3) molar ratios are shown in Figure F15. Methane con-
centrations range mostly between 0.5 and 1.6 vol% (2,994–15,562 
ppmv). The concentrations are scattered but show slightly elevated 
values at 448.9 (peak value = 1.6 vol%) and 539.8 mbsf. Propane con-
centrations are ≤1 ppmv. C1/(C2 + C3) ratios are <1100 except for 
two samples with ratios of 1800 and 2600 at 420.2 and 554.9 mbsf, 
respectively. The variations of hydrocarbon components are coinci-
dent with the freshening of IW relative to seawater, suggesting the 
presence of methane hydrate at the cored depths.

Hydrocarbon gases in void gas
The hydrocarbon compositions of void gases sampled from the 

gas expansion in the cored sediments just after recovery are shown 
in Table T11. The gas taken from 463.8 mbsf contains >96 vol% 
methane. The C1/(C2 + C3) molar ratio of 1550 from the sample at 
463.8 mbsf is similar to the range of values measured in headspace 
gases.

Carbonates, organic carbon, and total nitrogen of cores
The results for calcium carbonate, total organic carbon (TOC), 

total nitrogen (TN), total sulfur (TS), and the TOC/TN ratio are 
shown in Table T12 and Figure F19. TOC varies, ranging from 0.2 
to 0.9 wt%. The deeper cored interval (500–570 mbsf ) has slightly 
higher TOC than the interval above. Calcium carbonate content 
ranges between 3 and 16 wt%. Values >15 wt% appear from 450.5 to 
470.8 mbsf and again at 511.8 and 542.9 mbsf. TN and TS contents 
are low and highly variable throughout the cored intervals. The 
TOC/TN ratio generally decreases downhole. In the upper 100 m, 
ratios of >10 are common and are consistent with burial of terres-
trial organic matter. The lowest cored section has TOC/TN ratios 
mostly <10, which is more consistent with organic matter domi-
nated by marine material.

Figure F17. Major cations sodium, potassium, magnesium, and calcium, Site C0025. Black arrows = seawater (SW) concentrations.
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Figure F18. Trace elements vanadium, copper, zinc, arsenic, rubidium, molybdenum, cesium, lead, and uranium, Site C0025.
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Table T10. Headspace gas composition, Site C0025. Download table in CSV format.

Table T11. Void space gas composition, Site C0025. Download table in CSV format.

Table T12. Inorganic carbon (IC), calcium carbonate, total nitrogen (TN), total carbon (TC), total sulfur (TS), total organic carbon (TOC), and TOC/TN ratio, Site 
C0025. Download table in CSV format.

Figure F19. Calcium carbonate, total organic carbon (TOC), total sulfur (TS), total nitrogen (TN), and TOC/TN ratio, Site C0025.
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Physical properties
A range of physical property measurements were performed on 

core samples from Hole C0025A. Moisture and density (MAD) and 
P-wave velocity measurements were conducted on discrete samples 
taken from working halves and cluster samples from whole-round 
cores. Electrical resistivity measurements were performed on either 
the same discrete samples taken for MAD and P-wave velocity mea-
surements using two electrodes or working halves using a four-pin 
array electrode. Whole-round multisensor core logger (MSCL-W) 
measurements were conducted on whole-round cores. Thermal 
conductivity was measured on either whole-round cores using a 
full-space needle probe or working halves using a half-space line 
source probe. Undrained shear strength was measured on working 
halves using the penetrometer.

MSCL-W (whole-round cores)
Whole-round cores from Hole C0025A (400–574.34 mbsf) were 

analyzed by the MSCL-W (see Physical properties in the Expedi-
tion 358 methods chapter [Hirose et al., 2020]). The results of 
gamma ray attenuation (GRA) bulk density, magnetic susceptibility, 
NGR, and electrical resistivity measurements are summarized in 
Figure F20. Core liners made of polycarbonate were used in Hole 
C0025A.

GRA bulk density, NGR, and electrical resistivity mostly range 
from ~1.5 to 2.0 g/cm3, from 15 to 79 counts/s, and from 0.5 to 39 
Ωm, respectively, between 400 and 574.34 mbsf. GRA bulk density 
values are scattered less than ~1.5 g/cm3, and the sporadic high val-
ues seen in the electric resistivity data correspond to zones where 
core quality was poor at the ends of core runs (both top and bottom) 
and influenced by air pockets inside the core liner. NGR shows a 
spike as high as 79 counts/s at ~465 mbsf corresponding to a depth 
interval where glauconite fragments were found in the core (see Li-
thology). Magnetic susceptibility values range mostly between 1.3 × 
10−4 and 1.12 × 10−3 SI at 400–442 mbsf before rapidly decreasing to 

about 1 × 10−4 SI at ~450 mbsf. This drop in magnetic susceptibility 
coincides approximately with the Lithologic Unit I/II boundary (see 
Lithology). Magnetic susceptibility then remains relatively constant 
between 5 × 10−5 and 1.5 × 10−4 SI to 574 mbsf, except for a broad 
peak as high as 3.7 × 10−4 SI at 465 mbsf. The peaks in magnetic 
susceptibility at 510–520 mbsf may reflect the presence of ash layers 
(see Lithology).

Moisture and density measurements
MAD measurements were carried out on a total of 182 discrete 

core samples (Table T13) to determine grain density, bulk density, 
and porosity (Figure F21). Grain density values mostly scatter be-
tween 2.63 and 2.79 g/cm3. Bulk density and porosity scatter be-
tween 1.77 and 2.08 g/cm3 and between 38.5% and 54.5%, 

Figure F20. Whole-round multisensor core logger measurements, Site C0025. GRA = gamma ray attenuation, NGR = natural gamma radiation. cps = counts per 
second.
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Table T13. Moisture and density measurements of discrete core samples, Site 
C0025. Download table in CSV format.

Figure F21. Moisture and density measurements on discrete core samples, 
Site C0025.
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respectively, with no clear overall compaction trend. We did not ob-
serve a noticeable change in porosity at the lithologic unit boundary 
at 441 mbsf. However, a slight shift occurred in the average porosity 
from about 48% to 44% between 450 and 460 mbsf, likely correlating 
with the depth where the core became more indurated and a change 
in measurement method was required for resistivity (from four-pin 
array to two electrodes) and thermal conductivity (full-space needle 
probe to half-space line source probe). There are also depth inter-
vals where porosity values cluster at relatively lower values with less 
variation. Between 480 and 500 mbsf and between 545 and 555 
mbsf, porosity ranges between 40% and 45% and between 41% and 
43%, respectively. These lower porosity values generally correspond 
to relatively sandier and calcite-poor zones at these depth intervals 
(see Lithology). The transition to lower porosity values at 480–500 
mbsf also coincides with the Lithologic Subunit IIA/IIB boundary.

Electrical resistivity and P-wave velocity 
measurements (working half and discrete core 

samples)
Electrical resistivity and P-wave velocity measurements were 

made along x-, y-, and z-directions from 466.5 to 574.3 mbsf, where 
the material was sufficiently indurated to be cut into cubic samples. 
For cores recovered from shallower depths (400–457.18 mbsf ), the 
material was unconsolidated and could not be cut into cubic sam-
ples. Therefore, P-wave velocity measurements were not made in 
this depth range and electrical resistivity measurements were made 
only along the y- and z-directions using the four-pin electrode array 
pushed into the soft sediment in the core liner.

Despite significant scatter, we note an increase in resistivity with 
depth from ~1 Ωm at 400 mbsf to ~2 Ωm at 574.3 mbsf (Figure 
F22A). This increase is primarily due to a shift from values of ~1.2 
to 1.8 Ωm at ~460 mbsf. This shift may reflect sediment properties 
either related to primary sediment character or disturbance associ-
ated with gas hydrate dissolution (although this interval is deeper 

than the maximum depth for gas hydrate stability at this site, pre-
dicted by a BSR in the site survey data; Tsuji et al., 2015) or could 
result from using different measurement techniques (see Physical 
properties in the Expedition 358 methods chapter [Hirose et al., 
2020]). Vertical electrical resistivity anisotropy shows significant 
scatter but a decreasing trend with depth from predominantly posi-
tive values at shallower depths to negative values at greater depths 
(Figure F22B). The transition from positive to negative values cor-
relates well with the shift in electrical resistivity at 460 mbsf. Below 
460 mbsf, where anisotropy was characterized in both the horizon-
tal and vertical directions, vertical anisotropy is on average lower 
than horizontal anisotropy. This indicates that resistivity values are 
higher in the z-direction, likely reflecting a fabric caused by vertical 
compaction that leads to a greater degree of pore space connectivity 
in the horizontal direction.

P-wave velocity values generally scatter between 1500 and 1900 
m/s without any clear trend with depth (Figure F22C). A total of 16 
measurements on 6 different samples, especially from greater 
depths, were omitted because the waveforms are disturbed and 
picking of P-wave arrivals is not possible. The most likely cause is a 
technical problem with the transducer. Although horizontal aniso-
tropy scatters around 0% and remains within a range of ~20% (Fig-
ure F22D), vertical P-wave velocity anisotropy is slightly higher 
than the horizontal, suggesting lower P-wave velocity values in z-
direction. We note that the measurements were conducted 3.5 
months after the cores were recovered; thus, the observed velocity 
anisotropy may have been enhanced by preferential strain recovery 
in the vertical direction.

Thermal conductivity (whole-round cores and 
working halves)

Thermal conductivity (k) was measured on whole-round cores 
from 406 to 471 mbsf using a full-space needle probe and on work-
ing halves from 479 to 573 mbsf using a half-space line source probe 

Figure F22. Electrical resistivity, electrical resistivity anisotropy, P-wave velocity, and P-wave velocity anisotropy, Site C0025.
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(Figure F23; Table T14). Thermal conductivity decreases from 1.56 
W/(m·K) at 406 mbsf to 1.31 W/(m·K) at 454 mbsf and then in-
creases to as much as 1.74 W/(m·K) at 512 mbsf. Values then remain 
relatively constant between 1.24 and 1.58 W/(m·K) to 573 mbsf. 
This trend is generally in negative correlation with porosity (Figure 
F21).

Thermal conductivity values are reasonably well described as a 
function of porosity (ϕ) and grain thermal conductivity (ks) using a 
geometrical mean model (e.g., Brigaud and Vasseur 1989) (Figure 
F24):

k = kw
ϕ × ks

(1 − ϕ),

where kw is the thermal conductivity of pore water (0.6 W/[m·K]). 
The relationship between thermal conductivity and porosity from 
Site C0025 follows the trend obtained from Kumano Basin sedi-
ments at Site C0002 (Expedition 315 Scientists, 2009; Strasser et al., 
2014; Tobin et al., 2015).

Shear strength (working halves)
Shear strength was measured using a standard pocket pene-

trometer (see Physical properties in the Expedition 358 methods 
chapter [Hirose et al., 2020]) on working halves from 400 to 472 
mbsf at Site C0025 (Figure F25). At least one but occasionally two 
measurements were made per section. Given the increasing stiff-
ness of the sedimentary succession with depth, we made measure-
ments only on Cores 358-C0025A-1R through 9R.

Undrained shear strength values range from 8.5 to 30.9 kPa be-
tween 400 and 406 mbsf. Below 420 mbsf, undrained shear strength 
increases and is characterized by increased scatter (Figure F25). 

Figure F23. Thermal conductivity, Site C0025.
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Table T14. Thermal conductivity measurements, Site C0025. Download 
table in CSV format.

Figure F24. Thermal conductivity vs. porosity, Sites C0025 and C0002. 
Dashed and solid lines represent theoretical values for different grain ther-
mal conductivity (ks) based on geometrical mean mixing model.
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Figure F25. Undrained shear strength measurements, Site C0025.
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The majority of the strength values between 420 and 472 mbsf are 
<100 kPa, with a few values for more indurated sediments that 
reach values of almost 300 kPa at 466 mbsf.

Anelastic strain recovery
During the expedition, we conducted anelastic strain recovery 

(ASR) measurements using fresh whole-round core samples on the 
ship to estimate the in situ stress orientation and the 3-D stress re-
gime. The time-sensitive ASR measurements were started a few 
hours after the core samples were cut from the formation. We ap-
plied the same ASR measurement techniques as those successfully 
used during previous NanTroSEIZE expeditions (Byrne et al., 2009; 
Yamamoto et al., 2013; Oohashi et al., 2017).

At Site C0025, we conducted shipboard ASR measurements for 
three whole-round core samples (358-C0025A-11R-8, 97–111 cm, 
18R-1, 46–57 cm, and 19R-1, 132–147.5 cm). As a representative re-
sult of the shipboard ASR measurements, the anelastic strain data, 
the three principal strains, and mean strains are shown in Figure 
F26.
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