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Background and obijectives

Integrated Ocean Drilling Program (IODP) Site CO002 (proposed
Site NT3-01B; Fig. F1) is the centerpiece of the Nankai Trough
Seismogenic Zone Experiment (NanTroSEIZE) project (Tobin and
Kinoshita, 2006). Planned scientific and technical targets for
IODP Expedition 338 included collecting logging-while-drilling
(LWD), cuttings, and core data in the lower Kumano forearc basin
and in the inner wedge of the Nankai accretionary complex and
extending riser Hole COO02F to 3600 meters below seafloor
(mbsf). This would extend the hole beyond the 20 inch casing
point (860 mbsf), which was cemented in place during IODP Ex-
pedition 326 in 2010 (Expedition 326 Scientists, 2011) (Fig. F2).
Riser drilling with the D/V Chikyu during Expedition 338 was to
sample the interior of the accretionary complex in the midslope
region beneath the Kumano forearc basin with both cores and
drilling cuttings and to collect an extensive suite of LWD and
mud-gas data to characterize the formation. Through the installa-
tion of two casing strings (16 inch casing from 860 to 2300 mbst
and 13% inch casing from 2300 to 3600 mbsf), Expedition 338
was to prepare Hole COOO2F for deeper drilling expected to reach
the megasplay target during the 2014 and 2015 International
Ocean Discovery Program riser drilling seasons. Because of
weather and current conditions that caused the suspension of
riser drilling operations (see below), LWD data and cuttings were
only obtained from 860 to 2005 mbsf (Figs. F2, F3), and addi-
tional riserless coring (200-500, 900-940, and 1100-1120 mbsf)
(Fig. F3) was completed at Site CO002 as part of contingency oper-
ations.

The uppermost 1400 m section at Site CO002 was characterized
with a comprehensive LWD program during IODP Expedition 314
(Hole C0O002A) (Fig. F4) (Expedition 314 Scientists, 2009). The in-
tervals 0-204 and 475-1057 mbsf were cored during IODP Expedi-
tion 315 (Holes CO002D and C0002B) (Expedition 315 Scientists,
2009b). The Kumano forearc basin sedimentary package extends
from the seafloor to ~940 mbsf and is underlain by the deformed
inner wedge of the accretionary package. The seismic reflection
character of the entire zone from ~940 mbsf to the megasplay re-
flection at ~5200 mbsf exhibits virtually no coherent reflections
that would indicate intact stratal packages, which is in contrast to
the outer accretionary wedge seaward of the megasplay fault sys-
tem (Fig. F2; also see Moore et al., 2009). This seismic character is
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thought to indicate complex deformation within the
inner wedge of the Nankai accretionary prism.

The primary research objectives for the interval
drilled during Expedition 338 were

1. Determination of the composition, age, stratig-
raphy, and internal style of deformation of the
upper forearc basin section, the basin-to-prism
transition, and the presumably Miocene accre-
tionary complex;

2. Reconstruction of the accretionary complex’s
thermal, diagenetic, and metamorphic histories
and comparison with present pressure and tem-
perature conditions;

3. Determination of horizontal stress within the
deep interior of the inner wedge;

4. Investigation of the mechanical state and be-
havior of the formation; and

5. Characterization of the overall structural evolu-
tion of the Nankai accretionary prism and the
current state of the upper plate above the seis-
mogenic plate boundary thrust.

Cuttings and core samples were collected for geome-
chanical experiments to be completed at inferred in
situ conditions, which will help constrain mechani-
cal and hydrological properties of the inner wedge
materials. Continuous cuttings analyses provided in-
formation on the lithologic constituents and their
variation with depth in the inner accretionary
wedge. Cuttings help ground-truth properties esti-
mated by LWD. Careful consideration must be made
with cuttings, however, as there is known mixing be-
cause of the reaming-while-drilling (RWD) process
(see “Operations”).

Initial riser drilling plans required modification
when, because of a newly found risk of riser opera-
tions during a quick change in wind direction (e.g.,
weather front passing) with the fast Kuroshio Cur-
rent, riser operations were suspended and we were
unable to extend Hole CO002F to 3600 mbst or set
any casing strings (see “Operations”). The revised
operations plan included LWD with cuttings collec-
tion from 872.5 to 2005.5 mbsf (Hole CO002F) and
riserless coring of the intervals 200-505 mbst (Holes
CO0002K and C0002L), 900-940 mbsf (Hole C0002J),
and 1100.5-1120 mbst (Hole CO002H) (Fig. F3). Rela-
tive locations of all Site CO002 holes are shown in
Figure F4. This revised plan provided LWD data and
cuttings samples from the previously unsampled
deeper part of the accretionary prism and core sam-
ples across the unresolved unconformity between
the Kumano Basin sediment and underlying accre-
tionary prism sediment and across the gas hydrate
zone, which was not cored during Expedition 315.
Thus, the revised plan enabled us not only to newly

explore the inner accretionary wedge to 2005.5 mbsf
but also to complement our knowledge of this site.

Operations

Shimizu, Japan, port call

Expedition 338 officially began at 0000 h on 1 Octo-
ber 2012 while the Chikyu was north of Izu-Oshima,
Japan, as part of the evacuation procedures for Ty-
phoon Jelawat. The evacuation ended at 0400 h on 1
October when the vessel began to return to port call
in Shimizu, Japan. Port call began at 0550 h on 2 Oc-
tober, with all loading operations concluded by
2400 h on 3 October. The vessel departed Shimizu,
Japan, for Site C0002 at 1035 h on 4 October.

Site C0002

Hole CO002F

Seabed survey and transponder deployment began at
1230 h on 5 October 2012 and were completed on 7
October. After calibrating transponders, the Chikyu
sailed to the blowout preventer (BOP) and riser run-
ning point 20.8 nmi northwest of Site CO002. The
BOP and riser joints were set up in the moonpool
and prepared for running, which began at 0400 h on
8 October. By 0400 h on 9 October, the BOP reached
490 m drilling depth below rig floor (DRF); however,
because of the development of Typhoon Prapiroon, a
decision was made to wait on weather (WOW) and
to monitor the typhoon track at 0900 h on 9 Octo-
ber; subsequently, BOP and riser recovery began for
evacuation standby at 1300 h on 11 October. Recov-
ery was completed at 0600 h on 12 October. The ves-
sel moved 21 nmi northwest of Site CO002 to facili-
tate the arrival of the first scientists by helicopter
transfer on 13 October and to avoid the strengthen-
ing current. We continued to monitor developing ty-
phoon tracks and remained in WOW status until
0700 h on 19 October, when preparations to begin
running the BOP into the moonpool commenced.
Once the BOP was in the moonpool at ~1700 h, BOP
pressure tests were run, ending at 1800 h, and the
BOP was run into the water. Careful attention was
paid to the auxiliary (AUX) line and buoyant riser
joints, all the while conducting regular AUX pressure
tests (six pressure tests in total). AUX line trouble-
shooting and buoyancy riser joint replacement was
required on 21 October when one joint was replaced.

While running the BOP, several function tests and
pressure tests found failures on the AUX line, the
conduit line, and the hot line, which were subse-
quently repaired. The BOP finally landed on the
wellhead at 2130 h on 26 October. All function tests,
repairs, and maintenance were complete by 1045 h
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on 29 October. The tests included a pickup test by in-
creasing tensioner tension, slump tests by decreasing
drawworks tension, function tests of the diverter,
pressure tests of the wellhead connector and the 20
inch casing, function tests of the BOP from both the
Blue Pod (driller’s control panel) and the Yellow Pod
(toolpusher’s control panel), a pressure test of the
BOP, a pressure test of the BOP with 20 inch casing
and inside drill pipe, a function test of the remaining
valves in block position, and confirmation of work-
ing time and flow rate of the BOP.

The bottom-hole assembly (BHA) for drill-out ce-
ment (DOC) was run into the hole at 1900 h on 30
October and tagged the top of the cement/bottom of
the hole (842 mbsf) at 1415 h on 31 October. DOC
with the 17 inch bit reached 872.5 mbsf, with an ex-
tension into the formation (to 875.5 mbsf) to con-
firm the cement plug was completely drilled through
that ended at 2045 h. After DOC was complete, the
hole was swept with Hi-Vis mud, then seawater, and
then KNPP mud. Methane (15.5%) was found in the
drilling mud, and after monitoring, it was decided to
move ahead with two leak-off tests (LOTs) of the 20
inch casing shoe starting at ~1100 h on 1 November.

The DOC BHA was recovered and laid down, after
which the LWD/measurement-while-drilling (MWD)
underreamer BHA (see “Introduction” in the “Meth-
ods” chapter [Strasser et al., 2014a]) was made up
and run into the hole (Table T1) and tested at 0430 h
on 2 November. All function tests (n = 4: shallow, 50
meters below sea level [mbsl], and 132.5 and 778.5
mbsf) were successfully completed by 0100 h on 3
November, after which drilling began. The BHA was
picked up to 905.8 mbsf after drilling ahead to
915.19 mbsf at 0745 h on 4 November to activate
the underreamer (total of six attempts made), which
took ~2 h.

Drilling with the underreamer BHA began at 1000 h
on 4 November. Rate of penetration (ROP) was con-
trolled at 40 m/h from 914.5 mbsf and changed to
20-26 m/h below 923.8 mbsf. Concerns with the
large volume of cuttings, more than the waste mud
control system could handle, required careful con-
trol, sweeping, and sometimes suspension of drill-
ing. Repeat logging was carried out three times using
these periods (~30 m/h): uplogging from 1432.40 to
1494.25 mbsf, downlogging from 1480.86 to
1538.77 mbst, and downlogging from 1557.82 to
1615.58 mbst. Expected rough weather caused drill-
ing to be suspended at 1538.5 mbsf (2200 h on 5 No-
vember), and the BHA was pulled out of the hole
above the BOP. Drilling resumed (ROP = 15 m/h) at
2100 h on 6 November but stopped again when
1604.5 mbsf was reached because dispersed sediment
was observed coming from one port on the 36 inch

conductor pipe with subsequent hydrate accumula-
tion around the wellhead (1230 h on 7 November).
Observation for 6 h showed stable flow, so drilling
was resumed (ROP = 10-15 m/h) at 2300 h on 7 No-
vember. From 1604.5 to 2005.5 mbsf (2300 h on 7
November to 0800 h on 11 November), drilling con-
tinued with some interruptions, mainly because of
waste mud control system issues (e.g., mud pump
problems, screw conveyer for mud transfer issues,
and strong currents interfering with supply boats).
Drilling was stopped again to standby for rough
weather, and the BHA was pulled out of the hole
above the BOP at 1515 h on 12 November.

During WOW, a critical function failure of the Dou-
ble V Shear (DVS) ram (a key component of the BOP
designed to close the hole while maintaining annu-
lar pressure after the BOP disconnects) was found. It
was decided at 0530 h on 13 November to spot ce-
ment and suspend the hole until the failure was re-
solved. Fortunately, the root cause of the failure was
determined, and a mitigation plan was enacted for
the BOP; therefore, at 0230 h on 14 November, the
BOP disconnection plan was canceled. DOC began at
0115 h on 15 November and completed at 1630 h
when the DOC BHA was pulled out of the hole to
the surface. Subsequently, the underreamer BHA for
reaming and enlarging the hole from 12% to 20
inches was run into the hole at 0000 h on 16 No-
vember. The underreamer was activated at 2848 m
DRF at 0300 h; reaming was conducted from 0300 to
2300 h on 16 November. When bit depth reached
3955 m DRF (1990 mbsf) and the underreamer depth
and 20 inch hole was at 3949 m DRF (1984 mbsf), an
approaching weather system caused another WOW.
Reaming and backreaming down to the final bit
depth were performed over the next 5 h until the
BHA was pulled out of the hole to 1576 m DRF by
1430 h on 17 November after performing backream-
ing in the hole and spotting with high-viscosity
mud. As a standby operation, the kill line was
flushed and the DVS ram was closed.

At 1730 h on 17 November, the vessel went into an
emergency disconnect because of the high current
speed of ~4.5 kt from the west and a sudden change
in wind direction and speed (Fig. F5), the combina-
tion of which forced the vessel 40 m from the well
center, and control of the vessel was lost. The emer-
gency disconnect was conducted safely and effi-
ciently and then the vessel drifted 1300 m east of the
wellhead at 4 kt. However, while this was happening,
the riser pipe hit the hull of the vessel and the inter-
mediate flex joint sustained damage because of sig-
nificant flexure. Pulling out of the hole to the surface
continued, ending at 0415 h on 18 November;
whereupon the vessel recovered the remotely oper-
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ated vehicle (ROV) and moved to the low-current
area (LCA) 13 nmi northwest of Hole COO0O2F to be-
gin riser recovery. The tensioner ring was removed,
and electrical cable connections were also removed.

Riser pull out began at 2300 h and termination joints
were checked. The diverter was laid out from 0000 h
on 19 November, and the riser termination joint was
pulled out of the moonpool at 0430 h. The hot line
was reterminated in the moonpool, and a pressure
check from 1400 to 1800 h confirmed the BOP status
was still good. The gooseneck was inspected, includ-
ing welding points on the slip joint with magnetic
particle inspection (MPI) for cracks from 2100 to
0030 h on 20 November. Riser sections continued to
be pulled, stopping to perform pressure tests on the
choke and Kkill lines for 3 h from 0315 h. After the in-
termediate flex joint was pulled up, the termination
joint weld was inspected via MPI, whereupon four
cracks were found; advice on repair was sought from
the manufacturer. The results of careful inspection
and manufacturer advice led to the conclusion that
the repairs needed could only be conducted on
shore; accordingly, it was decided to end riser opera-
tions as the time needed for repairs would exceed the
planned expedition duration.

Meanwhile, the conduit and Kkill lines on the goose-
neck passed inspection by 2315 h on 21 November
after several tests and leakage troubleshooting. Once
passed, the gooseneck was removed so that the inter-
mediate flex joint could be installed, finishing at
0600 h on 22 November. Once installed, the goose-
neck and choke, booster, and kill moonpool hoses
were made up, pressure tested, and installed by
1515 h. The landing and riser joints were also picked
up, connected, and lowered to the moonpool, where
work began to couple the riser tensioners to the
landing ring, finishing by 0330 h on 23 November.

After the ROV was launched, a dummy-landing test
50 m from the well center was conducted success-
tully at 1730 h, and by 2030 h the lower marine riser
package was landed on the lower BOP stack and
locked in place. Riser running components were laid
down by 0600 h on 24 November. The diverter as-
sembly was made up and run into the hole to 2987
m DRF by 1700 h and then slowly pulled out of the
hole to 2878 m DRE. The first cement plug was set at
2200 h and then pulled out of the hole to 2460 m
DRF while waiting for cement. At 0445 h on 25 No-
vember, the BHA was run into the hole back to 2805
m DRF to confirm the top of cement and to begin
the first cement plug pressure test. After confirming
the cement plug, the BHA was pulled out of the hole
to 2367 m DREF to set the second cement plug, pulled
out of the hole to 2120 m DRF, and then pulled out
of the hole to the surface by 1745 h.

The Hydralift Power Swivel (HPS) was parked and the
riser running tool and riser guide head were in-
stalled, finishing at 2245 h. Once complete, the mas-
ter bushing was removed while the ROV removed
the hydrate build-up around the wellhead connec-
tor. The diverter and upper flex joint were picked up
and laid down by 0400 h on 26 November, where-
upon the BOP was disconnected, the wellhead was
examined by the ROV, and the ROV was recovered to
the surface by 0730 h.

The vessel moved to the LCA ~15 nmi from Hole
COO002F and began recovering riser joints and the
BOP at 1200 h on 27 November. The intermediate
flex joint was recovered at 0200 h on 28 November,
after which riser joint and BOP recovery continued.
Recovery was briefly halted on 30 November to load
the guide horn from the supply boat Shincho-Maru
and resumed at 1000 h. The riser joints were all re-
covered and laid down by 0930 h on 1 December, af-
ter which the BOP was pulled out to the surface,
landed on the BOP cart, and moved to its storage po-
sition aft of the moonpool by 1815 h.

Once the BOP was loaded on the cart, the HPS was
rigged up again, and the vessel returned to Site
C0002, arriving at 0630 h on 1 December. At Site
C0002, the ROV dove at 0745 h, and the vessel
shifted to the Hole C0002G long-term borehole
monitoring system (LTBMS) so that the ROV could
inspect the LTBMS. The vessel shifted back to Hole
COO0O02F, and the ROV set the corrosion cap and
checked the bull’s eyes, finishing by 1145 h. Once
complete, the ROV began recovering and deploying
transponders; 4 transponders were deployed and 10
were recovered, all completed by 0330 h on 2 De-
cember. The lower and middle guide horn sections
were set on the BOP cart and connected by 0415 h;
once connected, the vessel moved to Site CO012.

Hole CO002H

On 8 December 2012 at 0130 h, the ship moved 7
nmi north-northwest of Hole COO02H after prepara-
tions for coring began with the make up of the ro-
tary core barrel (RCB) BHA. A short WOW period
lasted until 1600 h, after which the vessel moved to
within 5 nmi west of the well center. Drifting in be-
gan at 1800 h while the BHA was run into the hole,
with a 1 h standby as an internal BOP ball valve mal-
function was resolved. We continued to drift in to
the well center, dropping the center bit at 0300 h on
9 December. The seafloor was tagged and confirmed
at 1965 m DRF (1936.5 mbsl) at 0345 h, as indicated
by an increase in weight on bit (WOB). We washed
down the first 36 m then began drilling a 10% inch
hole at 0430 h, reaching 752 mbsf by 2000 h. The
sinker bar was run down to recover the center bit for
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a wear check at 2145 h and dropped again at 2330 h,
landing 13 min later. We then drilled to 1055 mbsf
by 0730 h on 10 December. After a series of sweeping
out the hole, drilling ahead, and sweeping again, the
sinker bar was run at 1100 mbsf to recover the center
bit in preparation for dropping the inner core barrel.
At 1430 h, coring began, advancing 9.5 m to 1110
mbsf with recovery on deck at 1545 h. The BHA was
stuck for the next 45 min, but after working and
sweeping, the core barrel was dropped at 1845 h for
the next coring advance. Coring to 1120 mbsf (9.5 m
coring advance) began and the core barrel was recov-
ered on deck at 2105 h. After the core barrel was re-
covered, the drill pipe was stuck in the hole again,
but constant work freed the pipe at 0145 h on 11 De-
cember. The BHA was pulled out of the hole with
reaming and laid down on deck by 0715 h. No obvi-
ous overpull or packoff indication was seen on the
drill string, so preparations to return to RCB coring
began. The vessel was moved 2 nmi from Hole
CO0002I for preparation for running the RCB BHA
into Hole COOO02I.

Hole C0002I

Hole C0002I operations began with drifting in at
1100 h on 11 December 2012 and dropping the cen-
ter bit at 1630 h prior to spudding in at 1964.5 m
DRF (1936 mbsl) 9 min later. The first 33.5 m was
washed down and drilling ahead began from 1800 h,
reaching 818.5 mbsf at 0600 h on 12 December. An-
other series of drilling ahead, sweeping, and hole
cleaning began once past 905 mbsf. On 13 Decem-
ber, the bit reached 1360 mbsf at 0430 h, continuing
until 0445 h on 13 December, when the 4S azimuth
thruster shut down and dynamic positioning (DP)
status changed to “yellow.” Once this occurred, the
BHA was pulled out of the hole to 900 mbsf in prepa-
ration for emergency pulling out of the hole to the
seafloor. The 4S azimuth thruster was restarted at
0600 h, and DP status returned to “green.” Circula-
tion and hole cleaning began once green DP status
was established and drilling back to 1105.5 mbst be-
gan.

Drilling stopped at 1005 mbsf, whereupon the BHA
became stuck at 1030 h on 13 December. Operations
to free the stuck pipe began immediately. Attempts
to recover the center bit at 1400 h on 14 December
were unsuccesstul; therefore, rig up of the Schlum-
berger wireline tool, the Free-Point Indicator Tool
(FPIT), began at 1645 h. The stuck position was con-
firmed at 853 and 915 mbsf, after which the FPIT
was rigged down for running the colliding tool to
free the drill pipe at 0300 h on 15 December. The
colliding tool was set and the explosive primed at
0700 h, when operations to install the colliding tool

were suspended because of bad weather conditions,
specifically high winds. The lower connection of the
drill pipe on the rig floor was broken to run the col-
liding tool directly from the rig floor by 0745 h
when the Schlumberger wireline winch failed. Trou-
bleshooting began immediately and finished at
2130 h. The colliding tool was rigged up and the ex-
plosive was reset by 2315 h. The tool was run at
0300 h on 16 December, and the drill pipe was cut at
0345 h. The colliding tool was rigged down by
0515 h, and pulling out of the hole began. After the
tools were laid down, the Chikyu moved to the LCA
to load equipment and to perform maintenance on
the HPS top drive, ending on 17 December. After
pressure tests confirmed the integrity of the HPS re-
pairs, we began making up and testing the RCB BHA
for Hole C0002].

Hole C0002)

The vessel moved to a position 3 nmi west of Hole
C0002]J, while the RCB BHA was made up and run
into the hole from 1830 h on 17 December 2012.
Spudding in Hole C0002] was confirmed at 1966 m
DRF (1937.5 mbsl) at 0830 h on 18 December. The
BHA was immediately jetted to 35 mbsf before drill-
ing began. By 2330 h, the bit reached 872.5 mbsf be-
fore stopping to space out a single joint. Drilling
continued until reaching 902 mbsf at 0045 h on 19
December. After sweeping out the hole, coring began
at 0430 h. A total of seven RCB cores were collected,
finishing at a total depth (TD) of 940 mbsf at 1930 h.
Once coring was completed, kill mud was spotted
and the RCB BHA was pulled out of the hole to the
surface, and tool lay down was completed by 0545 h
on 20 December. The vessel moved upstream 2 nmi
to Hole CO002K and began preparations for coring in
Hole COO02K.

Hole C0002K

Preparations for hydraulic piston coring system
(HPCS)/extended shoe coring system (ESCS) coring
started at 0545 h on 20 December 2012, and the BHA
was run into the hole to 1966 m DRF (estimated wa-
ter depth = 1937.5 mbsl) by 1645 h. The 117%s inch
BHA washed down the first 30 mbsf by 1700 h and
then began drilling ahead to 200 mbsf. At 2230 h,
coring began with the HPCS, ending after reaching
205.5 mbsf because of technical considerations.
Switching to the extended punch coring system
(EPCS) was completed by 0215 h on 21 December;
four cores from 205.5 to 239 mbsf were cut by the
EPCS. The low recovery of the last EPCS cores (n = 2)
caused the switch to the ESCS from 239 mbsf. Five
ESCS cores were collected from 239 to 286.5 mbsf,
and the last core was cut at 2315 h on 21 December.
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Once coring was completed, the ESCS BHA was
pulled out of the hole to 1780 m DRF by 0100 h on
22 December. Two stands of S-150 drill pipe were
added, and then the BHA was run down to 1800 m
DRF to WOW from 0300 to 0830 h on 22 December.
Once the cold front had passed, the Chikyu was
shifted to the Hole CO0O02L well center for more cor-
ing.

Hole C0002L

The ESCS BHA was run down from 1800 to 1960 m
DRF by 1030 h, just above the seafloor. Spudding in
Hole CO002L began at 1045 h (water depth = 1937.5
mbsl) and washing down proceeded to 42 mbsf, after
which drilling to 277 mbsf was completed by
1830 h. ESCS coring began at 277 mbsf at 2000 h on
22 December 2012. Coring finished at a TD of 505.0
mbsf at 0215 h on 25 December. Once coring opera-
tions were completed, 35 m3 of kill mud was spotted
in the hole and the BHA was pulled out of the hole
to 1932 m DRF (above the seabed) by 0400 h. The
BHA was laid down by 1030 h, after which the tran-
sponders were released and recovered (by 1230 h) by
the watch boat, ending Hole CO002L operations. The
Chikyu shifted to 2 nmi upstream of Site CO018 in
preparation for LWD drilling.

Logging while drilling
Log data acquisition and quality control

LWD data, including gamma ray, azimuthal resistiv-
ity, resistivity images, and sonic slowness, were col-
lected from 852.33 to 2005.5 mbsf (2819.83 to
3973.00 m DRF) in Hole COO02F (Table T2). MWD
data were also collected. Details of the tool configu-
rations and parameters of acquisition are provided in
“Logging while drilling” in the “Methods” chapter
(Strasser et al., 2014a).

Data acquisition

During LWD acquisition, the target ROP was <35 m/h
but >10 m/h to optimize data acquisition and quality.
The ROP was close to 35 m/h until ~1006 mbsf, be-
low which it dropped to an average of ~20 m/h (Fig.
F6). The ROP decreased to an average of ~12 m/h at
1483 mbsf and a low ROP of ~5 m/h was maintained
between 1835 and 200S5.5 mbsf. Three sections were
relogged while reaming: 1432.40-1494.25 mbsf (ream
Up 1); 1480.86-1538.77 mbsf (ream Down 2); and
1557.82-1615.58 mbsf (ream Down 3).

Annular temperature and pressure were monitored
for safety analysis and to understand downhole con-

ditions. Annular temperature increased with depth
from 20° to 30°C (Fig. F6). Annular temperature has
many negative spikes of ~1°C, only some of which
correlate with changes in the other MWD logs. An-
nular pressure increased from 31,143 to 44,353 kPa
from the top of the logged section to the bottom.
WOB stayed fairly constant from 20 to 45 kN to 1500
mbsf. Between 1500 and 1550 mbsf, WOB markedly
increased with peaks higher than 100 kN. From 1600
to 1835 mbsf, WOB increased, reaching maximum
values of 179.5 kN. Downhole torque was relatively
constant (1-4 kN-m) with one excursion where it in-
creased to a maximum of 8.6 kN-m at ~1635.5 mbsf
near the logging Unit IV/V boundary.

Data quality

Real-time drilling parameters and log responses were
monitored for any indications of poor borehole con-
ditions or degraded tool quality. The quality of the
original data was also assessed by comparison with
three repeat sections (see “Analysis of relogged sec-
tions”).

The overall quality of the processed logging data is
good, although the effects of heave, stick-slip, and
drilling corkscrew are present and cannot be re-
moved by data processing. Drilling corkscrew can be
recognized from the resistivity images in the follow-
ing intervals: 892-907, 923-932, 1087-1097, 1241-
1250, and 1485-1492 mbsf. Irregular changes in
borehole diameter, potentially due to cave-ins and
preferential erosion of the borehole wall, could also
have reduced data quality; however, this cannot be
quantified, as direct caliper data were not collected.
Future analyses of the resistivity log data may pro-
vide additional constraints on borehole diameter.

The Schlumberger engineers applied a correction of
-2.18% to the gamma ray data because the drilling
mud was potassium rich. Quality checks on the sonic
data indicate good performance of the tool and good
quality of the measurements. No shear wave veloci-
ties were picked, as formation shear velocities lower
than the compressional velocity of the drilling mud
cannot be independently determined from the re-
corded waveform data.

Additional impacts on data quality arose from delays
in drilling (e.g., during WOW or cuttings backlog).
Long off-bottom times might have disturbed the log
quality (e.g., resistivity influenced by invasion fea-
tures) or borehole environment (e.g., change in an-
nular pressure). In order to evaluate these effects,
depths when the bit was off bottom and the dura-
tion of time off bottom were extracted from the time
series data (Fig. F6; Table T3).
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Logging units and lithostratigraphy

LWD data were used to investigate and to interpret
the geological, petrophysical, and geomechanical
properties of the section drilled in Hole CO002F to
provide an initial interpretation of

e Lithologic and sedimentological features,
e Structural features, and
¢ Geomechanical and physical properties.

The upper 872.5 m of Hole COO02F was drilled and
cased during Expedition 326, and the sediment of
this interval is assumed to be consistent with the
sediment observed in Hole CO002A (logging Units I-
III; Expedition 314 Scientists, 2009) (Fig. F7). The
first unit encountered in Hole COO02F was therefore
identified as logging Unit III. A gamma ray baseline
value of 75 gAPI was used as a reference to define
sand-bearing zones (gamma ray values < 75 gAPI)
and clay-rich zones (gamma ray values > 75 gAPI).
The sonic log can be used to indicate variations in
bulk lithology and was used in conjunction with
gamma ray and resistivity data to help identify log-
ging units and subunits. Overall, three logging units
(111, IV, and V) were defined based on changes in the
character and trends of gamma ray, resistivity, and
sonic velocity logs (Fig. F8). In addition, five sub-
units were identified in logging Unit IV and two sub-
units were identified in logging Unit V (Table T4;
Fig. F8).

Unit 11l (875.5-918.5 mbsf)

Analysis of logging Unit III during Expedition 338
was complicated by the presence of cement cuttings
generated while drilling out the cement plug em-
placed during Expedition 326. Although the bottom
of the cement plug emplaced during Expedition 326
was at 872.5 mbsf, the interpretation of the top of
Unit III was complicated by operations in the hole
(e.g., DOC and LOTs) prior to drilling forward into
the formation during primary drilling and LWD op-
erations. Thus, the top of Unit III is not clearly estab-
lished in LWD data until 875.5 mbsf. Logging Unit
III is characterized by relatively consistent responses
in gamma ray values (~75 gAPI), resistivity (~1.4
Qm), and sonic slowness (~134.6 us/ft) (Fig. F8).
Gamma ray values fluctuate around the 75 gAPI
baseline and are interpreted to represent alternating
thin (<2 m) clay-rich layers interbedded with thin
silty to sandy layers. The shallow, medium, and deep
resistivity logs are coincident, suggesting little-to-no
mud invasion into the formation. The lack of mud
invasion could indicate a low-permeability forma-
tion or balanced conditions in the hole.

The base of logging Unit III (918.5 mbsf) is defined
where gamma ray values drop from ~79 to ~68 gAPI
and slowness increases from ~130 to ~142 ps/ft. This
is interpreted as a subtle compositional change from
silty clay-dominated hemipelagic sediment (gamma
ray values > 75 gAPI) to sand-bearing hemipelagic
sediment (gamma ray values < 75 gAPI). In LWD
Holes CO002A and C0002G, the logging Unit III/IV
boundary is also placed where a clear change in li-
thology from clay to sand is observed (Expedition
314 Scientists, 2009; Expedition 332 Scientists,
2011).

In Hole CO0002A, the Unit III/IV boundary is inter-
preted as an angular unconformity (Expedition 314
Scientists, 2009). Changes in bedding dip angle and
direction across the logging Unit III/IV boundary in
Hole COO02ZF support this interpretation (Fig. F8).

Unit IV (918.5-1638.0 mbsf)

Gamma ray, resistivity, and sonic slowness data ex-
hibit more variability in logging Unit IV than in the
other logging units and allow definition of five sub-
units (Table T4; Fig. F8).

Immediately below the logging Unit I1I/IV boundary,
gamma ray values gradually increase from 68 to 86
gAPIl with a corresponding decrease in resistivity
(1.4-1.2 Qm) and an increase in sonic slowness (130—
142 ps/ft). At 932.4 mbsf, the gamma ray log reaches
89 gAPI and fluctuates (20 gAPI) around this value
through logging Subunit IVA (918.5-1033 mbsf).
Prominent lows in gamma ray values occur at 984.5,
1003.0, and 1031.0 mbst (59, 58, and 55 gAPI, re-
spectively) (Fig. F8). From 929.0 to 962.5 mbsf, resis-
tivity gradually increases to 1.7 Qm with two promi-
nent spikes at 962.1 and 975.4 mbsf (2.49 and 2.18
Qm, respectively). Over the same depth interval, the
slowness decreases from 139 to 117 ps/ft and then
remains fairly constant at ~130 ps/ft to 989.0 mbsf;
slowness then sharply increases to 136 us/ft for
~30 m before returning to ~130 ps/ft. At 962.5 mbsf,
resistivity decreases gradually to 1.4 Qm at 992.5
mbsf before increasing to ~2.1 Qm, with some high-
value spikes, and reaching a local high of 3.4 Qm at
1031.5 mbsf, which corresponds to a sharp drop in
gamma ray values from 78 to 59 gAPI. This marks
the basal boundary of logging Subunit IVA.

Between 1033.0 and 1080.0 mbsf (logging Subunit
IVB), gamma ray values are generally >75 gAPI and
resistivity remains relatively constant with minor
fluctuations around 1.5-1.7 Qm (Fig. F8). Through
this subunit, sonic slowness has repeated gradual in-
creases and sharp decreases to 1075 mbsf, where it
fluctuates around ~125 ps/ft. A sharp resistivity spike
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at 1100 mbsf to ~2.4 Qm marks the base of logging
Subunit IVB.

Logging Subunit IVC (1100.0-1348.0 mbsf) exhibits
large variations in slowness and resistivity with only
minor variations in gamma radiation compared to
the rest of logging Unit IV (Fig. F8). With the excep-
tion of a broad gamma ray low (~60 gAPI) and down-
hole decrease from 1109.7 to 1134.7 mbsf, gamma
ray values fluctuate (+25-30 gAPI) around ~85 gAPIL
Resistivity shows a series of step changes through
this subunit. The resistivity log exhibits minor fluc-
tuations around 1.7 Qm and then increases to ~2.1
Qm at 1153.4 mbsf before gradually decreasing to
1.7 Qm at 1212.5 mbsf. Resistivity shows another
step increase at 1212.5 mbsf to 2.8 Qm, which is
maintained until a drop at 1291 mbsf and a gradual
decrease to the base of the subunit. Three prominent
thin (<5 m) resistivity spikes are observed at 1213
mbsf (2.4 Qm), 1232 mbsf (2.8 Qm), and 1249.3
mbsf (3.05 Qm). The spikes at 1232 and 1249.3 mbsf
correlate with low spikes in slowness (125 and 98.2
ps/ft). There is also a corresponding sharp increase in
the slowness at 1291 mbsf to 120 ps/ft, and slowness
then remains constant to the base of the subunit
(1348.0 mbsf).

At the logging Subunit IVC/IVD boundary, resistivity
increases from 2.0 to 2.7 Qm and slowness sharply
decreases from 120 to 105 ps/ft. These correlate with
a change in gamma ray values from 65 to 85 gAP],
and there is also a reversal in dip direction (see
“Structural image analysis”) (Fig. F8). Through log-
ging Subunit IVD (1348.0-1500.0 mbsf), gamma ray
values exhibit a series of alternating thick lows (~65
gAPI) and thin highs (95 gAPI), which are inter-
preted as interbedded sandstones and mudstones up
to 5 m thick. Through logging Subunit IVD, slowness
remains fairly constant with only minor fluctuations
(£15 ps/ft) around an average of 103 ps/ft. The resis-
tivity log exhibits an increasing and decreasing cycle
from 1348 to 1431 mbsf, where it drops to ~2.2 Qm
and begins a gradually increasing trend with minor
fluctuations. This increasing trend in resistivity con-
tinues through logging Subunit IVE to the base of
logging Unit IV.

A sharp increase in gamma ray values to ~98 gAPI
and a decrease in slowness from 107 to 94 ps/ft at
1500.0 mbsf marks the top of logging Subunit IVE
(Fig. F8; Table T4). Through logging Subunit IVE,
slowness gradually decreases from 107 to 82 ps/ft
with only minor fluctuations. The upper ~10 m of
Subunit IVE exhibits consistently high gamma ray
values near 95 gAPI, and from 1512.9 to 1638.0
mbsf, the gamma ray log exhibits repeated, small-
scale, increasing—decreasing cycles. Resistivity gradu-
ally increases through logging Subunit IVE but with

increasingly prominent high-value spikes. The most
prominent spike occurs at 1603.3 mbsf, where resis-
tivity reaches 4.0 Qm before dropping sharply back
to 3.1 Qm and continuing to gradually increase to
the base of the subunit. At 1634.2 mbsf, resistivity
reaches a maximum of 4.8 Qm before sharply drop-
ping back to 2.7 Qm at 1638.0 mbsf. Also at 1638.0
mbsf, slowness sharply increases from 82 to 99 ps/ft
and gamma ray values sharply increase from 72 to 95
gAPI. This prominent change in all the logs defines
the logging Unit IV/V boundary.

Overall, logging Unit 1V is characterized by alternat-
ing layers of thick sand-rich and clay-rich packages
(lower to higher gamma ray values) with increasing
compaction downhole. The resistivity images of
these sand-rich packages, which range in thickness
from 0.5 to 1 m, indicate that they are conductive
(dark) and therefore permeable.

Unit V (1638.0-2005.5 mbsf)

Logging Unit V exhibits the least variability of the
section logged during Expedition 338, especially in
gamma ray values and slowness (Fig. F8). Variations
in the resistivity data are used to define two subunits
(Table T4). The gamma ray data start at ~95 gAPI at
1638.0 mbsf and have an overall gradual increase to
102 gAPI at 1946.0 mbst. Below this, gamma ray val-
ues stay almost constant with small variations. Slow-
ness maintains a near-constant value, with minor
fluctuations (£10 ps/ft), through logging Unit V.
There is a small change in slowness of 10 ps/ft at
1946.0 mbsf, the logging Subunit VA/VB boundary
(Fig. F8). Through logging Subunit VA (1638.0-
1946.0 mbsf), the resistivity log exhibits a series of
increasing and decreasing cycles around 2.2 Qm,
with several prominent spikes. At 1752.6, 1778.0,
1795.0, and 1829.6 mbsf, resistivity drops to 1.8, 1.6,
1.8, and 2.2 Qm, respectively. At 1946.0 mbsf, resis-
tivity sharply decreases from 2.4 to 2.0 Qm, marking
the logging Subunit VA/VB boundary. Below 1946.0
mbsf, resistivity gradually increases, with only minor
fluctuations, to 2.5 Qm at the base of the hole.

Overall, logging Unit V is interpreted as a homoge-
neous clay-rich section, based on the overall gamma
ray values (>95 gAPI) and low variability. The mot-
tled appearance on resistivity images (Fig. F9C, F9D)
could be caused by local disturbance to the layering
and/or the presence of conductive minerals (possibly
pyrite, see “Lithology”).

Structural image analysis

In Hole COO002F, the main structural features were
identified from the azimuthal resistivity images.
Large-scale features are most clearly observed in the
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static images, whereas smaller scale features are high-
lighted in the dynamic images. In the absence of a
direct caliper measurement, the bit diameter was
used as the borehole diameter and assumed to be
constant.

Bedding, fractures, faults, and folds were picked and
structural zones were defined on the basis of inter-
preted faults, folds, and fracture zones (Table T5).
Fractures were classified as conductive, resistive, or
undefined based on the relative contrast with the re-
sistivity of the surrounding formation (Fig. F10). In
areas where the resistivity images were of poor qual-
ity (see “Data quality”), fracture picking was not
possible. A summary of the total fracture counts for
the hole and logging units is shown in Table T5.

Folds were defined as locations in the borehole
where a change in bedding and fracture orientation
was observed in the resistivity images (Fig. F8; Table
T5). In some instances, the fold can be seen in the
images, as demonstrated in Figure F9A, but the bed-
ding dips also change in areas with poor image qual-
ity, preventing the actual fold hinge itself from being
observed.

Bedding and fractures

Overall, bedding is high angle (~30°-80°) and exhib-
its variability with depth and with logging units (Fig.
F8). Because of poor image quality in logging Unit
111, very few bedding planes can be identified; those
that can be identified dip <30° toward the southeast.
Across the logging Unit III/IV boundary at 918.5
mbsf, a change in bedding dip is observed: dips are
higher angle (>50°) and beds predominantly dip to-
ward the southeast. This change in dip angle is inter-
preted as an angular unconformity.

Within logging Unit IV another bedding dip reversal
is observed at the logging Subunit IVC/IVD bound-
ary (Fig. F8), switching from dominantly southeast
dipping above to northwest dipping below. In addi-
tion, several folds are identified within logging Unit
IV (Table TS5). At 1099, 1281, and 1648 mbsf, the
folds can be clearly seen, and an intensely folded
zone exists from 1500 to 1550 mbsf. In addition,
strong changes in dip are present around 1063 and
1682 mbsf, although the areas immediately around
the potential fold hinges are not clearly imaged.

There is no observed change in bedding dip direc-
tion across the logging Unit IV/V boundary, where
beds dominantly dip toward the northwest (Fig. F8).
However, within logging Unit V, bedding gradually
decreases in angle (from >70° to <40°) with depth.
Below ~1850 mbsf, no bedding planes can be identi-
fied clearly.

Fractures exhibit more variability in terms of dip an-
gle and direction than bedding (Fig. F8). In general,
high-angle fractures (60°-80°) dominate with bi-
modal dip direction to the northwest and southeast.
Almost no low-angle fractures are observed, with the
exception of two intervals: ~1090-1125 and ~1740-
1800 mbsf, where dips range between ~30° and 50°
(Fig. F10).

Because of poor image quality, no fractures could be
identified above 918.5 mbsf. The variation of frac-
ture dip orientation and angle between logging
Units IV and V as well as within the subunits is sum-
marized in Figure F10. Logging Unit IV is dominated
by resistive fractures, which are concentrated in log-
ging Subunits IVC and IVE and exhibit a bimodal
distribution, dipping to the northwest and south-
east. The increase in resistive fractures observed in
logging Subunit IVE could be related to the increase
in carbonate veins identified from cuttings (see
“Structural geology”). A probable fault exists at
1360 mbsf, coinciding with a high-angle fracture
that dips to the northwest (Fig. F10; Table T5).

Another fault is interpreted at the logging Unit IV/V
boundary (1638 mbsf), but the image quality imme-
diately above this boundary is poor, making it hard
to distinguish fractures from bedding. Within log-
ging Unit V there is an increase in the occurrence of
conductive fractures (Fig. F10), although the low im-
age quality throughout this section makes it difficult
to confidently identify bedding or fractures. The ob-
served fractures maintain the bimodal northwest-
southeast dip direction, and there is no differentia-
tion in dip direction between the conductive and re-
sistive fractures.

Fracture dip changes from southeast above to north-
west below the fold identified at 1682 mbsf, al-
though the fold hinge itself is not immediately sur-
rounded by any visible fractures. A concentration of
high-angle conductive fractures around 1946.0 mbsf
corresponds to the logging Subunit VA/VB boundary
(Fig. F10). Despite deteriorating image quality, sev-
eral lower angle (32°-45°) resistive fractures are ob-
served in logging Subunit IVB, exhibiting a domi-
nant southward dip direction.

Borehole breakouts and drilling-induced tensile
fractures

In Hole COOO2F, intervals with clear evidence for
breakouts are sparse. Borehole breakouts occur only
in three narrow depth ranges of 0.25-1 m around
916.0, 1617.0, and 1861.5 mbsf (Fig. F11) and are
34°-63° wide (Fig. F12). An example of a well-devel-
oped breakout from 1861.5 to 1862.5 mbsf is shown
in Figure F13. Each of these depths is associated with
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significant time off bottom and an associated de-
crease in equivalent circulating density (ECD) (Fig.
F6). A drop in ECD indicates a decrease in annular
pressure in the borehole, which could lead to the ini-
tiation of borehole breakouts as stress at the bore-
hole wall exceeds the formation strength. Drilling-
induced tensile fractures (DITFs) were more common
(Fig. F11) but were not continuous. This could be
due to bad data coverage, localized changes in me-
chanical properties, or, less likely, localized changes
in far-field stress. Examples of DITFs are shown in
Figure F14.

In contrast to Hole COO02F, Hole COO02A was drilled
and logged in riserless mode to 1401 mbsf (Expedi-
tion 314 Scientists, 2009). Based on interpretation of
resistivity images, Hole CO002A contained numerous
well-developed breakouts and few DITFs throughout
the entire section, including the portion overlapping
with Hole CO002F (~875-1400 mbsf) (Fig. F15). In
both holes, breakouts indicate that the maximum
horizontal compressive stress (Syuax) is trench-paral-
lel. The difference in breakout and DITF abundance
in Holes COOO2F and CO002A is probably due to dif-
ferences in annular pressure because Hole COOO2F
was drilled as a riser hole (mud-controlled pressure)
and Hole CO002A was drilled as a riserless hole (hy-
drostatic pressure). Borehole breakouts and DITFs are
controlled largely by hoop stress (see the “Methods”
chapter [Strasser et al., 2014a]), and increasing annu-
lar pressure through mud control (i.e., riser drilling)
makes breakout initiation less likely and DITFs more
likely.

Physical properties

Changes in resistivity logs can reflect changes in for-
mation porosity, as formations containing more
fluid in pore space are less resistive and can also re-
flect changes in fluid type. Separation of resistivity at
the bit (RAB) and shallow, medium, and deep button
resistivity can be a result of mud invasion into the
formation and therefore indicate formation permea-
bility (Ellis and Singer, 2007). Analysis of resistivity
logging data was complicated by operations in Hole
COOO02F, as the generation of large volumes of cut-
tings required frequent 10-60 min periods of hole
cleaning and circulation (Table T3; Fig. F6). In addi-
tion, low ROP increased the amount of time for mud
invasion to occur between when RAB and button re-
sistivity tools passed through formation.

Porosity and bulk density from resistivity logs

In the absence of direct measurements using a neu-
tron density tool, porosity and bulk density can be
calculated from RAB (see “Logging while drilling”
in the “Methods” chapter [Strasser et al., 2014a]). Re-

sistivity-derived porosity and bulk density (Fig. F16)
were used to evaluate relative change in lithology,
compaction, and deformation.

Resistivity-derived porosity generally decreases with
increasing depth. A significant decrease occurs below
the logging Unit III/IV boundary moving from the
Kumano Basin into the accretionary prism, and in
logging Subunits IVD and IVE, the porosity is lower
than the surrounding subunits. A slight increase in
porosity occurs at the logging Subunit VA/VB bound-
ary.

Resistivity-derived bulk density increases with depth
(Fig. F16). At 1550 mbsf within logging Subunit IVE,
there is a step increase in resistivity-derived bulk
density that is caused by a change in the grain den-
sity (from 2.516 g/cm? above to 2.662 g/cm? below)
used to calculate the bulk density.

Analysis of relogged sections

Frequent off-bottom periods during drilling (Table
T3; Fig. F6) provided an opportunity to relog por-
tions of the borehole between the bit and under-
reamer assembly. Relogging provided the opportu-
nity to improve data quality because stick-slip is
reduced while reaming up and down and to examine
time evolution of borehole breakouts in resistivity
images. Three intervals were relogged: 1432.40-
1494.63 (ream up), 1480.86-1538.48 (ream down),
and 1557.82-1615.47 mbsf (ream down). Whereas
the intervals covering 1432.40-1494.63 and
1480.86-1538.48 mbsf show no evidence of bore-
hole breakouts in resistivity images, the 1557.82-
1615.47 mbsf relogged section indicates areas with
breakouts ranging from 0.5 to 1.5 m high and 35°-
123° wide. No breakouts were imaged in the original
run over the intervals 1594-1601, 1587-1592.5, and
1607-1613 mbsf, yet there appear to be breakouts in
the same intervals during the ream down (Fig. F17).
It is not clear whether this is due to differences in
data quality, changes in annular pressure during off-
bottom periods, or development of breakouts over
time.

Lithology
Hole CO002F

Based on integration of data available from cuttings
and LWD, we identified three lithologic units and
five subunits in Hole COOO2F (Fig. F18; Table T6),
differentiated using geological, geophysical, and geo-
chemical characteristics, as described in “Lithology”
in the “Methods” chapter (Strasser et al., 2014a).

The lithologic unit and subunit boundaries are de-
fined primarily using the percent sandstone versus
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percent silty claystone supplemented by the quartz
index (Q-index) (Figs. F18, F19, F20, F21, F22; Tables
T6, T7, T8). Figures F23, F24, F25, and F26 show
representative lithologies and rock components as
seen in rock chips and smear slides.

Between ~875.5 and 890.5 mbsf (Samples 338-
COO002F-1-SMW though 14-SMW), cuttings consisted
of 100% fragments of cement derived from the ear-
lier well completion (Expedition 326) and no lithol-
ogy was observed (Fig. F18). The first observations of
formation in cuttings were present at 890.5 mbsf
(Sample 338-CO002F-14-SMW). However, although
formation cuttings were present from 890.5 to 930.5
mbsf (Samples 14-SMW through 22-SMW), cement
remained the dominant constituent in the cuttings
mix. From 930.5 to 965.5 mbsf (Samples 22-SMW
through 30-SMW), there is a progressive increase in
the proportion of formation relative to cement, up
to 100% silty claystone. See “Physical properties”
for a more detailed description of cement contami-
nation and cuttings.

Lithologic Unit lll (lower part of Kumano
forearc basin)

Interval: cuttings Samples 338-CO002F-7-SMW to
45-SMW

Depth: ~875.5-1025.5 mbst
Lithology: greenish gray silty claystone

Hole CO002F drilling began within lithologic Unit III
below the previously cemented 20 inch casing shoe
at ~860 mbsf (Sample 338-CO002F-1-SMW). The base
of lithologic Unit III was previously defined at 918.5
mbsf from LWD data (see “Logging while drilling”)
and by core and seismic integration in Hole CO002B
(Expedition 315 Scientists, 2009b; including detailed
descriptions and interpretations). The lithologic
boundary in Hole CO002F is identified at 1025.5
mbsf (Sample 45-SMW) (Table T6) with the first oc-
currence of sand and changes in mineralogy.

Within the upper part of lithologic Unit III in Hole
CO002F, ~70%-90% of the sampled cuttings consist
of cement. As previously mentioned, samples con-
tain 100% cement above 890.5 mbsf (Sample 14-
SMW), which is consistent with other shipboard
data (e.g., see “Physical properties” and discussion
about mixing of cement). In cuttings from the for-
mation, the lithology is greenish gray silty claystone
(Figs. F18, F19). Locally, trace amounts of loose sand
occur, some of which could also be disaggregated ce-
ment pieces. The silty claystone is semi-indurated
(compact, but mechanically weak). In terms of acces-
sory mineralogy (Fig. F20), glauconite grains are
present (Fig. F23B-F23D) and fossils are absent to
rare and some are pyritized (Fig. F25F).

Lithologic Unit IV (upper accretionary prism)

Interval: cuttings Samples 338-CO002F-45-SMW to
215-SMW
Depth: 1025.5-1740.5 mbsf
Lithology: dominant—greenish gray silty clay-
stone; minor—sandstone

In Hole CO002B (Expedition 315 Scientists, 2009b),
the lithologic Unit III/IV boundary is defined by an
abrupt change in structural style and a shift in lithol-
ogy from condensed silty claystone above to under-
lying interbeds of silty claystone, siltstone, and sand-
stone. In Hole CO002F, the lithologic Unit III/IV
boundary is defined by the first occurrence of sand-
stone, albeit in very small amounts at 1025.5 mbsf
(Sample 338-CO002F-45-SMW). In general, the mac-
roscopic observation of cuttings was difficult because
of the mixing of cuttings caused by the underreamer
(see “Lithologic Unit III (lower part of Kumano
forearc basin)” and “Physical properties”). Based
on calcite mineralogy analyzed by X-ray diffraction
(XRD), the boundary is smeared by ~50-70 m be-
cause of simultaneous cutting by the bit and the un-
derreamer (see “X-ray diffraction mineralogy” and
“Operations”).

Within lithologic Unit IV, five subunits are defined
on the basis of the occurrence of sandstone (Fig. F18;
Table T6). These subunits are characterized by in-
creasing and decreasing sand content:

e Lithologic Subunit IVA: 1025.5-1140.5 mbsf (Sam-
ples 338-CO002F-45-SMW to 71-SMW).

e Lithologic Subunit IVB: 1140.5-1270.5 mbsf (Sam-
ples 71-SMW to 100-SMW).

e Lithologic Subunit IVC: 1270.5-1420.5 mbsf
(Samples 100-SMW to 134-SMW).

e Lithologic Subunit IVD: 1420.5-1600.5 mbsf
(Samples 134-SMW to 182-SMW).

e Lithologic Subunit IVE: 1600.5-1740.5 mbsf (Sam-
ples 182-SMW to 215-SMW).

The dominant lithology in the subunits is greenish
gray silty claystone with sandstone as a minor lithol-
ogy (Figs. F18, F19). The silty claystone is semi-indu-
rated, and the cuttings shape is subangular to angu-
lar (Table T7). Sandstone cuttings are generally loose
or very weakly indurated (i.e., soft). Their typical
shape is rounded. Loose quartz grains are the domi-
nant component in the dispersed >63 pm sand-size
fraction.

In lithologic Unit 1V, the Q-index shows overall in-
creased grain sizes compared with the surrounding
lithologic Units III and V, ranging from ~700 to 1800
pm in diameter (Fig. F22). At 1485.5 mbsf (Sample
338-C0002F-148-SMW), the Q-index shifts to higher
values, with an average of ~1300 pm, and also shows
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greater fluctuations when compared with surround-
ing units.

The main mineralogy in lithologic Subunit IVA can
be summarized as follows (Fig. F20):

Quartz = dominant.

Feldspar = few.

Lithic fragments = few to common.

Mica = absent.

Volcanic glass = rare to common (but mostly as a
few grains).

Pyrite = common.

Organics (including wood) = common.

Fossils = rare.

Smear slides show the high-temperature metamor-
phic mineral corundum at 1125.5 mbsf (Sample 338-
CO002F-66-SMW) (Fig. F25A, F25B). Corundum is
characteristic of contact-metamorphism of lime-
stones and metamorphosed shales (e.g., schists). In
lithologic Subunit IVA, the Q-index increases then
decreases, in general showing relatively small grain
sizes between 200 and 1200 pm (Fig. F22).

In lithologic Subunit IVB (1140.5-1270.5 mbsf; Sam-
ples 338-CO002F-71-SMW to 100-SMW), the major
lithology is greenish gray silty claystone (average
~70%). In lithologic Subunit IVC (1270.5-1420.5
mbsf; Samples 100-SMW to 134-SMW), the major li-
thology is greenish gray silty claystone (average
~70%). In lithologic Subunit IVD (1420.5-1600.5
mbsf; Samples 134-SMW to 182-SMW), the major li-
thology is greenish gray silty claystone (average
~65%). In lithologic Subunit IVE (1600.5-1740.5
mbsf; Samples 182-SMW to 215-SMW), the major li-
thology is greenish gray silty claystone, showing a
progressive increase in amount with depth (average
~70%). In comparison to the overlying units and
subunits, the sandstone in lithologic Subunit IVE ap-
pears to be more indurated.

The mineralogy of lithologic Subunits IVB-IVE for
the >63 pm sieved size fraction can be summarized
as follows (Fig. F20; see Site CO002 smear slides in
“Core descriptions”):

e Quartz is the dominant mineral.

e Feldspar increases from lithologic Subunit IVB
(few) through lithologic Subunits IVC and IVD to
lithologic Subunit IVE (common and locally
abundant).

¢ Lithic fragments decrease from lithologic Subunit
IVB (common) to lithologic Subunit IVE (few).

e Mica occurs only in lithologic Subunit IVE (few).

e Volcanic glass decreases from few to rare in litho-
logic Subunit IVB, few in lithologic Subunits IVC
and IVD, and rare in lithologic Subunit IVE.

e Dyrite decreases from few in lithologic Subunits
IVB-IVD to rare in lithologic Subunit IVE.

e Organic material/wood/lignite is common to
locally abundant in lithologic Subunits IVB-IVD
and decreases in lithologic Subunit IVE (few).

e Tossils are rare in all subunits.

e Glauconite is mostly absent in lithologic Subunits
IVB and IVC and increases in lithologic Subunits
IVD and IVE (rare).

Examples of some of these minerals are shown in
Figures F23, F24, F25, and F26. Lithologic Subunit
IVD locally contains high organic matter content
(1535.5 mbsf; Sample 338-CO002F-161-SMW).

Lithologic Unit V (trench or Shikoku Basin
hemipelagic deposits)
Interval: cuttings Samples 338-C0002F-215-SMW
to 289-SMW
Depth: 1740.5-2004.5 mbsf
Lithology: dominant—greenish gray silty clay-
stone; minor—sandstone

In Hole COO002F, the lithologic Unit IV/V boundary
shows a gradual decrease of sand between 1680.5
and 1740.5 mbst (Samples 338-CO002F-202-SMW
through 214-SMW), with the complete disappear-
ance of sandstone at the base of this interval (Figs.
F18, F19). Lithologic Unit V is composed almost en-
tirely of greenish gray silty claystone. The silty clay-
stone is semi-indurated, and cuttings shape is sub-
rounded to angular. The >63 pm sand-size fraction
(Fig. F20) shows quartz as the dominant mineral,
feldspar decreases from common to few with depth,
lithic fragments are few, mica is rare to absent, volca-
nic glass is always rare, pyrite is common at the top
of lithologic Unit V and then decreases to few, wood
is mostly few and only locally common, and fossils
are rare and become few at 1955.5 mbsf (Sample 274-
SMW). Where present, fossils are commonly pyri-
tized (Fig. F25F). Glauconite is always rare.

The Q-index in lithologic Unit V shows overall in-
creased grain sizes compared with the surrounding
lithologic Units IV and V, ranging from ~500 to 1800
pm in diameter (Fig. F22). At 1485.5 mbsf (Sample
338-C0O002F-148-SMW), the Q-index shifts to both
higher values (average ~1300 pym) and greater fluctu-
ations. Although the Q-index in lithologic Unit V
shows the lowest values (250-950 pm) compared
with lithologic Unit 1V, it also suggests that some
very fine sandstone layers may be present.

Limitations using sediment cuttings

Even though the cuttings data correlate reasonably
well with LWD and other data (see “Logging while
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drilling,” “Physical properties,” “Structural geol-
ogy,” and “Geochemistry”), with depth shifts of
~50-70 m compared to LWD data, specific lithologic
variations that are normally observed and docu-
mented in cores cannot be recognized in cuttings.

An important limiting factor on the reliability of cut-
tings is the amount of their stratigraphic mixing. For
example, the collapse of wall rock into the drilling
mud (cavings) results in vertical mixing of litholo-
gies that makes it difficult to accurately reconstruct
stratigraphic relationships. As sand was recovered in
cuttings and drilling fluid as mostly unconsolidated
material, the >63 pm sand fraction was separated
during washing and sieving. Because of temperature,
drilling mud circulation speed and viscosity, pH val-
ues, and chemical supplements added to the drilling
mud, the lithified sediment is partly disaggregated.
This makes it difficult to differentiate the drilling
mud and disaggregated mud from mudstone or sand
from sandstone.

In Hole CO002F, defining units and subunits by the
first occurrence of a change in cuttings lithology
(e.g., the first appearance of sandstone) is the most
reasonable approach. Because of smearing effects cre-
ated by the first cut by the drill bit and the last cut
by the underreamer, as well as by general circulation
of cuttings fragments, the base of a unit or subunit
can be defined only in an imprecise way by the last
common occurrence or the last occurrence of a li-
thology such as sandstone. In effect, the upper
boundaries are clearly defined, whereas the lower
boundaries are more arbitrary. Because of this com-
plexity and for consistency, lithologic upper bound-
aries are defined by the first occurrence of a lithology
(i.e., sandstone) and lower boundaries are defined by
the first appearance of the lithology of the immedi-
ately subjacent unit. This approach only allows dis-
crimination of units that have contrasting lithology.

Mineralogical and geochemical analyses
X-ray diffraction mineralogy

Bulk powder XRD results show the relative abun-
dance of total clay minerals, quartz, feldspar, and
calcite. As a measure of how accurate the XRD esti-
mates are relative to absolute percentages, regression
analysis of percent calcite from XRD versus percent
calcium carbonate from coulometric analysis is
shown in Figure F27 (see also “Organic geochemis-
try”). The linear regression coefficient (R?) shows a
very good correlation of 0.97. The comparison also
shows a slight shift in the coulometric data above
~10 wt%, which is to be expected if the concentra-
tion of CaCOs; is expressed as a percentage of the to-

tal solid mass (weight percent) and calcite measured
by XRD is normalized to 100 wt%.

Figure F28 and Table T9 show XRD data of cuttings
from the 1-4 mm and >4 mm size fractions. No sig-
nificant differences are apparent between cuttings
size fractions; consequently, we continued to only
analyze cuttings from the 1-4 mm size fraction (also
in line with standard oil industry cuttings routines).
Regularly spaced >4 mm samples were analyzed for
quality control. Because of the mixing of cement and
formation in the upper part of the hole (see “Physi-
cal properties”), XRD data were routinely measured
starting at 920.5 mbsf (Sample 338-CO002F-20-
SMW). The uppermost few measurements still show
contamination with cement, especially in the >4
mm size fraction. Because of drilling with the under-
reamer, we observe a gradual increase between 920
and 1025.5 mbst (Samples 20-SMW through 45-
SMW) in total clay from ~32 to 58 wt% and in feld-
spar from ~12 to 28 wt% as well as a large decrease in
calcite from ~28 to 5 wt%. Because of this gradual
decrease in calcite, together with the first occurrence
of sandstone, the lithologic Unit III/IV boundary is
defined at 1025.5 mbsf (Sample 45-SMW). This
boundary is defined by LWD data at ~918.5 mbst
(see “Logging while drilling”), whereas Expedition
315 observed an abrupt reduction in calcite content
at the discordance at 922 mbsf (Expedition 315 Sci-
entists, 2009b). This shift was explained during Ex-
pedition 315 as the abrupt change of the deposi-
tional site from below (lithologic Unit IV) to above
the carbonate compensation depth (CCD) (lithologic
Unit III). Similar but more gradual shifts in calcite
content were also recorded from Ocean Drilling Pro-
gram (ODP) Sites 1175 and 1176 (Shipboard Scien-
tific Party, 2001a, 2001b; Underwood et al., 2003).

Lithologic Unit IV, which is divided into five sub-
units (IVA-IVE), shows five cycles of increasing then
decreasing total clay content that correspond reason-
ably well with the subunit boundaries (Fig. F28). The
amount of quartz (weight percent) remains relatively
constant with a slight but not significant increase
and then decrease within the subunits. Feldspar
shows a broad distribution throughout lithologic
Unit IV with no clear trend but some subtle changes
at the subunit boundaries. Calcite content remains
low with a more substantial decrease to ~1-2 wt% in
lithologic Subunits IVB and IVC followed by an in-
crease in lithologic Subunit IVE. More detailed obser-
vations can be summarized as follows. In lithologic
Subunit IVA, total clay mineral content shows little
variation with an average of ~58 wt%, quartz aver-
ages ~20 wt%, feldspar slightly increases from ~20 to
22 wt%, and calcite is low at ~3 wt%. At the litho-
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logic Subunit IVA/IVB boundary (1140.5 mbsf; Sam-
ple 338-CO002F-71-SMW), total clay, quartz, feld-
spar, and calcite show more scatter in the data but
no significant downhole changes or trends.

In lithologic Subunit IVB, total clay and quartz show
similar values to those in lithologic Subunit IVA, but
feldspar shows a slight increase and greater scatter.
Calcite values remain similarly low (average = 3
wt%). In lithologic Subunit IVC at 1270 mbsf (Sam-
ple 338-CO002F-SMW-100), total clay content in-
creases from an average of 44 wt% to 58 wt%, quartz
increases slightly, and feldspar shows considerable
scatter in the data. Calcite content drops to an aver-
age ~1 wt%.

In lithologic Subunit IVD from 1420.5 to 1600.5
mbst (Samples 338-CO002F-134-SMW to 182-SMW),
total clay increases and then decreases slightly,
quartz content increases slightly, feldspar content
decreases, and calcite values remain low.

In lithologic Subunit IVE between 1600.5 and 1740.5
mbsf (Samples 338-CO002F-182-SMW to 215-SMW),
when compared with lithologic Subunit IVD data,
total clay content decreases then increases, quartz
content increases then decreases, feldspar values re-
main essentially constant, and calcite increases
slightly. The lithologic Unit IV/V boundary at 1740.5
mbsf (Sample 215-SMW) is associated with an in-
crease in total clay content. Within lithologic Unit V
there is a further increase in clay mineral content at
1930.5 mbsf (Sample 269-SMW). Quartz content
slightly increases at the Unit IV/V boundary and
then decreases at 1860.5 mbsf (Sample 253-SMW).
Feldspar decreases throughout lithologic Unit V to
an average of ~12 wt%. Calcite decreases from 5 to 1
wt% until 1855.5 mbsf (Sample 254-SMW), where it
increases again to an average of ~8 wt% before de-
creasing at 1930.5 mbsf (Sample 269-SMW) to an av-
erage of ~2 wt%.

All mineral data taken from cuttings in Hole COOO2F
correlate well with the core data from Site CO002B
(450-1050 mbsf) (Fig. F29). In comparison with core
data, the XRD data from cuttings are relatively ho-
mogeneous because of the preferential preservation
of the fine-grained (more indurated) sediment in the
silty claystone (1-4 mm size fraction) with respect to
coarse-grained (less indurated) sandy sediment.
Among the major minerals, calcite (XRD) shows the
greatest amount of scatter. This is similar to observa-
tions made from Site CO002B (Expedition 315 Scien-
tists, 2009b), where calcite abundance ranges from
0.63% (trace) to 27.16% with an average of 14.21%.

X-ray fluorescence

In order to characterize compositional trends with
depth and/or lithologic characteristics of the sedi-
ments from Hole CO002F, X-ray fluorescence (XRF)
analysis was undertaken for ~150 samples (Fig. F30;
Table T10). Major and minor element contents (SiO,,
ALO;, CaO, K0, Na,0, Fe,03, MgO, TiO,, P,0s, and
MnO) were analyzed and complemented by loss on
ignition (LOI) measurements. To compare the com-
position of cuttings sizes, initially both 1-4 mm and
>4 mm cuttings size fractions were analyzed. A com-
parison shows no significant differences for cuttings
size fractions; therefore, further analysis only in-
volved the 1-4 mm cuttings size fraction. The com-
positional spikes observed in the upper interval in
Hole COOO2F for the >4 mm cuttings size fraction are
mainly due to the mixing of cement and formation
(Fig. F30).

LOI within the zone of 100% cement ranges up to
25.4 wt%, and such samples are not plotted or used
in assessing averages. Elemental compositions are de-
scribed based on the results of the 1-4 mm cuttings
size fraction. LOI averages 9.0 wt% with a maximum
of 13 wt% at 920.5 mbsf (Sample 338-CO002F-20-
SMW) and a minimum of 6.7 wt% at 1670.5 mbsf
(Sample 201-SMW).

The abundance of SiO, is high throughout Hole
CO002F with an average of 64.1 wt% and varying
from a minimum of 58.5 wt% at 920.5 mbsf (Sample
338-C0002F-20-SMW) to a maximum of 67.84 wt%
at 1330.5 mbsf (Sample 112-SMW). SiO, shows a rea-
sonably good correlation with the other element ox-
ides, such as Al,Os;, Na,O, K,O, and CaO (Fig. F31).

AL,O; averages 15.9 wt% with a minimum of 13.7
wt% at 925.5 mbsf (Sample 338-CO002F-21-SMW)
and a maximum of 17.11 wt% at 1025.5 mbsf (Sam-
ple 45-SMW). CaO averages 4.30 wt% with a mini-
mum of 2.10 wt% at 1870.5 mbsf (Sample 255-SMW)
and a maximum of 12.0 wt% at 920.5 mbsf (Sample
20-SMW). K,O averages 3.3 wt% with a minimum of
2.60 wt% at 920.5 mbsf (Sample 20-SMW) and a
maximum of 3.6 wt% at 1990.5 mbsf (Sample 286-
SMW). Na,O averages 2.5 wt% with a minimum of
2.1% at 1970.5 mbst (Sample 282-SMW) and a maxi-
mum of 2.8% at 1010.5 mbsf (Sample 42-SMW).

In common with the other element oxides, Fe,O;
shows no clear trend with depth and averages 5.3
wt% with a minimum of 4.5 wt% at 1430.5 mbsf
(Sample 338-C0002F-136-SMW) and a maximum of
5.9 wt% at 1110.5 mbsf (Sample 64-SMW). MgO av-
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erages 2.2 wt% with a minimum of 1.85% at 1670.5
mbsf (Sample 201-SMW) and a maximum of 2.60%
at 1010.5 mbsf (Sample 42-SMW). TiO, averages 0.64
wt% with a minimum of 0.58 wt% at 1430.5 mbsf
(Sample 136-SMW) and a maximum of 0.71 wt% at
1000.5 mbst (Sample 41-SMW).

MnO averages 0.065 wt% with a minimum of 0.05
wt% at 1890.5 mbsf (Sample 338-CO002F-260-SMW)
and a maximum of 0.09 wt% at 1040.5 mbst (Sample
49-SMW). P,05 averages 0.09 wt% with a minimum
of 0.06 wt% at 1910.5 mbsf (Sample 265-SMW) and a
maximum of 0.13 wt% at 1040.5 mbsf (Sample 48-
SMW).

Figure F31 shows cross-plots for various element ox-
ides. These graphs contain two distinct, nonoverlap-
ping populations of data (labeled “Population 1” and
“Population 2”). Population 1 consists of the data
from 920.5 to 990.5 mbsf (Samples 338-CO002F-20-
SMW through 36-SMW), and Population 2 contains
all data from 995.5 to 1990.5 mbsf (Samples 37-SMW
through 286-SMW). It is likely that Population 1 rep-
resents contamination from the cement, whereas
Population 2 reflects essentially formation geochem-
ical data.

SiO, shows a positive correlation with Al,O; (Fig.
F31A). CaO shows a negative correlation with both
SiO, (Fig. F31B) and AL,O; (Fig. F31C). AL,O; shows a
negative correlation with K,O (Fig. F31D). LOI shows
a positive correlation with CaO (Fig. F31E).

Interpretation of drilled stratigraphy

Lithologic Unit III, consisting of silty claystone with
trace amounts of sandy material, is interpreted as the
fill of the lower part of the Kumano forearc basin
and potentially prism slope basins (Expedition 315
Scientists, 2009b). The composition of detrital grains
is consistent with sediment supply from erosion of
the exposed sedimentary and metasedimentary rock
units within the Outer Zone of Japan, including the
Shimanto Belt (e.g., Taira et al., 1988; Isozaki and
Itaya, 1990). Lithologic Unit IV represents the upper-
most part of the older accretionary prism sediment
with silty claystone as the major lithology. Sand-
stone tends to consist of mainly quartzo-feldspathic
material, including metamorphic rock fragments,
common heavy-mineral assemblages, relatively rare
ferromagnesian minerals, variable but generally
small amounts of organic/wood material, and traces
of volcanic glass. This assemblage is consistent with
proximity to a volcanic source.

Expedition 315 interpreted lithologic Unit III as
forearc or supra-accretionary prism slope deposits
that accumulated above the CCD, both prior to and
during the early stages of formation of the Kumano

Basin (Expedition 315 Scientists, 2009b). Sediment-
starved conditions were accompanied by a diverse
assemblage of infauna. Local cementation of the sed-
iment surface (by glauconite, possibly with phos-
phates and carbonates) was favored by slow sedi-
ment accumulation rates and exposure to
oxygenated seawater.

Expedition 315 proposed that the base of lithologic
Unit III is a depositional contact between accreted
trench-wedge sediment and the initial deposits of
hemipelagic silty claystone on the lowermost trench
slope (Expedition 315 Scientists, 2009b). Seismic re-
flection profiles show complicated geometries with
angular discordances and contrasts in structural style
across the boundary. Expedition 315 Scientists inter-
preted the pronounced unconformity at ~922 mbst
(Expedition 315 Scientists, 2009b; their figure F4) as
a manifestation of uplift along a system of out-of-se-
quence (splay) faults that occurred at ~5 Ma.
Whether the uplift triggered erosion of accreted
strata or favored slow sediment accumulation above
the prism cannot be resolved without higher resolu-
tion biostratigraphy. This phase of tectonic activity
led to bathymetric blockage along the seaward edge
of an incipient Kumano Basin, creating a large sedi-
ment depocenter. It is noteworthy that the deposi-
tional environment remained starved of significant
terrigenous influx for >3 m.y. As discussed above, de-
livery of silt and sand turbidites into the basin began
at ~1.6 Ma, signaling the inception of lithologic Unit
II deposits (Expedition 315 Scientists, 2009b).

During Expedition 315, the depositional environ-
ment of lithologic Unit IV was difficult to interpret
because of poor core recovery and a strong tectonic
overprint characterized by intense fracturing, scaly
fabric in mudstone, and fragmentation of sandstone
beds (Expedition 315 Scientists, 2009b). Seismic re-
flection data indicate that the contact between litho-
logic Units III and IV is a boundary between the
forearc basin and the older accretionary prism,
which means that the most likely depositional envi-
ronment for lithologic Unit IV is older accretionary
prism slope basin or trench wedge. Low concentra-
tions of calcareous nannofossils suggest deposition
below the CCD in a slope basin near the base of the
trench slope. The Quaternary trench-wedge environ-
ment of the Nankai Trough is sandy (Pickering et al.,
1993; Moore, Taira, Klaus, et al., 2001).

Lithologic Unit IV consists of the most sandstone-
rich deposits recovered in Hole COOO2F. The most
likely depositional environment is that of older ac-
cretionary prism slope basin fill or accreted subma-
rine-fan deposits that accumulated in either a paleo-
trench or the Shikoku Basin. In lithologic Unit 1V,
the presence of the high-temperature metamorphic
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mineral corundum at 1125.5 mbsf (Sample 338-
CO002F-66-SMW) (Fig. F25A, F25B), a characteristic
mineral of contact metamorphism of limestones and
metamorphosed shales (e.g., schists), likely came
from the Jurassic low-pressure/high-temperature
Ryoke Metamorphic Belt. If correct, then its presence
may indicate a sequential unroofing history from
the Shimanto Belt to the older and more deeply bur-
ied Ryoke Belt.

The lithologic Unit IV/V boundary at 1740.5 mbst
(Sample 338-CO002F-215-SMW) is identified as an
important candidate thrust zone (see “Logging
while drilling”). XRD and XRF analyses show a sig-
nificant shift in mineralogy and element oxides at
this interface. For XRF analyses (Fig. F30), the shift
to increased values for LOI, CaO, MgO, and P,Os,
with an opposite shift for SiO,, ALO;, K,0, Na,O,
Fe,0,, MgO, and TiO,, can be explained by ion-rich
fluid migrating along the thrust zone to precipitate
Ca-Mg clay minerals.

Lithologic Unit V consists essentially of silty clay-
stone as the finest grained deposits within any unit
in Hole CO00O2F also associated with the highest
gamma radiation values (see “Logging while drill-
ing”). Its thickness, several hundred meters, suggests
that it is a candidate correlative unit to the hemipe-
lagic lithologic Unit III drilled at subduction inputs
Sites C0011 and C0012 (Expedition 322 Scientists,
2010a, 2010b), albeit possibly internally thrust du-
plicated and folded.

Hole C0002H

Two cores were recovered in Hole COO02H (Table
T11). Core recovery was limited: ~18.4% in Core
338-C0O002H-1R and 22.7% in Core 2R (see “Back-
ground and objectives”). Despite the difficulty with
recovery and the consequent expectation of the pref-
erential loss of unconsolidated sandy materials,
~27% of the recovered interval is weakly consoli-
dated sandstone. The small amount of core recov-
ered precludes identification of stratigraphically
meaningful units and subunits, so we focus here on a
detailed description of the two cores. The depth in-
terval cored is situated in Subunit IVA (Hole COO02F;
1025.5-1140.5 mbsf) and suggests that these materi-
als were obtained close to the lithologic Subunit IVA/
IVB boundary as shown on Figure F18. Further com-
parison to Hole COO02F is discussed below.

Lithologic variation

The dominant lithology in both cores is dark green-
ish gray silty claystone (Figs. F32, F33). Minor lithol-
ogies include sandstone, sandy siltstone, and calcare-
ous claystone. Silty claystones are consolidated to

the point that they cannot be fully disaggregated by
standard smear slide methodology (Fig. F34A). How-
ever, coherent fragments are sufficiently small that
they can be usefully examined in transmitted light.

All the lithologies are dominated by a siliciclastic
grain assemblage of clay, quartz, and feldspar (see
Hole COO02H smear slides in “Core descriptions”).
Lithic fragments are comparatively minor and con-
sist mostly of sedimentary (fine-grained siliciclastic
lithics and chert) and low-rank metamorphic clasts
such as slate and phyllite. Minor mineral grains in-
clude micas (mostly biotite and chlorite) and a di-
verse assemblage of dense minerals. Examples of car-
bonate-bearing silty claystone are observed in
intervals 338-CO002H-1R-1, 42-46 cm, 51-56 cm,
and 96-103 cm. Carbonate is primarily present in
the form of nannofossils (Fig. F34B) and as silt-size
anhedral calcite and ranges from a trace in the domi-
nant silty claystone to 30% in the more calcareous li-
thology, based on smear slide observations (see Hole
CO002H smear slides in “Core descriptions”), XRD
measurements (Table T12), and carbonate analyses
(Table T13). A localized detrital component, concen-
trated fragments of terrestrial organic matter (Fig.
F34C), occurs as sequences of laminae of 2-3 mm
thickness in intervals 1R-1, 48-50 cm; 2R-3, 70-75
cm; and 2R-3, 103-107 cm (Figs. F32, F33).

Biological features

The above-noted nannofossils are dominantly mod-
erately well preserved coccoliths and minor discoast-
ers. Only a trace of highly fragmented siliceous bio-
clasts, including sponge spicules and radiolarians,
was observed. Skeletal fragments of any type are rare.
Agglutinated tubes of a possible large foraminifer are
observed (~0.5 cm diameter) scattered throughout
both cores.

Generalized bioturbation is observed throughout
both cores, but particular ichnotaxa were not identi-
fied. Small (millimeter-scale) pyritized burrows are
especially visible in the X-ray computed tomography
(CT) images. Zones of intense burrowing are particu-
larly well developed beneath the calcareous layers,
which are themselves highly bioturbated. The X-ray
CT image (Fig. F35) reveals that some burrows
within noncalcareous silty claystone are filled with
calcareous silty claystone from the overlying calcare-
ous layer and also that some burrows appear to cross
the lithologic boundary.

Authigenic components

Few authigenic components can be recognized in
silty claystone using light microscopy. Pyrite fram-
boids (Fig. F34C) are widely distributed through
both cores. Possible microdolomite (Fig. F34D) of
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very uniform crystal size (1-3 pm) observed in the
calcareous silty claystone at Section 338-COO02H-1R-
1, 105 cm, possibly contributes to the high X-ray CT
density that is observed for that lithology (Figs. F32,
F35). The only macroscopically apparent authigenic
feature is a drilling-deformed fragment of calcite-ce-
mented sandstone surrounded by unconsolidated
sand in interval 2R-1, 40-44 cm, that also displays
high density on the X-ray CT image.

Comparison to Hole C0002H and other sites
on the Nankai margin

Lithologies observed in Cores 338-CO0O02ZH-1R and
2R are consistent with the range of lithologies ob-
served in Hole COOO2F, and specifically, the sand-
rich lithologic Subunit IVB (Fig. F18). The sandstone
proportion recovered in Hole COO02H is most likely
less than the actual stratigraphic percentage of sand
as a consequence of sand loss during core recovery;
there also may be some influence from underreamer
mixing. XRD and XRF compositions (Figs. F36, F37;
Tables T12, T14) are generally similar to those ob-
served in cuttings in Hole COOO2F but show far more
scatter, as expected for discrete samples versus cut-
tings, because of the homogenization from mixing
of different lithologies in the cuttings.

On a broader scale, lithologies recovered in Cores
338-C0002H-1R and 2R are similar to lithologies re-
ported at IODP Site C0001 in lithologic Subunit IC
(basal slope apron) and Unit II (accretionary prism)
and in Hole C0O002B in lithologic Unit IV (accretion-
ary prism) (Expedition 315 Scientists, 2009a, 2009b)
with the exception that the sand percentage recov-
ered is somewhat higher in Hole COO02H, more sim-
ilar to the sand-rich character observed in Hole
CO002F lithologic Subunit IVB. Lithologies, major
and minor grain components, and biologic compo-
nents are all consistent with the features described
more widely on the Nankai margin (e.g., Kinoshita,
Tobin, Ashi, Kimura, Lallemant, Screaton, Curewitz,
Masago, Moe, and the Expedition 314/315/316 Sci-
entists, 2009) with the notable exception that volca-
nogenic material (volcanic lithic fragments, pumice,
and volcanic glass) is very minor to absent in Hole
COO002H. The loss of sand during drilling and coring
and the general high level of drilling-induced core
disturbance and structural deformation (see “Struc-
tural geology”) prevent clear recognition of the
characteristic sedimentary depositional successions
in these cores. A few fining-upward sequences,
capped by calcareous silty claystone (intervals 338-
CO002H-1R-1, 52-54 cm; 1R-2, 3-11 cm; 2R-1, 16
cm; 2R-3, 42 cm; 2R-3, 68 cm; 2R-3, 69-72 cm; 2R-3,
85-89 cm; and 2R-3, 105-114 cm) suggest the pres-
ence of turbidites a few centimeters or tens of centi-

meters thick, with most now missing their sand (pre-
sumably lost during core recovery), that grade from
fine sand or coarse silt at the base to more nannofos-
sil rich silty claystone that has been greatly obscured
by bioturbation. The ratio of siliciclastic debris to pe-
lagic components suggests a relatively higher rate of
sedimentation compared to the condensed mudrock
succession in lithologic Unit III (Hole CO002B, Expe-
dition 315 Scientists, 2009b). The abundant biotur-
bation in the silty claystones suggests deposition un-
der conditions of normal seafloor oxygenation.

Hole C0002j

Seven cores were recovered in Hole C0002J (Table
T15) with an average recovery of ~60% (see “Back-
ground and objectives”). The depth interval cored
(902-940 mbsf), based on comparisons to logs from
Hole CO002A (Expedition 314 Scientists, 2009), logs
and cuttings from Hole COOO2F (Fig. F18), and cores
from Hole CO0002B (Expedition 315 Scientists,
2009b), suggests that these materials were obtained
close to the lithologic Unit III/IV boundary. Given
the relatively short interval cored and the limited re-
covery, we focus on description of Hole CO002] cores
and possible stratigraphic correlations of the cored
interval and sediments observed in Holes C0002B
and COOO2F. Specifically, we focus on characteriza-
tion of a possible unit boundary (lithologic Unit III/
IV) in Section 338-C0002J-5R-8. Conclusions on the
nature and exact position of this boundary will be
further refined though postexpedition research.

Lithologic variation

The dominant lithology in Hole C0002] is dark ol-
ive-gray silty claystone (Fig. F38) (see Hole C0002]
smear slides in “Core descriptions”). Minor litholo-
gies include sandstone, sandy siltstone, silty clay-
stone, calcareous claystone, and fine ash. XRD and
XRF data show that bulk mineralogical and bulk ele-
mental compositions are broadly similar to those ob-
served at this depth interval in Hole CO002B (Figs.
F39, F40), with a relatively sharp drop in carbonate
content at the possible lithologic Unit III/IV bound-
ary (see further discussion below).

All the lithologies are dominated by a siliciclastic
grain assemblage of clay, quartz, and feldspar with
variable amounts of pelagic carbonate (Tables T13,
T16, T17). Lithic fragments consist mostly of sedi-
mentary (fine-grained siliciclastic lithics and chert)
and low-rank metamorphic clasts such as slate and
phyllite (Fig. F41). Minor mineral grains include mi-
cas (mostly biotite and chlorite) and a diverse assem-
blage of dense minerals. Volcanic glass is widely dis-
tributed in the silty claystone and also in the coarser
lithologies. Vitric material is mostly silt-size clear
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glass, but subordinate amounts of brown glass, mi-
crolitic volcanic rock fragments, and pumice (Fig.
F42) are present locally. Carbonate is primarily pres-
ent in the form of nannofossils and also as silt-size
anhedral calcite and ranges from trace in the domi-
nant silty claystone to 20% in the more calcareous li-
thology, based on smear slide observations (see Hole
C0002] smear slides in “Core descriptions”), XRD
measurements (Table T16), and carbonate analyses
(Table T13). Minor amounts of terrestrial organic
matter (red-brown color) are observed in the coarser
lithologies.

Biological features

The above-noted nannofossils are dominantly mod-
erately well preserved coccoliths and minor discoast-
ers. Samples generally contain trace to minor
amounts of highly fragmented siliceous bioclasts, in-
cluding sponge spicules and radiolarians. Skeletal
fragments of any type are rare. Agglutinated tubes of
a possible large foraminifer are observed (~0.5 cm in
diameter) scattered through the core.

Generalized bioturbation is pervasive and most read-
ily appreciated in X-ray CT images. Small (millime-
ter-scale) pyritized burrows similar to Trichichnus
(McBride and Picard, 1991) are the most common
type of discrete burrow, but Chondrites, Zoophycos,
and other discrete burrows are well preserved in local
zones, most especially in Cores 338-C0002J-1R
through SR (Fig. F43).

Numerous occurrences of possible syndepositional
erosion are observed in Cores 338-C002J-4R through
7R (Fig. F44), including angular mud clasts and
scoured bedding surfaces that display a range of in-
clinations.

Authigenic components

Few authigenic components can be recognized in
silty claystone using light microscopy. Pyrite fram-
boids are widely distributed through all the cores
and are most notably developed within and around
burrows as noted above. Glauconite is also notable
in Cores 338-C002J-1R to SR and occurs in a variety
of forms (Fig. F45). Slightly wavy greenish bands 1-3
cm thick are most likely slightly glauconized silty
claystone, although the specific form of the glauco-
nite is not discernible in smear slides. Glauconite
also occurs as discrete grains of silt to granule size
(Fig. F45C, F45E) that appear in smear slides as grass-
green claystone and silty claystone (Fig. F45D).

The interval 338-C0002J-6R-1, 15-23 cm, has a zone
of calcareous sandy mudstone composed of very uni-
form anhedral calcite microcrystals that form a ma-
trix around sand grains (Fig. F46). This material is

similar to possible authigenic calcite (microbial pre-
cipitate?) encountered in Sample 315-C0002B-59R-1,
45-52 cm (see “Core descriptions”), within the up-
per part of lithologic Unit IV (Expedition 315 Scien-
tists, 2009b). This lithology is the source of the rare
carbonate-rich material observed locally within lith-
ologic Unit IV.

Possible unit boundary

A possible unit boundary (lithologic Unit III/IV; Ku-
mano Basin/prism) is identified within a zone ~18
cm thick, beginning at ~926.66 mbsf in Section 338-
C0002J-5R-8 (Fig. F47). Interpretation as a unit
boundary is based on lithologic evidence, compared
for reference to core observations made in Hole
C0002B (Expedition 315 Scientists, 2009b), together
with the proximity to the boundary depth observed
by sampling and logging in Holes CO002A, CO002B,
and COOO2F. Lithologic evidence for the boundary
includes the following:

e A relatively sharp boundary between calcareous
glauconitic sandy silty claystone and less calcare-
ous nonglauconitic silty claystone (Fig. F47),

e An abrupt and substantial increase in sand abun-
dance below this boundary,

* A change in sand composition from glauconite
rich with an admixture of volcanic glass to a more
quartzo-feldspathic composition with abundant
metamorphic rock fragments, and

e A substantial decrease in the amount of carbonate
in silty claystone (see Hole CO002] smear slides in
“Core descriptions”) (Table T16; Fig. F39).

Ash occurs both above and below the boundary. Al-
though ash is a persistent component of silty clay-
stones above the boundary, the ash occurrence in
both silty claystone and sandstone below the bound-
ary is more variable, ranging from abundant in zones
adjacent to ash beds to near absent in beds farther
from the ash. In Section 338-C0002J-5R-8, immedi-
ately above and within the boundary zone, evidence
for erosion, as described above and depicted in Fig-
ure F44, becomes pronounced (Fig. F47).

Bulk elemental compositional variation across the
possible unit boundary in Section 338-C0002]J-5R-8
was examined using XRF core scanning (Fig. F47; Ta-
ble T18). The lithologic Unit III/IV boundary may
not be a single sharp contact (as in Hole CO002B). In-
stead, it may occur as a zone of heterogeneous lithol-
ogy, containing alternations of materials from litho-
logic Units III and IV. This variety is also reflected in
the XRF core scanning results. The peaks in Fe,O;
correspond to levels rich in glauconite. Al,O; yields a
noisy signal, but greater Al,O; clearly corresponds to
carbonate-poor claystone.
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Biostratigraphic data for Holes C0002B, CO002F, and
C0002] results indicate the presence of middle Plio-
cene sediment at 925.48 mbsf (see “Biostratigra-
phy”; Tables T19, T20, T21), indicating that indeed
the transition to prism sediment of likely late Mio-
cene age occurs below this depth. Sediment below
our proposed boundary at 926.7 mbsf have not, to
date, yielded datable nannofossil material. It remains
possible that coring in Hole C0002] did not pene-
trate the lithologic Unit III/IV boundary, as glauco-
nitic materials (possibly affiliated with lithologic
Unit III) are observed in the deepest section cored
(Section 7). Carbonate content, however, provides
stronger evidence that lithologies from Unit IV have
been encountered. Although minor amounts of car-
bonate-bearing silty claystone have been observed in
the upper part of lithologic Unit IV (mentioned in
“Authigenic components”), claystones as calcite
poor as the interval 338-C0002J-5R-8, 102-106 cm,
have not been previously reported in lithologic Unit
III (this chapter and Expedition 315 Scientists,
2009b).

Comparison to other data on the basin/prism
boundary

Placement of the lithologic Unit III/IV boundary in
Section 338-C0002J-5R-8 (Fig. F47) can be examined
in the context of previous observations of the con-
tact between basinal sediment and the prism (Table
T22). A transition from calcareous mudstone in the
basinal sediment to carbonate-poor mudstone in the
prism is a theme that recurs across all the sampled
holes at Site C0002 (Holes C0002B, COO02F, COO2H,
and C0002]) as well as at Site CO001. The depth of
the tentative boundary placement in Hole C0002] is
consistent with lithologic differences observed in
silty claystones across this boundary in both Holes
CO001H and C0002B, although the amount of sand
observed below the boundary in Hole CO0002] is
greater. An increase in the amount of sand below the
boundary is, however, consistent with observations
made in logs and cuttings in Hole COOO2F. The depth
of the boundary tentatively identified in Hole
C0002]J, however, matches the log-identified bound-
ary in Hole COOO2F more closely than the boundary
identified based on lithology. Biostratigraphic and
paleomagnetic evidence indicate that the boundary
as observed in Holes COO01H and CO002B is a signif-
icant unconformity. These observations are consis-
tent with the evidence for syndepositional erosion
documented here and are also consistent with the
possibility that the boundary is variable in terms of
the character of the lithologic transitions and the to-
pography at the contact.

Holes C0002K and C0002L

The coring interval in Holes CO002K and CO0002L
was chosen to provide data within a gap (200-500
mbsf) that was not cored during Expedition 315.
Based on comparisons to logs for Hole CO0O02A (Ex-
pedition 314 Scientists, 2009) and cores from Hole
CO0002B (Expedition 315 Scientists, 2009b), materials
in this interval are within lithologic Unit II. A total
of 35 cores comprising 265 sections were recovered
in Holes C0O002K and COO0O02L (Table T23) with an
average recovery of ~69% and 79%, respectively (see
“Background and objectives”).

Lithologic variation

The dominant lithology in Holes CO0002K and
CO002L is dark olive-gray silty claystone (Fig. F48)
(see Hole CO002K and CO0OO02L smear slides in “Core
descriptions”). Minor lithologies include sandstone,
sandy siltstone, silty claystone, calcareous claystone,
and fine ash.

Most samples are dominated by a siliciclastic grain
assemblage of clay, quartz, and feldspar with variable
amounts of pelagic carbonate (Figs. F49, F50; Tables
T24, T13, T25) and a minor but persistent compo-
nent of volcanic glass. Total carbonate content
ranges from <1% to ~15% in the dominant silty clay-
stone and up to 30% in the more calcareous silty
claystone in the pelagic-influenced upper parts of
the turbidite cycles, based on smear slide observa-
tions (see Hole COO02K and COOOZL smear slides in
“Core descriptions”), XRD measurements (Table
T24), and carbonate analyses (Table T13).

The feldspar is dominantly plagioclase; much of it is
untwinned and highly vacuolized. Lithic fragments
consist mostly of fine-grained siliciclastic lithics and
chert and low-rank metamorphic clasts such as slate
and phyllite (Fig. F51). Minor mineral grains include
micas (mostly biotite and chlorite) and a diverse as-
semblage of dense minerals. Volcanic glass is widely
distributed in silty claystones and also in coarser li-
thologies. Vitric material is mostly silt-size clear
glass. Carbonate is primarily present in the form of
nannofossils and also as foraminifers and silt-size an-
hedral calcite. Minor amounts of terrestrial organic
matter are present.

The typical occurrence of sand in these cores takes
the form of thin turbidite cycles that vary in sand
thickness (Fig. F52; Table T26). Thicker turbidites
range from decimeter to meters thick cycles with
sand sitting above a scoured base; fining upward into
sandy silt, clayey silt, and silty claystone; and capped
by a somewhat calcareous silty claystone rich in pe-
lagic debris (coccoliths) (Fig. F52A). Thinner turbi-
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dites begin with centimeter-scale silty sand or clayey
silt (Fig. F52B), and the smallest ones are represented
only by slightly coarser silty claystones at subtly
scoured contacts above calcareous silty claystone
(Fig. F52C). Across the depth interval sampled, turbi-
dite sand has an uneven distribution (Fig. F53), be-
ing more abundant in the zones above 300 mbsf and
below 450 mbsf. The thickest sand observed is ~1 m
thick.

Biological features

The above-noted nannofossils are dominantly mod-
erately well preserved coccoliths and minor discoast-
ers. Samples generally contain a trace to minor
amounts of highly fragmented siliceous bioclasts, in-
cluding sponge spicules and radiolarians. A few core
sections that are poor in sand (e.g., Cores 338-
CO0002K-1H and 2H and Sections 338-C0002L-4X-1
through 4X-6) contain biosiliceous components at
amounts of a few percent. Generalized bioturbation
and discrete burrows are not generally evident, ei-
ther in core or CT images.

Authigenic components

Pyrite framboids are the only commonly observed
authigenic component.

Interpretation

Expedition 315 Scientists (2009b), working from
cores with poor recovery of the sand, interpreted
lithologic Unit II as the lower forearc basin succes-
sion, dominated by the hemipelagic mud of distal
turbidites. The somewhat better core recovery
achieved in Holes CO002K and COOO2L allows us to
confirm this interpretation for the upper part of lith-
ologic Unit II. Patterns of sand occurrence are sug-
gestive of the presence of a coarsening-upward pack-
age of generally thin turbidites from ~460 mbsf to
the top of lithologic Unit II, possibly underlain by a
second similar cycle that begins at the top of Core
338-C0002L-22X at ~480 mbsf. Poor core recovery in
Hole C0002B precludes immediate assessment of this
possibility of large-scale turbidite packages within
lithologic Unit II; additional work with core-log inte-
gration in postexpedition studies may further eluci-
date the depth trends of sand in lithologic Unit II.

Structural geology

Structural studies at Site (CO0002 consist of
(1) analyses of cuttings from 865.5 to 2004.5 mbsf in
Hole CO002F and (2) analyses of cores from 200-
280.5, 277-502.8, 902-933.8, and 1100.5-1112.8

mbsf in Holes CO0002K, CO0002L, CO0002J, and
CO002H, respectively.

Structures in cuttings from Hole CO002F

In Hole CO002F, deformation structures in cuttings
from the 1-4 and >4 mm size fractions were investi-
gated from 865.5 to 2004.5 mbsf (see “Structural ge-
ology” in the “Methods” chapter [Strasser et al.,
2014a]). In addition to natural deformation struc-
tures such as vein structures, carbonate veins, slick-
enlined surfaces, and minor faults, a high number of
drilling-induced deformation structures were ob-
served. Orientations of structures could not be mea-
sured because all information on orientation is lost
during recovery of cuttings through the riser. All ob-
served deformation structures that are not drilling
induced are summarized in CUTTINGS STRUC-
TURE.XLSX in STRUCTURE in “Supplementary ma-
terial.” Figure F54 shows the percentage of deformed
grains obtained from dividing the number of grains
that show deformation structures by the total num-
ber of investigated grains.

Vein structures

Vein structures in cuttings are thin clay- or silty clay-
filled extensional cracks or veins (Fig. F55) (Ogawa,
1980; Cowan, 1982; Brothers et al., 1996). The occuzr-
rence of vein structures is limited to between 860
and 1050 mbsf (Fig. F54). Maximum concentrations
form a sharp peak of 5% at 900 mbsf. Considering
cuttings from the drill bit and the underreamer, the
depth range of these vein structures corresponds to
lithologic Unit I1I observed in Hole CO002B, which is
a clay-rich hemipelagic mud sandwiched between
accreted sediments below and silty-clay rich hemipe-
lagic sediments above (Expedition 315 Scientists,
2009Db).

Mineral veins

Narrow mineral veins that exclusively consist of car-
bonate (most probably calcite) occur throughout the
entire section below 1050 mbsf (Fig. F54). The veins
have widths of less than a few millimeters and are
present in mudstone, sandstone, and rare limestone
cuttings. Carbonate veins are often exposed at the
surfaces of clastic rock cuttings, which are, in most
cases, planar and lineated (Fig. F56A, F56B). This
suggests shear deformation during vein formation.
The lineated surface is also sometimes associated
with steps. Fiber growth of carbonate veins (Fig.
F56C), where the growth direction is perpendicular
to the vein wall, is locally observed, indicating re-
peated extensional fracturing and vein growth from
solution (also see Fig. F56D, where calcite grains in
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veins grew from very fine calcite grains of the lime-
stone wall rock). Observation of thin sections under
optical microscope shows that carbonate veins con-
sist of abundant, very fine calcite grains; a small frac-
tion of larger grains (up to 100 pm) show mechani-
cal twins (Fig. F56E). Also, the wall rocks were
fractured during vein formation and incorporated
into veins (i.e., selvages; Fig. F56F). Maximum con-
centrations of cuttings with carbonate veins of up to
2.5% occur between 1050 and 1150 mbsf (Fig. F54).
It may be noted that from 1800 to 2000 mbsf the fre-
quency of cuttings with carbonate veins is higher in
the 1-4 mm size fraction compared to the >4 mm
size fraction. This may indicate that cuttings with
carbonate veins can be easily broken into smaller
pieces with a diameter of <4 mm.

Slickenlined surfaces

Similar to mineral veins, cuttings with slickenlined
surfaces occur throughout the entire section below
1050.5 mbst. A slickenlined surface is the polished
surface of a cutting that shows striations (Fig. FS7A,
F57B). Under the optical microscope, clay minerals
are observed along incipient slickenlined surfaces,
where they build a clay mineral-rich zone up to 100
pm in width on both sides of the incipient surface
(Fig. F57B, F57C). Slickenlines are commonly associ-
ated with steps (Fig. F57D) from which the sense of
shear can be inferred (e.g., Petit, 1987; Angelier,
1994; also see Expedition 319 Scientists, 2010, for
detailed explanation of steps on faults). The degree
of the preferred alignment of clay minerals seems to
increase with depth, but this requires more detailed
investigation. Depths or depth intervals for which
the proportion of cuttings showing slickenlined sur-
faces exceeds 3% are found at 1060.5, 1215.5-
1285.5, 1345.5-1375.5, 1550.5-1675.5, and 1895.5-
1985.5 mbsf (Fig. F54). Among these depths, the
1550.5-1675.5 mbsf interval shows anomalously
high concentrations of slickenlined surface-bearing
cuttings of up to 10%. Also at these depths, a high
number of lens-shaped cuttings, which are com-
pletely surrounded by slickenlined surfaces, are ob-
served. In the shallower intervals of Hole COO02F
(1010.5-1635.5 mbst depth, mostly 1010.5-1235.5
mbsf), grains with a shiny surface but without slick-
enlines are commonly observed. These grains could
be related to fracture surfaces coated by clay miner-
als, but the relationships with shear deformation are
unclear. The abundance of grains with a shiny sur-
face is listed in CUTTINGS STRUCTURE.XLSX in
STRUCTURE in “Supplementary material” but not
included in Figures F54 and F58.

Minor faults

Only two minor faults were observed within the cut-
tings. One is in a calcareous siltstone chip from cut-
tings Sample 338-C0002F-169-SMW, >4 mm (1565.5
mbsf bit depth) (Fig. FS9A-F59D), and the other is in
a laminated sandstone from cuttings Sample 238-
SMW, >4 mm (1835.5 mbsf bit depth) (Fig. F59E,
F59F). The first fault is characterized by two thin,
black-colored parallel zones with thicknesses of up to
100 pm (Fig. F59A-F59C). Although the displace-
ment along the faults is unclear, they are distin-
guished from other structures (e.g., stylolites) be-
cause of their planar shape and stepovers (Fig. F59C).
Under the optical microscope, the fault slip zones are
composed of dark-colored clay minerals with no pre-
ferred orientation (Fig. FS9C, F59D). Inspection of
thin sections shows that detrital quartz grains and
foraminifer fossils adjacent to the fault do not show
any deformation (Fig. F59D). In the case of the sec-
ond fault (Sample 238-SMW, >4 mm; 1835.5 mbsf),
laminations in the sandstone are displaced ~0.6 mm
along the observed plane (Fig. F59E). The fault plane
is accompanied by a very thin zone (<100 ym) in
which neither comminuted material nor concentra-
tion of clay minerals is observed (Fig. FS9F). The na-
ture of both faults suggests that cataclastic flow,
characterized by grain comminution or crushing,
was not dominant during faulting.

Diagenesis and lithification processes
of sediment

In the shallow part of Hole COOO2F (above 1100
mbsf), sandstone is not observed in 1-4 mm and >4
mm cuttings. Between 1100 and 1500 mbsf, sand-
stone commonly occurs as rounded clasts that easily
disaggregate. Under the optical microscope, such
clasts appear to be composed of loosely packed sand
grains surrounded by clay minerals (Fig. F60A). Be-
cause of the low degree of induration, large amounts
of unconsolidated sandstone may have been dis-
persed during riser drilling. Below ~1500 mbsf, the
sand becomes indurated enough to produce sand-
stone cuttings that remain intact during drilling, re-
covery, and sieving. At these depths, sedimentary
structures such as graded bedding and laminations
are commonly observed in cuttings (Fig. F60B).
Quartz cement fills the gaps between the closely
packed detrital grains (Fig. F60C, F60D). Compac-
tion and cementation seem to have played impor-
tant roles in the lithification process of sandstone.

Angular-shaped silty claystone cuttings gradually ap-
pear near 1600 mbsf. On a microscopic scale, the de-
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gree of parallel alignment of clay minerals increases
with depth (compare Fig. F61A-F61F, retrieved from
1215.5, 1475.5, 1565.5, 1625.5, 1875.5, and 2004.5
mbsf). This increase could be caused by growth of
clay minerals that became more significant with in-
creasing depth, corresponding to increases in tem-
perature, time, or tectonic compaction (Milliken and
Reed, 2011; Day-Stirrat et al., 2011).

Drilling-induced deformation

Cuttings generally show severe drilling-induced dis-
turbance. The most common drilling-induced struc-
ture is a characteristic sawtooth shape that is ob-
served in many cuttings samples (Fig. F62A). This
shape is likely formed by the drill bit or the under-
reamer. Because of their characteristic shape, those
drilling-induced structures could be easily distin-
guished from natural deformation structures.

At shallow depths (above 1400 mbsf), drilling mud
invasion is commonly observed in cuttings. Figure
F62B shows a typical microscopic example of such
an invasion. Under an optical microscope, drilling
mud is characterized by a low birefringence matrix
that contains angular grains of minerals with a wide
range of grain sizes. Also, some of the original silty
claystone shows embayed surfaces, suggesting that
drilling mud with high fluid pressure invaded less
cohesive formations.

In addition to those cuttings that were deformed by
drilling mud injection, some cuttings are likely to be
artificially formed during drilling and recovery oper-
ations. Such drilling-induced cohesive aggregates
(DICAs), which occur in the 1-4 mm and >4 mm size
fractions, contain less sorted angular mineral grains
and fragments of small cuttings from the formation
in a low-birefringence drilling mud matrix (Fig.
F62C). Matrix-supported texture, scattered grain-size
distribution, and low birefringence of matrix suggest
that the DICAs are in fact aggregates of dispersed
sand and small fragments of the formation that
formed when mixed with drilling mud and remained
intact during subsequent recovery, washing, and
sieving.

In the deeper part of this hole (especially below 1800
mbsf), rounded DICAs predominantly consisting of
silty clay start to appear. After vacuum drying, these
aggregates are visually similar to formation silty clay-
stone cuttings. However, when exposed to water,
they easily disaggregate, and they do not show the
angular shape of “real” silty claystone cuttings (Fig.
F62D). It may also be noted that cuttings from Sam-
ples 338-CO002F-311-SMW, >4 mm, and 322-SMW,
>4 mm (1975 and 1982.5 mbsf), which are produced

only by the underreamer, do not contain DICAs and
do not show a sawtooth shape.

Drilling-induced disturbance not only destroys pre-
existing rock textures but also creates DICAs. Careful
mesoscopic and microscopic observations of cuttings
are therefore necessary in order to exclude DICAs
from any subsequent analysis.

Relationship between structural observations
and lithology

During the investigation of deformation structures
in cuttings, we also estimated the amount of sand-
stone versus that of silty claystone in the >4 mm and
1-4 mm size fractions (Figs. F58, F63). The derived
concentrations of silty claystone are in good agree-
ment for both size fractions. Down to ~1150 mbsf,
only silty claystone cuttings are observed. From 1150
to 1650 mbsf, silty claystone concentrations fluctu-
ate between 60% and 90%. Below 1650 mbsf, silty
claystone concentrations increase to >90%. These re-
sults can be qualitatively compared to the silty clay-
stone to sandstone ratio determined by lithologic
observations of the cuttings mix, sieved at >63 pm
(Fig. F63; see also “Lithology”).

The overall trends derived from structural and litho-
logic analyses are in good agreement. Low concen-
trations of sandstone are observed above 1150 mbsf
and below 1700 mbsf, whereas the interval between
shows higher concentrations. Although the overall
trends agree rather well, the absolute values as well
as the locations of local maxima and minima do not
always match exactly.

Over most of the interval from 1150 to 1750 mbsf,
the overall concentration of sandstone inferred from
lithologic observations on bulk cuttings is slightly
higher than the concentration inferred from the ap-
pearance of sieved cuttings for 1-4 mm and >4 mm
size fractions. One reason for this discrepancy possi-
bly originates in the different methods applied. Lith-
ologic observations were done on easy-sieved cut-
tings with a 63 pm mesh (see “Lithology”).
Structural observations of cuttings were carried out
after standard sieving and drying (see “Structural
geology” in the “Methods” chapter [Strasser et al.,
2014a]). Many of the sandstones were less consoli-
dated and therefore could have disaggregated during
processing. Therefore, some of the sandstones inves-
tigated directly after easy sieving may have been dis-
aggregated during the standard cuttings workflow
and were not preserved in the 1-4 mm and >4 mm
size fractions. As structural observations of cuttings
only counted intact cuttings, this may explain the
observed lower sandstone percentages.
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Relation of structural observations and logging
data

A fundamental difference between the structural ob-
servations on cuttings and the LWD data is the verti-
cal resolution. Cuttings were sampled every 5 m but
were generally analyzed every 10 m and were mixed
at least over the 43.8 m depth interval spanning
from the drill bit to the underreamer (see “Struc-
tural geology” in the “Methods” chapter [Strasser et
al., 2014a]); the LWD data have a sampling interval
(vertical resolution) of 0.152 m. These differences in
vertical resolutions make correlations between log
features and structural observations difficult.

However, there are some ways to qualitatively com-
pare the results obtained by the different methods.
Figure F54 shows the downhole distribution of de-
formation structures in cuttings. These can be corre-
lated to the distribution of faults and fractures docu-
mented in the logging data (Fig. F8). In the structural
data, the type of deformation structures changes at
~1020 mbsf. Here, the last occurrence of vein struc-
tures coincides with the first occurrence of slicken-
lines and carbonate veins. This structural change
likely reflects the Unit III/IV boundary (see “Logging
while drilling” and “Lithology”) and may be
caused by different styles of deformation in the Ku-
mano Basin sediment and the accretionary prism.

Maximum concentrations of carbonate veins (2.5%)
between 1050 and 1150 mbsf may correlate to log-
ging Subunit IVB. However, no increased concentra-
tion of slickenlined surfaces is found at this depth.

Intervals with a high abundance of slickenlined sur-
faces are observed at 1060.5, 1215.5-1285.5, 1345.5-
1375.5, 1550.5-1675.5, and 1895.5-1985.5 mbst.
The 1345.5-1375.5 mbsf interval correlates to an in-
terval where the LWD data show a prominent
change in the dominant dip direction (Fig. F8). The
1550.5-1675.5 mbsf interval, which hosts the high-
est concentrations of slickenlined surfaces, correlates
to the basal part of Unit IV, including the boundary
to Unit V, which is situated at ~1638 mbsf based on
LWD data and 1740.5 mbsf based on lithology data.
For a comparison between the above discussed varia-
tions in the lithology of the cuttings and the LWD
data, refer to “Lithology.”

Structures in core from Holes CO002H,
C0002J, C0002K, and C0002L

Cores retrieved from Holes COO02H and CO0002]-
CO002L during Expedition 338 show a large variety
of structures (e.g., Fig. F64). Bedding, faults, and de-
formation bands are well represented and locally
abundant, whereas shear zones, carbonate-cemented
breccias, fractures without noticeable displacement,

vein structures, disrupted bedding, fissility, and in-
cipient scaly cleavage are rare.

Deformation observed in core or X-ray CT images is
localized in specific core intervals. Deformation
structures are rarely observed in cores from the upper
part of the Kumano Basin deposits (Unit II), whereas
they are numerous in cores from the lowermost part
of the Kumano Basin sediment (Unit III) and from
the accretionary prism sediment (Unit IV). A total of
27 bedding orientations, 49 faults, 13 striations, and
24 deformation bands measured on core from Holes
CO00ZH and C0002] were reoriented into true geo-
graphic coordinates using paleomagnetic data mea-
sured on board the ship.

Bedding

Bedding from Holes CO002K and CO002L (lower Ku-
mano Basin sediment; Unit II) is subhorizontal to
gently dipping and dips at angles <30° (Fig. F65). In
cores from Hole C0002]J, which were retrieved from
the interval including the Unit III (basal Kumano Ba-
sin)/IV (accretionary prism) boundary, bedding dips
gently at angles <12° at the interval 900-922.77
mbsf, whereas bedding angle gradually increases
with depth from 923.0 mbst to 61° at 932.2 mbsf. In
Hole CO002H (Unit IV), bedding shows a tendency
to increase in dip angle with depth (7°-50° in Core
338-CO002H-1R and 17°-64° in Core 2R). However,
the limited data set does not allow us to determine if
this tendency is significant at the scale of Hole
CO002H.

Reoriented bedding in Unit III from Hole C0002] is
subhorizontal (Fig. F66A). On the other hand, reori-
ented bedding in Unit IV from Holes CO002H and
C0002] is subhorizontal to steeply dipping toward
south or north (Fig. F66B). Poles to bedding roughly
lie on a girdle, suggesting the presence of an east-
west-trending fold. However, the scarcity of orienta-
tion data and the lack of layer polarity indicators (see
“Lithology”) do not clarify this hypothesis. Bedding
dipping north or south at 900-1100 mbsf is consis-
tent with bedding orientations derived from resistiv-
ity images obtained during Expedition 314 (Expedi-
tion 314 Scientists, 2009).

Disrupted bedding

Intensely disrupted bedding is observed in Sections
338-C0002J-5R-3 through 5R-8 between 922.76 and
927.7 mbst. An example of such disrupted bedding is
depicted in Figure F64A. Where they are still recog-
nizable, disrupted beds have variable thicknesses and
a boudinaged appearance. Sets of Riedel shears and
preferred orientations (P-foliations) within those in-
tervals suggest bedding-parallel shearing to form dis-
rupted bedding. Bedding orientation measurement
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cannot be done with accuracy in the disrupted inter-
val. In particular, among the five bedding orienta-
tions measured in this interval, the two ~30° values,
which depart from the low (<20°) dip values mea-
sured elsewhere in Unit III, likely result from dis-
rupted bedding.

Faults

Most faults were observed in cores from the bottom
of Kumano Basin Unit III (Hole C0002]) and from
Unit IV (Hole CO002H). Of 48 observed faults, only 4
faults were observed in Kumano Basin Unit II (Holes
CO0002K and CO002L, Fig. F67). The lowermost part
(Unit III) of the Kumano Basin sedimentary pile ap-
pears more intensely faulted than the shallower lay-
ers of Unit II. Fault dips range between 11° and 82°.

In Kumano Basin Unit III (Hole C0002J), fault orien-
tations are variable and no preferred orientation is
clearly expressed (Fig. F68A). However, contouring
of poles to faults suggests a predominance of east-
west-striking and north-dipping low-angle to mod-
erate-angle faults. The scarcity of striations and sense
of slip data as well as the lack of relative chronology
constraints prevent any paleostress analysis for Unit
11T faults.

In accretionary prism Unit IV (Hole CO002H), four
fault sets can be distinguished (Fig. F68B): north-
south-striking and east-dipping high-angle faults,
northwest-striking and northeast-dipping high-angle
faults, east-west-striking high-angle faults, and
north-south-striking and west-dipping low-angle
faults. Only four faults bear striations with clear slip
sense. The trend of these striations suggests exten-
sion in the east-west to northwest-southeast direc-
tions, which is consistent with normal fault data
from Hole CO002B (Byrne et al., 2009; Lewis et al.,
2013).

A series of faults occur in interval 338-CO002H-1R-1,
99-121 cm (Fig. F69). Their dip angles are between
57° and 76° for faults with normal displacement
components and between 75° and 82° for faults with
reverse displacement components. Faults with nor-
mal displacement components strike north-south to
northwest-southeast, whereas those with reverse dis-
placement components strike around east-west. This
contrast in strike suggests that the two fault types
pertain to two diachronous episodes of deformation.
As observed on split core surfaces, most of these
faults have apparent displacements of no more than
a few centimeters (Fig. F69A).

In summary, faulting at Site CO002 increases in in-
tensity with depth, but the lack of information re-
garding slip sense along most faults and the lack of

relative chronology criteria between faults prevent
any reliable paleostress analysis.

Deformation bands

Most deformation bands (26 out of 27 occurrences)
were observed in Kumano Basin sediment Unit III
(Fig. F67). On cores, deformation bands appear as
dark bands with thicknesses between <1 and 5 mm
(Fig. F64B). The boundary between a deformation
band and the host sediment is sharp, at least to the
naked eye. Thickness commonly changes along
strike over a few centimeters. Most deformation
bands are oblique to bedding. No clear offset could
be observed along these structures.

Deformation bands dip variably between 0° and 90°
but predominantly between 20° and 60° (Fig. F67).
Deformation bands, reoriented based on paleomag-
netic data, do not show any preferred orientation
(Fig. F70).

Shear zones

Shear zones are found only in Section 338-C0002]-
1R-3. Unlike faults, for which displacement is ac-
commodated along discrete planar surfaces, shear
zones are several millimeter thick zones consisting of
an anastomosing network of undulating fault sur-
taces (Fig. F64C). The boundary between shear zones
and host sediment is usually not clear and can look
progressive. Displacement along shear zones is on
the order of a few centimeters. The absence of cross-
cutting relationships in cores precludes any tentative
relative chronology among deformation bands,
faults, and shear zones.

Carbonate-cemented breccia

Fragments of calcite-cemented breccia were observed
in indurated claystone at interval 338-C0002]J-7R-1,
6-11 cm (Fig. F64D). This breccia, which can be de-
scribed as a mosaic breccia (Mort and Woodcock,
2008), clearly experienced dilatancy in several direc-
tions, suggesting that it was formed by hydraulic
fracturing (pore pressure in excess of the least princi-
pal stress; Cosgrove, 1995). The breccia was retrieved
from 932.11 to 932.6 mbsf, which is <5 m below the
Unit III/IV boundary. It is, however, difficult to cor-
relate this occurrence to any specific structure (e.g.,
unconformity or fault zone) crossed by Hole C0002].
Moreover, the breccia fragments were found at the
top of Core 338-C0002J-7R, suggesting that they
may have fallen from above when drilling resumed
after recovery of Core 338-C0002J-6R. The fact that
the fragments are rounded and bear RCB tool scars
supports this hypothesis.
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Fractures without noticeable displacement

Natural fractures in cores from Site C0002 are not
readily distinguished from drilling-induced fractures.
In some cases, however, features borne by fracture
surfaces allow rejecting a drilling-induced origin.
One joint striking N89°E to N94°E and dipping 78°N
to 81°N has been observed at interval 338-CO002H-
1R-1, 65-83 cm (Fig. F64E). Its smooth surface sug-
gests a Mode I opening, similar to the joint described
in Section 316-CO006F-18R-1 (Expedition 316 Scien-
tists, 2009). Other natural fractures have shiny sur-
faces that bear faint striations. Since no displace-
ment across them can be noticed with the naked eye,
these fractures are interpreted as shear or hybrid frac-
tures (Hancock, 1985).

Vein structures

Sediment-filled vein structures (Cowan, 1982) were
observed in silty claystone in cores from the lower-
most part of Unit III in Hole C0002]J (e.g., Fig. F64F).
They appear as sets of vertical to steeply dipping,
parallel, fine veins with either planar or sigmoidal
shapes (Ohsumi and Ogawa, 2008). The distribution
of vein structures with depth is consistent with core
data from Hole C0002B (Expedition 315 Scientists,
2009b) and cuttings data from Hole COO002F (Fig.
F54).

Fissility and incipient scaly cleavage

Fissility is locally observed in Holes CO002K and
CO002L (e.g., Fig. F64G). It is generally well devel-
oped in mudstone layers and absent in coarser silt-
stones or sand intervals. Fissility is always horizontal
and is suspected to result from drilling-induced sedi-
ment unloading. Orientation of fissility was not
measured at Site C0002.

Incipient scaly cleavage is locally observed in mud-
stone from interval 338-C0002J-3R-5, 76-79 cm (Fig.
F64H). Incipient scaly cleavage is an irregularly
spaced cleavage along which the mudstone easily
breaks apart. Cleavage surfaces are shiny and bear
faint striations. Given the scarcity of incipient scaly
cleavage, orientation of this structure was not mea-
sured.

Unit III/IV structural boundary

As already reported from Holes COO0ZA (Expedition
314 Scientists, 2009), C0002B, C0002C, C0002D (Ex-
pedition 315 Scientists, 2009b), and CO002F (“Log-
ging while drilling”), Kumano Basin forearc sedi-
ment is characterized by subhorizontal to gently
dipping bedding with dips <30° (Fig. F65). A total of
87% of the 238 bedding dip angles measured in Ku-
mano sediment are <10°, and 11% are between 11°

and 30°. In contrast, bedding in the accretionary
prism (20 measurements) dips between 5° and 64°
with 11 measurements steeper than 30°. This differ-
ence in bedding dip can help locate the boundary
between the lowest Kumano Basin sediment (Unit
III) and the underlying accretionary prism (Unit IV).
The enlarged part of Figure F65 shows that a gap in
bedding angles is present at ~923-927 mbst in Hole
C0002]J, suggesting that this hole likely intersected
the Unit III/IV boundary there. As we mentioned in
“Disrupted bedding,” two relatively high dip angles
at 923.9-924.09 mbsf seem to be related to bedding
disruption. In that case, the structural boundary can
be defined between 925.91 and 926.78 mbsf, which
is comparable with the boundary defined by litho-
logic analyses (see “Lithology”).

Biostratigraphy

Preliminary biostratigraphy for Hole COO02F is based
on shore-based examination of calcareous nannofos-
sils and radiolarians, whereas that for Holes C0002J-
CO0002L is exclusively based on calcareous nannofos-
sils.

Calcareous nannofossils from Hole COO002F suggest
that cuttings samples from 935.5 and 985.5 mbsf are
early to middle Pliocene and late Miocene in age, re-
spectively. These nannofossil ages likely reflect that
the majority of cuttings at 935.5 mbsf are derived
from Unit III, whereas those at 985.5 mbsf are de-
rived from Unit IV. Radiolarian ages, which are less
precise, are overall consistent with this interpreta-
tion. In this hole, a discrepancy between the logging
Unit III/TV boundary (918.5 mbsf) and the lithologic
Unit III/IV boundary (1025.5 mbsf) is considered to
be due to mixing of cuttings over an interval of as
much as ~100 m (see the “Methods” chapter [Stras-
ser et al., 2014a]). Mixing of nannofossils occurs ac-
cordingly.

Calcareous nannofossils from Hole C0002]J suggest
that sediment above 925.5 mbsf is middle to late
Pliocene in age, whereas sediment below 926.7 mbsf
contains rare nannofossils. This supports the litho-
logic Unit III/IV boundary at 926.7 mbsf in this hole,
below which sediment of Unit IV is noncalcareous
and supposed to have been deposited below the car-
bonate compensation depth (see “Lithology”).

The age range of the Kumano Basin section between
200 and 500 mbsf in Holes CO002K and CO002L was
constrained from biostratigraphy and magneto-
stratigraphy data from Expedition 315 to be older
than 1.04 Ma but younger than 1.34 Ma (Expedition
315 Scientists, 2009b). Calcareous nannofossils from
Hole CO00ZL confirmed that the base of this hole
(502.74 mbsf) is older than 1.34 Ma. The nannofossil
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event of 1.04 Ma, however, was found at ~250 mbsf
in Hole CO002K, so an interval of normal polarity
paleomagnetism between 240.72 and 299.37 mbsf
(see “Paleomagnetism”) may rather be correlated
with the Jaramillo Subchron of 0.988-1.07 Ma. How-
ever, this nannofossil event and the top of the Jara-
millo Subchron were also encountered at 137.46 and
119.58 mbsf, respectively, in Hole C0002D. The du-
plicate occurrence of the nannofossil event and the
Jaramillo Subchron is possibly due to the presence of
a normal fault between Holes CO002D and C0002K,
where the former hole penetrated the footwall and
the latter hole penetrated the hanging wall.

Calcareous nannofossils

Calcareous nannofossils of 17 cuttings samples (338-
CO002F-22-SMW [935.5 mbst] to 284-SMW [1985.5
mbsf]) from Hole COO002F, 9 core samples (338-
C0002J-1R-CC, 0-5 cm, to 7R-CC, 19.5-24.5 cm)
from Hole C0002]J, 8 core samples (338-CO002K-1H-
CC, 36.0-41.0 cm, to 11X-CC, 20.0-25.0 cm) from
Hole CO002K, and 14 core samples (338-C0O002L-1X-
CC, 36.0-41.0 cm, to 24X-CC, 33.5-38.5 cm) from
Hole CO002L were examined. Well to poorly pre-
served, abundant nannofossil specimens are found
in these holes.

Hole CO002F

The uppermost sample (338-CO002F-22-SMW; 935.5
mbsf) examined contains Reticulofenestra pseudoumbi-
licus and Sphenolithus spp. without a typical form of
Discoaster quinqueramus (Table T19). This together
with other accompanying nannofossil species indi-
cate that this sample may be assigned a Pliocene age,
corresponding to calcareous nannofossil Zones
NN15-NN12 (Table T19; see also Table T11 in the
“Methods” chapter [Strasser et al., 2014a]). D. quin-
queramus and/or Discoaster berggrenii, which charac-
terize the Miocene nannofossil Zone CN9 (NN11)
(Table T11 in the “Methods” chapter [Strasser et al.,
2014a]), consistently occur below Sample 338-
CO0002F-34-SMW (985.5 mbsf) (Table T19). This may
indicate that the entire section to 1986 mbsf is
younger than 5.59 Ma. However, the occurrence of
nannofossils becomes sporadic in the lower part of
the hole and species composition is incomplete.
Therefore, downhole contamination by those
younger species cannot be excluded.

Hole C0002j

The presence of Discoaster tamalis and the absence of
Sphenolithus spp. indicate that Sample 338-C0002]J-

1R-CC (906.085 mbsf) is clearly correlated with nan-
nofossil Zone NN16 and corresponds to 2.87-3.65
Ma (Table T20). Moreover, the last occurrence (LO)
of Sphenolithus spp. is placed between Samples 338-
C0002J-1R-CC and 2R-CC (907.85 mbsf). The inter-
val between Samples 338-C0002J-4R-CC (921.78
mbsf) and 5R-7 (925.481 mbsf) may coincide with
nannofossil Zone NN14-NN15 because of the consis-
tent occurrence of middle Pliocene species. No age
indication is obtained below Sample 338-C0002]J-5R-
8 (926.7 mbsf) because these samples are barren of
nannofossils.

Hole C0002K

The uppermost sample (338-CO002K-1H-CC; 204.48
mbsf) contains dominant Reficulofenestra asanoi
along with common occurrence of medium Gephyro-
capsa spp. (24 nym) (Table T27). The first occurrence
of medium Gephyrocapsa spp. (24 nm) (= Gephyro-
capsa sp. 3) is placed between Samples 338-CO002K-
7X-CC (244.58 mbsf) and 8X-CC (254.83 mbsf),
which provides an age of 1.04 Ma. R. asanoi is con-
tinuously observed to the lowermost sample, and
thus, this hole is entirely correlated with the interval
above the first consistent occurrence (FCO) of this
species (i.e., younger than 1.078-1.136 Ma) (note
that according to Raffi [2002] this event is diachron-
ous in the world’s oceans; we therefore assigned the
medium age of 1.107 Ma).

Hole C0002L

The FCO of R. asanoi, which occurs at 1.107 Ma, is
placed between Samples 338-C0002L-4H-CC (314.49
mbsf) and SH-CC (324.23 mbsf) (Table T28). The LO
of Gephyrocapsa spp. (>5.5 pm), corresponding to
1.24 Ma, is found between Samples 338-CO002L-5H-
CC and 6H-CC (333.98 mbsf). Samples from 338-
C0002L-6H-CC to 24X-CC (502.74 mbsf) are corre-
lated with the interval between the LO of Gephyro-
capsa spp. (>5.5 ym) and that of Helicosphaera sellii,
which corresponds to 1.24-1.34 Ma.

Radiolarians

Radiolarians in Hole COOO2F are present in 4 samples
and absent from the other 19 samples examined. In
the four samples, radiolarians are rare to very rare
and show signs of dissolution (moderate preserva-
tion) (Table T21). The occurrences of Stichocorys del-
montensis from Sample 338-CO002F-22-SMW (935.5
mbsf) and of Stichocorys peregrina from Sample 34-
SMW (985.5 mbsf) indicate that the two samples can
be correlated to the Lychnodictyum audax Zone
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(RN11) or older zones (i.e., 2.7 Ma or older [Plio-
cene-Miocene]). No age-diagnostic radiolarian spe-
cies were found from Samples 46-SMW and 56-SMW.

Geochemistry

Inorganic geochemistry

Interstitial water geochemistry by standard
squeezing method

Interstitial water (IW) was analyzed according to the
standard analytical procedures for cores taken from
Holes C0002J-CO002L. Analytical results are given in
Table T29. Samples were taken from 200 to 500 and
900 to 940 mbsf. In addition, selected samples were
used for comparing results from the ground rock in-
terstitial normative determination (GRIND) method
and the standard squeezing method. IW samples
taken from Holes COO02H (Section 338-C0O002H-2R-
2; 1111 mbsf) and C0002]J (Section 338-C0002J-7R-1;
933 mbsf) were extracted using only the GRIND
method because core recovery was too low to pro-
vide enough volume from the whole-round core
(WRC) sample for the standard method. The results
of the GRIND method are shown in Figures F71 and
F72 and are described in “Interstitial water geo-
chemistry by GRIND method.”

Concentrations of dissolved components with depth
are shown in Figure F71, in which previously re-
ported results from Expedition 315 are also included
(Holes CO002B and C0002D; Expedition 315 Scien-
tists, 2009b). Data obtained during Expedition 338
fill the gap in the previously obtained data, and con-
tinuous geochemical profiles with depth were docu-
mented to ~1000 mbst at Site CO002.

Salinity decreases from the seafloor until it reaches a
minimum value near 500 mbsf. Chlorinity and Na*
values have profiles similar to salinity from 300 to
500 mbsf. Between 400 and 500 mbsf, IW samples
show low salinity, chlorinity, and Na* concentra-
tions. Because a bottom-simulating reflector (BSR)
exists at ~400 mbsf at this site, this low dissolved salt
concentration could be attributable to freshwater de-
rived from dissociation of methane hydrate. Salinity,
chlorinity, and Na* concentrations gradually in-
crease to 800 mbsf and then decrease again. Sulfate
decreases rapidly beneath the seafloor surface and
concentrations remain below 10 mM. However, IW
samples from Holes CO002K and C0002L (200-500
mbsf) contain slightly higher SO, than the shal-
lower and deeper samples previously analyzed. Sea-
water and/or mud water contamination into the core
is not obvious from the other elements analyzed,
and the reason for this higher SO,?> concentration

cannot be explained at present. The reason for the
higher SO,% in IW samples from Hole C0002J (at
~900 mbsf) can vary. The core was fragmented when
it was recovered, and it was difficult to separate fresh
sediment from disturbed samples. Oxidation of H,S
is also a mechanism to increase SO,?- concentrations
in those sediments. Alkalinity, PO,3-, and NH,* all in-
crease from the seatloor to 150 mbsf (roughly corre-
sponding to the Unit I/Il boundary) and then de-
crease with depth. Those components are produced
via microbial decomposition of organic matter in the
shallow sediment and then decomposed via further
microbially anoxic decomposition.

Bromide increases in Unit I. Although Br- is abun-
dant in seawater, about the same as Cl-, it was proba-
bly added to IW because of the decomposition of or-
ganic matter. After the decomposition of Br-bearing
organic matter, Br- follows the dilution of freshwater,
similar to CI-. Potassium decreases with depth to 500
mbsf, becomes rather stable to 820 mbsf, and then
drastically decreases below that depth. Magnesium
varies in a similar manner to K*; however, its concen-
tration does not change below 820 mbsf. Variation
of CaZ* with depth seems to mirror that of K*; it in-
creases gradually to 820 mbsf then drastically in-
creases with depth. Variations in concentrations of
major cations (Na*, K*, and Mg?*) resemble that of
chlorinity. Minor variations might be caused by the
interaction between IW and detrital and authigenic
minerals.

Among minor alkaline and alkaline earth elements,
Rb and Sr variations with depth are similar to that of
Na*; the minimum and maximum concentrations
appear at the BSR (~400 mbsf) and the Unit II/III
boundary, respectively. Lithium variation is also sim-
ilar to Na* variation. Boron and Ba variations are
similar to each other: concentrations decrease in
Unit I then slightly increase and decrease at 200-300
and 400-500 mbsf, respectively, and reach the maxi-
mum at ~815 mbsf. Cesium does not change with
depth very much except in Unit I, where it increases
with depth.

Silicon concentration generally increases with depth
and the maximum concentration is found at the
Unit III/IV boundary. Trace elements, although vary-
ing in large ranges, can be categorized into two
groups based on the variations with depth. The first
group is elements concentrated from 200 to 300
mbst: V, Cu, and Pb. The second group is those that
increase with depth: Fe, Mn, Zn, Mo, and U. In the
latter group, Fe and Zn are enriched in the lower half
of Unit II and the others are enriched in Unit IV. Al-
though controlling factor(s) on the behaviors of
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those elements are not clear at present, lithology and
the associated chemical composition would effect
the vertical distribution of the elements.

Interstitial water geochemistry by GRIND
method

The GRIND method was proposed as an alternative
method for when core recovery was too low to pro-
vide enough volume from the WRC sample for the
standard method and/or when the sample was too
hard to squeeze for the standard squeezing method
(Expedition 315 Scientists, 2009b). This method was
applied to samples in Holes COO02H (Section 338-
CO0002H-2R-2; 1111 mbsf) and C0002]J (Section 338-
C0002J-7R-1; 933 mbsf). In addition, we selected 10
WRCs for IW obtained from Holes C0002]-C0002L
to conduct a method comparison test; those samples
were extracted by both standard and GRIND meth-
ods. Water content of the studied core samples was
determined prior to the process (Table T30). Analyti-
cal results are shown in Table T31. Comparison be-
tween the values obtained from the standard squeez-
ing method and the GRIND method is shown in
Figure F72.

The GRIND method was evaluated in detail (see “Ap-
pendix A” in the “Methods” chapter [Strasser et al.,
2014a]). Although the GRIND method is only appli-
cable for limited components, it is useful to provide
some geochemical profiles when a limited amount of
sediment can be used to extract IW. As shown in Fig-
ure F72, concentrations of some elements deter-
mined by the GRIND method are consistent with
those determined by the standard squeezing
method. Section 338-CO002H-2R-2 (1111 mbsf) used
for extracting IW was fine sand, which is not usually
suitable for IW analyses because sand is permeable
and its IW is easily contaminated with drilling mud.
However, IW extracted from Section 338-CO002H-
2R-2 is likely pure IW because its chemistry is differ-
ent from that of the liquid in core liner (LCL), which
is seawater mixed with soluble components derived
from bentonite (see “Liquid in core liner chemis-
try”). Chlorinity is 461 mM (extracted with Milli-Q
water), which is much lower than that of seawater
and close to that of IW in core sediment taken from
Hole C0O002B at ~1000-1050 mbst (Expedition 315
Scientists, 2009b). Na*, Mg?*, and Ca?* concentra-
tions are also close to those from Hole CO0O02B at
~1000-1050 mbsf. SO,% concentrations are slightly
higher than those in nearby sediment; however,
those are almost on the trend of SO,?- concentration
with depth. K* concentration is much higher than in
nearby sediment, as expected from the evaluation

test of the GRIND method (see “Geochemistry” and
“Appendix A” both in the “Methods” chapter [Stras-
ser et al., 2014a)). Strontium concentration, which is
expected to be almost the same as that obtained by
the standard squeezing method, also lies on the pre-
viously obtained profile of Sr with depth. Boron con-
centration is also expected to be similar to that ob-
tained by the standard squeezing method; however,
it was much higher than those of IW at 1000-1050
mbsf in Hole CO002B. The reason for this large dif-
ference in B concentration is unknown at present.

Reasonable concentrations of dissolved components
extracted using the GRIND method suggest that this
method would be applicable to IW not only in
clayey sediment but also in sandy sediment if the
pore pressure of core sediment is high enough to
prohibit the incorporation of mud invasion. Analysis
of IW from sand intervals, however, should be care-
tully evaluated for contamination.

Interstitial water geochemistry of cuttings

Interstitial pore water was extracted from two under-
reamer samples (cuttings) at 1975 and 1982.5 mbsf
using both squeezing and GRIND methods (see
“Geochemistry” in the “Methods” chapter [Strasser
et al., 2014a]). We also analyzed one drilling mud
water sample from the mud tank. Aliquots were ana-
lyzed for anions and cations, as well as major, minor,
and trace elemental concentrations following the de-
tailed analytical methods (see “Geochemistry” in
the “Methods” chapter [Strasser et al., 2014a]). The
results are listed in Table T32. It is not possible to as-
sess any trend from two data points; however, the
absolute elemental values shed some light on
whether or not the samples were contaminated by
the drilling mud. Concentrations of dissolved species
are higher in aliquots extracted using the traditional
squeezing method compared to those of dissolved
species extracted by the GRIND method. In general,
concentrations of anions, cations, and major, minor,
and trace elements are 2-100 times higher than
those of pore water data from Site CO001 (Expedition
315 Scientists, 2009a) with the exception of Na* and
SO,%~. Na* concentration is closer to International
Association for the Physical Sciences of the Oceans
(IAPSO) standard seawater values and might origi-
nate either from contamination by seawater or from
the formation. SO,? values are closer to the values of
shallower depth (i.e., 3-4 mbsf) in Hole COOO1E, al-
though they were extracted from 1975.5 and 1982.5
mbsf in Hole CO002F. Taking into account the con-
centrations of elements, anions, and cations, these
data suggest that IW of two samples are severely con-
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taminated. In the following, we shed further light on
the contamination using the chemical composition
of the drilling mud water derived from one sample.

The major water-soluble constituents of drilling mud
used during operations are generally 50 g KCl, 170 g
NaCl, and 5 g soda ash (Na,CO;) dissolved in 1 L of
seawater (assumed to contain 40 g/L salts) and ad-
justed to a pH of 9.0 to 10.5 with KOH solution.
These salts were combined with a number of com-
mercial products that act as colloidal lubricants and
viscosifiers, including 5 g TelGel (bentonite), 8 g Tel-
PolymerL (cellulose derivative), 10 g TelPolymerDX
(starch derivative), 2.5 g Xanvis (xanthan gum deriv-
ative), 50 g CleanLubel (lubricant and gas-hydrate
inhibitor), 100 g RevDust (pseudocuttings), and 1 g
TelniteGXL (antiseptic agent). K* concentration
could be used as a first-order proxy for contamina-
tion, as its concentration was ~30 times higher than
that of K* concentration in Hole COOO1E, in which a
water-based drilling mud was used. Furthermore,
SO,% concentration is as high as seawater at 1975.5
or 1982.5 mbsf, which again suggests contamination
by drilling mud. However, K* and SO4%> concentra-
tions in drilling mud used during Expedition 338
were up to 6 and 10 times smaller, respectively, than
in the cuttings. Following the analytical results
shown in Table T32, the only proxy suitable for con-
tamination of drilling mud would be Zn, Fe, and Si.
Zn and Fe in particular are significantly enriched in
drilling mud, whereas concentrations in cuttings
samples are ~10 and ~100 times smaller, respectively.
Consequently, contamination of the analyzed cut-
tings by drilling mud seems less likely.

Liquid in core liner chemistry

Analytical results of LCL samples are given in Table
T33. LCL concentrations are almost the same as
those of seawater: chlorinity varies within the range
of 530 and 552 mM except for three samples from
Hole CO002K. However, the differences in major ele-
ment concentrations between LCL samples are larger
than the analytical error (e.g., analytical error deter-
mined by repeating analyses of standard seawater
was about +0.6% for chlorinity). Thus, most LCL
likely contains a small amount of IW, in which chlo-
rinity is lower than that of seawater.

Organic geochemistry

Gas chemistry from cores

Headspace gas samples were taken from cores in
Holes CO002H and CO0002J-CO002L (Tables T34,
T35). In addition, void gas samples were collected
from gas pockets in core liners (Table T36). Methane,

ethane, and propane concentrations in the head-
space and void gases were measured by flame ioniza-
tion detector, and carbon isotopic compositions of
methane (8'3*C-CH,) were measured by methane car-
bon isotope analyzer (MCIA) (see “Sampling and
analysis of gas samples from cores” in the “Meth-
ods” chapter [Strasser et al., 2014a]). Concentrations
of methane, ethane, and propane are shown in Ta-
bles T34, T35, and T36. Concentrations are shown
in parts per million by volume (ppmv) and moles per
kilogram, the gas molecules dissolved in 1 kg of in-
terstitial water as calculated by the equation in
“Sampling and analysis of gas samples from
cores” in the “Methods” chapter (Strasser et al.,
2014a). 8'*C-CH, and ratios of methane to ethane
and propane (C,/[C, + C;]) are also shown in Tables
T34, T35, and T36.

Methane is the predominant hydrocarbon in all core
samples. Ethane and propane are detected in most
samples. These features are ubiquitous in deep-sea
sediment as shown world-wide by Deep Sea Drilling
Project, ODP, and IODP studies. Void gas is richer in
methane than headspace gas (Tables T35, T36),
which might be due to the lower solubility of meth-
ane compared to ethane. Because void gas originates
from dissolved gas in interstitial water and head-
space gas data show chemical features of gas in sedi-
ment, void gas should concentrate more volatile gas
and headspace gas taken from sediment should have
less volatile gas. Nevertheless, 8'3C-CH, values are
not different between void and headspace gases, sug-
gesting that degassing processes did not affect §'3C-
CH, values. The C,/(C, + C,) ratios of headspace gas
from core at 1101.9 and 1111.0 mbsf in Hole
CO002H showed good agreement with those of mud
gas from Hole COOO2F (Table T35).

During this expedition, in addition to the conven-
tional headspace gas extraction, headspace gases
were extracted by alkaline solution (see “Sampling
and analysis of gas samples from cores” in the
“Methods” chapter [Strasser et al., 2014a]). We com-
pared the gas data obtained by the two methods
with respect to methane concentration, ethane con-
centration, C,/(C, + C;), and 8'3C-CH, (Fig. F73). For
ethane, the headspace gases obtained by the NaOH
addition method showed lower concentrations than
those obtained by the oven-heating conventional
method. Such a difference was not observed in
methane concentrations. This could be due to higher
solubility of ethane compared to that of methane.
Such a difference in ethane concentrations causes
higher C,/(C, + C;) ratios obtained by the additional
headspace gas extraction than those obtained by the
conventional headspace gas extraction. We did not
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find a significant difference in 8'3C-CH, data be-
tween the two methods. The depth profiles of meth-
ane, ethane, and propane concentrations are shown
in Figure F74. Methane peaks at 30, 270, 920, and
1050 mbsf, whereas ethane peaks at 920 and 1050
mbsf. Propane was not detected at most depths. The
methane peak at 30 mbsf could be produced by mi-
crobes utilizing relatively fresh organic matter. The
methane peak at 270 mbsf could be caused by the
presence of gas hydrates, indicated by IW data. The
methane peak at 920 mbsf corresponds to the Unit
III/IV boundary. Unit III is the transition unit from
the Kumano Basin sediment to the old accretionary
prism, which is characterized by multiple volcanic
ash layers. Methane is concentrated just below Unit
111, indicating that sediment in Unit III could play a
role as a seal for methane. The methane peak at ~920
mbsf was also observed in mud monitoring data
from Hole COOO2F (Fig. F75). Additionally, the meth-
ane peak was accompanied by an ethane peak (Fig.
F74), suggesting the hydrocarbons are derived from a
COmMMOon process.

The C,/(C, + C3) and §'3C-CH, data are shown in Fig-
ure F76. Data from this expedition are consistent
with data from Expedition 315 (Expedition 315
Scientists, 2009b). The C,/(C, + C;) ratio decreases
with increasing depth to 1100 mbsf. The §'3C-CH,
values gradually increase from 100 to 600 mbsf, be-
low which they decrease slightly. The C,/(C, + C;) ra-
tios and 8'3C-CH, values are generally used to con-
sider the origin of methane (Bernard et al., 1978).
Microbial origin methane has §'3C-CH, values less
than -55%0 Vienna Peedee belemnite (VPDB) (Rice
and Claypool, 1981), and C,/(C, + C3) ratios are as
high as 1000 (Bernard et al., 1978). On the other
hand, thermogenic methane has §'*C-CH, values be-
tween -50%o0 and -25%0 VPDB (Schoell, 1983) and
C,/(C, + C5) ratios lower than 100 (Bernard et al.,
1978). The data from Site CO002 are plotted on the
Bernard diagram (Fig. F77). The methane sampled
during Expedition 338 primarily falls in the region of
microbial origin. A few samples fall in the region of
mixing with thermogenic methane or that of oxi-
dized microbial methane.

Chemical components in IW, resistivity during LWD,
and infrared camera data indicate the presence of gas
hydrates between 200 and 400 mbsf. The methane
taken from the methane hydrate zone corresponding
to core samples from Holes CO002K and CO002L falls
in the region of microbial origin. The data suggest
the methane hydrates are composed of microbial
methane. According to the temperature profile at
Site C0002, obtained by downhole temperatures and
thermal conductivity on cores measured on board

the ship during Expedition 315 (Expedition 315 Sci-
entists, 2009b), the temperature is ~43°C at ~1000
mbsf and estimated to be ~86°C at ~2000 mbsf. Be-
cause generation of thermogenic methane occurs at
temperatures >80°C, any thermogenic methane
should have originated from deeper than 2000 mbsf.

Gas chemistry of mud gas
Overview of mud-gas composition

Continuous drilling with mud-gas monitoring took
place while drilling Hole CO0O2F from 875.5 to
2005.5 mbsf. In total, three autonomous data sets
were generated during the operation (i.e., the SSX
data set including data from the gas chromatograph
[GC]-natural gas analyzer [NGA], Geoservices, and
the MCIA; the process gas mass spectrometer (PGMYS)
data set; and the Rn data set) (see “On-line radon
analysis” in the “Methods” chapter [Strasser et al.,
2014a]). The SSX and PGMS data sets were generated
by the newly installed mud-gas monitoring system
on the Chikyu (see “Recording of on-line gas analy-
sis and monitoring of drilling operations, time,
and depth” in the “Methods” chapter [Strasser et al.,
2014a]). Most likely due to air contamination in the
onboard system (see “Background control, quality
checks, and comparison of different sampling
techniques” in the “Methods” chapter [Strasser et
al., 2014a]), absolute gas concentrations determined
by the MCIA, GC-NGA, and PGMS differ from those
measured by Geoservices. For the PGMS, this is only
of secondary importance because the concentrations
of different gases were normalized to 100% (see
“Geochemistry” in the “Methods” chapter [Strasser
et al., 2014a]). At the same time, the individual data
sets include data from different instruments, mea-
surement techniques, and sampling intervals. None-
theless, general trends in the hydrocarbon gas data
and the nonhydrocarbon gas data can be correlated
across the data sets (Figs. F75, F78, F79, F80, F81,
F82).

Following the Geoservices data set (Fig. F78), the to-
tal gas content as well as the methane concentration
ranged between 0% and 16.4%. Ethane concentra-
tions reached 0.03%. Higher homologues (propane,
n-butane, and i-butane) were below 0.01%, and con-
sequently, did not add significantly to the total gas
composition. Gas concentrations determined by the
stationary onboard instruments are different than
those from the Geoservices data set: up to 8.64%,
0.09%, and 0.23% for methane, ethane, and pro-
pane, respectively, whereas the remaining hydrocar-
bons remain below 0.01% (Figs. F75, F79).

For the nonhydrocarbons, the PGMS data set was
dominated by nitrogen (76.6%) and oxygen (24.8%),
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whereas the concentrations of the remaining nonhy-
drocarbons ranged from 0.02% for Xe to 1.55% for
H, (Fig. F80). Although absolute concentrations are
not reliable (see discussion in “Liquid in core liner
chemistry”), general trends can be observed.

Mud-gas distribution with depth

From 875.5 to 2005.5 mbsf, the total gas concentra-
tion shows an overall decline from a maximum of
16.4% near 918 mbsf to values below 0.01% near
1996 mbsf (Fig. F78). Gases in this interval are
mainly hydrocarbons. At 918 mbsf, a sharp increase
in gas remains to 1000 mbsf and is composed of two
different peaks, indicating concentrations of 16.4%
at 936 mbsf and 13.8% at 944 mbsf. The total gas
from 918 to 1000 mbsf is mainly methane with mi-
nor amounts of propane (Figs. ¥75, F78, F79). Below
1000 mbsf, gas concentrations generally decrease
with increasing depth. The total gas concentration is
still dominated by methane, and, in the Geoservices
data, decreases, on average, by 75 ppm/m. Methane
decreases by almost the same rate with 65 ppm/m,
whereas no clear trend is visible in the higher homo-
logues. Throughout the whole section, the relative
changes of Rn, not in terms of trend but in terms of
increase and decrease in concentrations, show a
good correlation with relative changes in methane
(Fig. F75). The same is true for ethane, except be-
tween 918 and 1000 mbst (Fig. F79). Ethane deter-
mined by the GC peaks at 0.005% at 1122 mbsf, and
although absent in the Geoservices data, this peak
correlates well with the methane and propane data
in all data sets (Figs. F78, F79). From 1100 to 1240
mbsf, generally high ethane and propane values are
present, which correspond to elevated Rn concentra-
tions (Fig. F79). Between 1240 and 1460 mbsf, gener-
ally higher ethane values are visible, which peak
with 0.035% in the Geoservices data set and in the
GC data (0.04%) at 1378 mbsf. This again corre-
sponds well to relatively small increases in methane
and propane to 2.7% and 0.003%, respectively. Be-
tween 1460 and 1600 mbsf, an overall decrease in
ethane and propane occurs, and beginning near
1600 mbsf, propane shows overall higher values. Be-
low 1827 mbsf, a drop in total gas concentration ex-
ists, which corresponds to decreases in methane and
ethane concentrations in all data sets, whereas pro-
pane shows no overall difference in concentration.

The variations of the nonhydrocarbon components
with depth are characterized by significant shifts in
concentration of the individual gases at 918, 1000,
1060, 1240, 1540, 1600, 1855, and 1933 mbsf (Fig.
F80). Almost all changes correspond to a downtime
longer than 120 min (red arrows in Fig. F80; Table
T3) (see “Operations”). Here, downtime is defined

as the interval during operations when the bit is off
bottom and the mud pumps might have been turned
off. The shifts can be characterized as follows:

¢ 918 mbsf: small increase in H, and CO, (Geoser-
vices only) and decrease in N,, O,, and Ar; ~10 m
deeper, Rn increases.

e 1000 mbsf: sharp positive peak in the CO, data,
which correlates with a positive shift in air-
derived gases like N,, Ar, O,, and Xe, as well as
with a positive shift in the CO, data provided by
Geoservices. This anomaly correlates with a down-
time period.

e 1060 mbsf: decrease in H,, Ar, and Rn and a posi-
tive peak in CO, (only PGMS data) and He. Here, a
downtime period was reported, and calibration of
the PGMS was carried out.

e 1232 mbsf: increase in H,, Ar, CO, (Geoservices),
and He. Subtle positive peaks were identifiable in
He, Xe, and N,, whereas CO, (PGMS) shows a
strong positive peak. Here, a downtime period of
~25 min was reported, and calibration of the
PGMS was carried out.

e 1540 mbsf: sharp decrease and peak in CO,
derived by Geoservices and PGMS analysis, respec-
tively, as well as a decrease in Ar, an increase in N,,
and positive peaks in H, and O,. For O,, this peak
is followed by an overall decrease in concentra-
tion. These changes in concentration correspond
to a downtime period of almost 13 h and calibra-
tion of the gas monitoring instruments.

¢ 1600 mbsf: increase in all gases except for N, and
Rn, which decrease. The data shifts correlate with
a downtime period of ~16 h.

e 1855 mbst: sharp decrease in H,, Ar, O,, He, and
Rn and increase in N, and CO, (Geoservices only;
PGMS shows only a small peak). The shift at this
depth corresponds to a downtime period of
almost 7 h.

* 1933 mbsf: Change in trends of Ar and O,
(increase) as well as N, and Rn (decrease). This

change is close to a downtime period of 39.5 min
at 1921 mbst.

Classification of hydrocarbons

A clear classification of the hydrocarbon (HC) gases
proved to be difficult. Above 918 mbsf, the Bernard
parameter [methane/(ethane + propane)] combined
with the 8'3C of methane (Bernard et al., 1978) indi-
cates a mixed-gas regime (Fig. F81). A close examina-
tion of the gas signature of the major gas increases
between 918 and ~1000 mbsf (Figs. F78, F79, F80),
showed that the composition of HC gases is defined
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by the presence of methane and a small concentra-
tion of propane, as well as low 8'3C values of around
-70%o0 (Figs. F75, F79, F81). Below 1000 mbsf, a
steady decline of the Bernard parameter is evident,
similar to the one found in the total gas and the
methane data provided by Geoservices. The §'3C and
the Bernard parameter point to a thermogenic source
of HC gases below 1700 mbsf, which start to increase
significantly at ~1830 mbsf.

Preliminary interpretation

The increase of gas at 918 mbsf correlates well with
the LWD and lithology findings (see “Logging while
drilling,” and “Lithology”). Based on the results of
Expedition 315 Scientists (2009b) and Expedition
319 Scientists (2010), it is most likely that at 918
mbsf, an unconformity separates the Kumano Basin
(Unit III) and the upper section of the accretionary
prism (Unit IV). The dominance of bacterial meth-
ane between 918 and 1000 mbsf contradicts the
findings on core samples from Hole COO02H and of
previous investigations at Site C0002 (Expedition
315 Scientists, 2009b), where gas with a higher ther-
mogenic signature was detected (i.e., Bernard param-
eter of 100-200). In contrast, the presence of micro-
bial methane is also supported by the results of
Expedition 319 Scientists (2010; see figures F48 and
F49) and the relatively high amount of organic mate-
rial found in cuttings from Hole COOO2F (see “Li-
thology”) (Fig. F81). When considering the Rn data,
which sharply increase 10 m below the inferred
boundary, migration of the fluids from deeper sec-
tions might also be possible. Whether the source of
the HC gases is the same as that for Rn remains spec-
ulative at this point. Based on the compartmental-
ization (i.e., high gas content below 918 mbsf com-
pared to low gas content above) seen in the gas data,
Unit III might act as a seal for upward migration of
gases, allowing accumulation of gases below the un-
conformity. This corresponds with the sharp increase
in gas concentration found in cores from Hole
C0002] (Fig. F74). The interpretation that the sedi-
ment below the unconformity might act as reservoir
is supported by an increase in porosity as determined
based on LWD resistivity-derived porosity (see “Log-
ging while drilling”).

With increasing depth, the presence of marine or-
ganic matter is supported by the Bernard parameter
and the 8'3C values (see Bernard diagram Fig. F18 in
the “Methods” chapter [Strasser et al., 2014a]). Dur-
ing IODP Expedition 319, elevated methane concen-
trations of up to 12% were found at IODP Site CO009
between 1050 and 1300 mbsf (Expedition 319 Scien-
tists, 2010). Based on the Bernard parameters and a
very high percentage (up to 100%) of wood frag-

ments found in this interval, the Expedition 319 Sci-
entists (2010) suggested that the methane is of mi-
crobial origin. In Hole CO002F, fragments of wood
and lignite were also found, relatively abundant in
the upper part of the borehole <1685.5 mbsf and less
common in depths >1685.5 mbst (Figs. F75, F79,
F81).

Based on the overall changes detected in hydrocar-
bons in the Geoservices and SSX data sets (see
“Overview of mud-gas composition”) and the Rn
data, six boundaries (seven gas packages) can be de-
fined (Fig. F82). The first boundary, separating log-
ging Unit III from Unit VI, is set at 918 mbsf, where
the major gas increase exists (Fig. F78). A second
boundary is proposed at ~1100 mbsf, followed by
boundaries at 1240 and 1460 mbsf. The fifth bound-
ary is set at 1600 mbsf, and the last boundary, where
the overall gas concentration is declining and shifts
to a more thermogenic regime, exists at 1827 mbsf
(Figs. F81, F82). Considering other shipboard data al-
lows correlation of some gas geochemical data to
logging unit boundaries at 918 mbsf (logging Units
III/1V), 1100 mbsf (logging Subunits IVB/IVC), and
1638 mbsf (logging Units [V/V). The logging unit
boundaries at 1638 mbsf are 38 m deeper than the
observed changes based on drilling mud-gas data
(Fig. F82). There are many possible explanations for
this observation, including upward migration path-
ways for gases, which cannot be adequately ex-
plained based only on the shipboard data. Postcruise
research might elucidate these differences.

Defining additional boundaries and/or constraining
unit boundaries by data shifts and peaks reported for
the nonhydrocarbons is difficult because the sources
of data shifts are not resolved. Most of the anomalies
in the PGMS data and the CO, data from Geoservices
correlate well with downtimes >120 min (Fig. F80),
although not all shifts appear after every downtime.
Changes in mud composition, and in particular the
pH of the mud, can have a significant effect on the
CO, data, but no clear correlation can be made based
on the information provided by the daily mud re-
port, even if the lag time is taken into account. Addi-
tionally, in the PGMS data after the sudden increase
or decrease in concentration, the concentrations stay
on this level until the next shift occurs. This might
be due to instrument calibrations being carried out
during longer downtimes. The downtime itself is
likely not the sole reason for the anomalies because
after one complete circulation (i.e., 1 lag time), the
concentrations should return to previous values,
which is not the case. Structural and/or lithologic
features cannot be excluded and may have contrib-
uted to shifts. The changes at 1060, 1600, and 1933
mbsf are close to the boundaries observed in logging
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and structural data (see “Logging while drilling”
and “Structural geology”), whereas the shifts at
1000, 1232, 1540, and 1855 mbsf correlate well with
gas package boundaries found in the HC data (Fig.
F82). Of particular interest is the change in trend at
1933 mbsf, which is different from the other signals.
This boundary is well correlatable with the top of
logging Subunit VB and, thus, the change in the gas
data may be dominated by a change in lithology
and/or structure. Because most of the anomalies are
also visible in the CO, data provided by Geoservices,
a combination of real changes and calibration of the
PGMS during downtimes, which superimposes the
natural shift to higher/lower concentrations, might
explain the observed shifts and peaks in the PGMS
data set. Because of the several uncertainties, a clear
distinction between artificially created data shifts
and actual data cannot be resolved at this time.

The overall low CO, concentrations (0.03% in the
PGMS data, almost atmospheric values) were caused
by the high pH of the drilling mud (9.9-10.6). Once
CO, enters the highly alkaline mud, hydrogen car-
bonate is generated:

CO, + 2H,0 < H;0* + HCO;5~. (1)

Occasionally, CO, concentration increased to two
times the atmospheric value (~0.07%), but this
might be due to calibration issues associated with
highly concentrated standard gases. The high He
concentration (up to 0.03%) is also influenced by the
standard gas used for the calibration having a He
concentration of almost 1%, which is too high for de-
fining low values such as atmospheric (~5.2 x 10-%).
Considering the overall constant He/Ar ratios and
the overall low ethane values, He is most likely de-
rived from air. The origin of He will be constrained
by postcruise analysis of the “He/3He ratio.

Similar to He and CO,, Xe concentration is unrea-
sonably high (up to 500 times higher than the nor-
mal value in air, ~0.09 x 10-%). Here again, calibra-
tion with a highly concentrated standard gas (Xe =
0.97%) is the most likely reason. Later shore-based
analysis of noble gases will constrain the shipboard
results.

For N,, although it can originate from various
sources including clay-rich sedimentary rock (e.g.,
Krooss et al., 1995; Mingram et al., 2005), the N,/Ar
ratio of 70-87 supports an atmospheric source (Jen-
den et al., 1988; Krooss et al., 1995). The dominance
of O, and N, as well as the low values of the other
nonhydrocarbon gases in the PGMS data set also in-
dicate air contamination.

Inorganic carbon, total carbon, and total
nitrogen

Calcium carbonate (CaCOs;), total organic carbon
(TOC), and total nitrogen (TN) concentrations were
determined from total inorganic carbon, total car-
bon, and TN measurements of 237 cuttings samples
from the >4 mm and 1-4 mm cuttings size fractions
from 920.5 to 2004.5 mbsf in Hole COOO2F as well as
from core samples from Holes CO002K, CO002L,
C0002J, and CO002H (see “Geochemistry” in the
“Methods” chapter [Strasser et al., 2014a] for analyti-
cal procedures). CaCO;, TOC, and TN concentra-
tions and TOC/TN (C/N) ratios are plotted in Figures
F83 and F84. These data and total sulfur (TS) and the
TOC/TS ratio are provided in Tables T13 and T37.

CaCO; in core samples varies between 0.03 and
26.42 wt%, with a median of 5.33 wt%. Generally,
concentrations fit well with the values found in Hole
CO0002B (Fig. F84). The highest values were found at
250 mbst in Hole CO002K and 900 mbsf in Hole
C0002]. The data obtained from cuttings correspond
well with the results obtained from core samples
with the highest CaCO; concentrations close to 900
mbsf. Overall, CaCOs in cuttings ranges from 2.63 to
15.76 wt% with a median of 4.20 wt% (Fig. F83). Be-
tween 920.5 and 1105.5 mbsf, CaCO; decreases from
15.76 to 3.5 wt% (0.089 wt%/m) with a few scattered
data points. High CaCO; concentrations near 945.5
mbsf match those determined on cores from Expedi-
tion 315 (Expedition 315 Scientists, 2009b). In addi-
tion, the decreasing trends from 945.5 to 1049.5
mbsf match those of the decreasing CaCO; values in
Hole CO002B. The magnitudes, however, differ with
CaCO; concentrations ~7% lower based on cuttings.
Between 1355.5 and 1895.5 mbsf, CaCO; shows less
variation (from 2.63 to 4.49 wt%), with a median
value of 3.57 wt%. From 1895.5 to 1955.5 mbsf,
CaCO; concentration increases to 6.41 wt% then de-
creases to 3.35 wt% at 2004.5 mbsf. Two CaCO; val-
ues of 1.25 and 1.20 wt% at 880.5 and 915.5 mbsf,
respectively, were determined to be influenced by ce-
ment (Table T37). CaCO; concentrations of eight
mud water samples range from 2.48 to 2.84 wt% (see
Table T13 in the “Methods” chapter [Strasser et al.,
2014a]), and these data allow us to assess the back-
ground concentration and any potential contamina-
tion by mud water to those of the CaCO; data of cut-
tings. We also report CaCOj; concentrations of 5.4
and 4.9 wt% at 1975.5 and 1985.5 mbsf, respectively,
from the underreamer samples (Table T37). The
trend of CaCOj; concentration and distribution with
depth generally agrees with the downcore weight
percent calcite data, which are derived from XRD
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measurements (see “Lithology”). However, there are
differences in the absolute values (Fig. F23).

TOC found in core samples remains almost constant
with depth, with values ranging from 0.21 to 0.97
wt% and a median of 0.58 wt%. Surprisingly, the
TOC of cuttings is significantly higher and more
variable. Concentrations between 0.80 and 3.89 wt%
with a median of 1.61 wt% were detected. Between
920.5 and 1240 mbsf, TOC of cuttings is higher than
those of core samples (920-1049.18 mbsf) (Fig. F83,
F84). Between 1345.5 and 1655.5 mbsf, TOC ranges
from 1.00 to 2.02 wt% and generally decreases
downhole along a linear trend but also has a wide
scatter. TOC changes to an increasing trend from
1655.5 to 1875.5 mbst with values from 1.04 to 1.77
wt%. From 1875.5 to 2004.5 mbsf, TOC is almost the
same (0.8-1.77 wt%). To some extent, the TOC data
correlate with those of the methane gas data (Figs.
F78, F83).

TN obtained from core samples varies between 0.01
and 0.12 wt% with a median of 0.08 wt%. TN of cut-
tings is in the same range, with concentrations from
0.03 to 0.07 wt% and a median of 0.06 wt% (Fig.
F83). In the TN of cuttings, three trends can be iden-
tified: (1) a downward increase between 920.5 and
1050 mbsf, (2) a scatter of data with no apparent
trend between 1050 and 1355.5 mbsf, and (3) an in-
creasing trend between 1355.5 and 2004.5 mbsf with
a more gentle slope in comparison to TN between
920.5 and 1050 mbsf. TOC and TN data show oppo-
site trends downhole. It is noteworthy that the TN
content of cuttings is generally lower compared to
those of the TN data from the other holes at Site
C0002 (Fig. F84) (Expedition 315 Scientists, 2009b)
but consistent with TN at Site C0009 (Expedition
319 Scientists, 2010).

TS was only determined from core samples and
ranges between 0.02 and 1.22 wt% with a median of
0.12 wt%. Although highly variable, TS usually stays
below 1 wt% downhole. Between 930 and 940 mbsf,
a general increase to values >1 wt% can be observed,
but below 1000 mbst, the concentrations are again
<1 wt% (Fig. F84).

C/N ratios in core samples range between 4.5 and
13.1 with a median of 7.2. A clear trend is not visi-
ble; the data are scattered. C/N ratios in cuttings are
generally higher and highly variable with concentra-
tions between 14.7 and 69.7 and a median of 28.0
(Fig. F83). Between 920.5 and 1265.5 mbsf, an in-
creasing trend in C/N from 22.6 to 69.7 with a me-
dian of 28.9 is observed. Relatively higher values
from 20.9 to 40.1 between 1265.5 and 1635.5 mbsf
also occur. Between 1635.5 and 1855.5 mbsf, C/N is
constant with a median of 20.8. Again, C/N between

1875.5 and 2004.5 mbsf is almost constant with a
median of 16.4, which is lower than that of the val-
ues between 1635.5 and 1855.5 mbsf.

It is commonly accepted that the C/N of marine or-
ganic matter typically ranges from ~4 to ~10 (Mey-
ers, 1997), compared to higher values (>10) in terres-
trial organic matter. This distinction arises from the
absence of cellulose in algae, its abundance in terres-
trial plants, and the protein richness of algae (Mey-
ers, 1997). Therefore, data in Hole COO02F suggest
that organic matter in the upper section (920.5-
1355.5 mbsf) might be dominated by a terrestrial
source, consistent with the more negative §'*C val-
ues of methane (Fig. F18 in the “Methods” chapter
[Strasser et al., 2014a]). However, when the differ-
ence in TOC between cuttings and core is consid-
ered, the elevated TOC in cuttings is most likely spu-
rious. To assess any contamination by drilling mud,
we have determined TOC from eight drilling mud
samples (see Table T13 in the “Methods” chapter
[Strasser et al., 2014a]). Indeed, TOC is extraordi-
narily high with concentrations between 13.65 and
17.00 wt%. Consequently, whether terrestrial or-
ganic matter is more abundant in Hole COO02F than
in the other holes or not can not be evaluated at this
point because of the artificial increase in TOC.

The CaCO;, TOC, and TN data from Hole COOO2F al-
low identification of two significant shifts: (1) be-
tween 1635.50 and 1645.50 mbsf and (2) between
1885.50 and 1895.5 mbst (Fig. F83). These shifts are
consistent with the boundaries defined by LWD data
(Fig. F8; Table T4) that show significant changes in
the rock physical properties. Furthermore, the over-
all trend of the CaCO; data seem to match with
those of the bulk mineralogical data derived from
XRD (calcite, Fig. F28) and XRF (CaO, Fig. F30A) (see
“Lithology”). However, the lithologic Unit II/IV
boundary appears diffuse, although it is well identi-
fied in the LWD data at 918.5 mbsf as well as in ear-
lier reports from Hole C0002B (Expedition 315 Sci-
entists, 2009b) and bulk mineralogical data (Figs.
F28, F30A).

Physical properties

At Site CO0002, physical properties measurements
were performed on unconsolidated to slightly con-
solidated sediment from Holes CO002K and CO002L,
consolidated mudstone/sandstone samples from
Holes CO002H and C0002]J, and cuttings from Hole
COOO02F. These data provide essential material char-
acterizations for lithologic unit discriminations and
their corresponding consolidation states. Determina-
tion of physical properties on cores and cuttings also
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helps calibration as well as correlation with LWD
data (see “Logging while drilling” and “Cuttings-
core-log-seismic integration”).

MAD measurements were conducted on both cores
and cuttings. Thermal conductivity was measured on
whole-round cores of soft sediment from Holes
CO0002K and COOO0Z2ZL using a full-space needle probe,
whereas it was measured on the working halves from
Holes CO00ZH and C0002] using a half-space probe.
Electrical resistivity was measured on soft-sediment
cores from Holes CO002K and COOO2L with a four-
pin electrode array inserted directly into the working
half. Where sediment was too consolidated (Holes
CO00ZH and C0002J), discrete samples were taken
from the working half for P-wave and electrical resis-
tivity measurements. Vane shear and penetrometer
measurements were made on soft-sediment cores
from Holes C0O002K and CO002L, and discrete sam-
ples were taken for unconfined compressive strength
(UCS) measurements for consolidated cores from
Holes CO00ZH and C0002]. Two LOTs were per-
formed at 872.5 mbsf in Hole COO02F.

Whole-round multisensor core logger

Whole-round cores from Holes COO02H and C0002J-
CO002L were analyzed using the whole-round multi-
sensor core logger (MSCL-W). The results of gamma
ray attenuation (GRA) density, magnetic susceptibil-
ity, natural gamma radiation (NGR), and electrical
resistivity measurements (see the “Methods” chapter
[Strasser et al.,, 2014a]) on whole-round cores are
summarized with Expedition 315 data (Fig. F85) (Ex-
pedition 315 Scientists, 2009b). MSCL-W P-wave
measurements are not presented because they ex-
hibit an extreme amount of noise because of poor
contact between liner and sediment.

MSCL-W data collected during Expeditions 315 and
338 provide a continuous record for the forearc basin
sediment. GRA density increases with depth. In lith-
ologic Unit II, magnetic susceptibility and NGR in-
crease with depth above 450 mbsf; below 450 mbsf
both decrease with depth. Electrical resistivity also
shows a similar but less pronounced trend.

The diameter of the core (called “core thickness” and
equal to the liner wall plus the core thickness; see
the “Methods” chapter [Strasser et al., 2014a]) is
usually measured by a linear variable differential
transformer located 42 cm from the zero-distance
reference where the P-wave transducer is also lo-
cated. During the multisensor core logger (MSCL)
runs on Cores 338-CO002H-1R and 2R, the core
thickness was accidentally measured with an offset
of 2 cm compared to the P-wave traveltime measure-

ment. A 40 cm long core liner filled with water was
used to estimate errors associated with the offset (Ta-
ble T38). The errors in thickness are mostly within
1% except at the ends of the core liner. The errors at
the ends were probably caused by end caps and vinyl
tape wrapping the liner and caps. This offset of 2 cm
in core thickness measurements thus has little effect
on the measured values of P-wave velocity (V,), GRA
density, and magnetic susceptibility. However, the
offset error has been corrected on V, for Cores 338-
CO002H-1R and 2R.

Moisture and density measurements
(cores)

A total of 355 discrete samples from Holes COO02H
and C0002J-C0O002L were measured for MAD. All
MAD data from Expedition 338 cores are summa-
rized in Table T39 and Figure F86. Between 200 and
502 mbst in Holes CO002K and CO0OO02L, bulk density
ranges from 1.47 to 2.08 g/cm?3, grain density ranges
from 2.40 to 2.96 g/cm3, and porosity ranges from
37% to 74%. Both bulk density and porosity show
less scatter with an increase in depth. This probably
corresponds to a decrease in the number of sand lay-
ers with depth (see “Lithology”). Sandy samples
yield lower porosity and higher bulk density. Be-
tween 902 and 1113 mbsf in Holes COO02H and
C0002J, bulk density ranges from 1.83 to 2.15 g/cm?,
grain density ranges from 2.54 to 2.84 g/cm?3, and
porosity ranges from 35% to 52%.

Thermal conductivity (cores)

Thermal conductivity was measured on whole-round
cores from Holes CO002K and COO02L using a needle
probe sensor and measured on working-half cores
from Holes CO0O02H and C0002]J. All data are shown
with data from Expedition 315 Holes C0002B-
C0002D in Figure F87 (Expedition 315 Scientists,
2009b). Thermal conductivity ranges from 0.74 to
1.40 W/(m-K) in Holes CO0O02K and COOO2L between
200 and 502 mbsf and from 1.11 to 2.19 W/(m-K) in
Holes CO002H and C0002]. Thermal conductivity in-
creases linearly with depth to ~550 mbsf, whereas it
shifted to values of 1.50 W/(m-K) and slightly in-
creases through lithologic Units III and IV.

Ultrasonic P-wave velocity and electrical
resistivity (cores)

A total of 11 discrete cube samples from Holes
CO002H and C0002] (2 samples from Hole CO002H
and 9 samples from Hole C0002]) were analyzed for
electrical resistivity and V, along three orthogonal
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directions (x, ¥, and z). The results of electrical resis-
tivity and V, are summarized in Tables T40 and T41
and Figure F88.

Electrical resistivity ranges from 1.28 to 3.32 Qm. All
samples except three (Samples 338-CO002H-1R-1, 13
cm, 338-C0002J-1R-1, 45 cm, and 2R-1, 53 cm) re-
cord an anisotropy such that electrical resistivity in
the vertical z-direction is higher than that in the hor-
izontal x- or y-direction because of the bedding ori-
ented within the x-y plane (Fig. F88). Resistivity is
usually the lowest along the bedding plane in sedi-
mentary rocks because of better pore connectivity.
Vertical anisotropy is between 6.6% and 48.6% with
negative values, except for the three cubes that prob-
ably have a bedding aligned within x-z or y-z planes.
The measurements with bedding within the x-y
plane present a transverse anisotropy (i.e., lineation)
with a horizontal anisotropy from 0.2% (quasi-iso-
tropic) up to 50.3% (strong lineation). V, ranges
from 1.923 to 2.307 km/s. The horizontal and verti-
cal anisotropies range from 0.4% to 5.2% in Hole
CO0002H and from 1.9% to 9.5% in Hole C0O002]. The
higher vertical anisotropy of electrical resistivity and
Ve suggests dominantly gravitational-driven porosity
reduction at the base of the Kumano Basin.

Between 200 and 503 mbsf (Holes CO002K and
CO0002L), a total of 428 electrical resistivity measure-
ments were conducted on working-half cores using
the Wenner four-pin array probe for soft sediment.
Each measurement was recorded in the dominant li-
thology types per section to evaluate the general re-
sistivity of the mud, silty mud, and sand as well as
their textures such as consolidated or soupy. The re-
sults of electrical resistivity from Holes CO002K and
CO002L are summarized in Table T42 and Figure
F89.

Electrical resistivity ranges from 0.037 to 7.56 Qm
with an average of 0.93 Qm through lithologic Unit
II. Resistivity increases with depth associated with
porosity loss (Fig. F89). Sandy samples have higher
electrical resistivity (~1.2 Qm) than muddy sediment
(~0.9 Qm). This observation may reflect the higher
porosity of the muddy sediment in combination
with a strong electrical clay-bound water effect that
leads to lower resistivity and may also be influenced
by the high electrical surface conduction along the
extended clay surfaces compared to quartz or other
lithic minerals. Soupy sand and soupy mud sedi-
ments show much lower resistivity of 0.86 and 0.40
Qm, respectively, and the rare ash layers show a resis-
tivity of 0.95 Qm. Although the resistivity of ash lay-
ers is similar to that of mud, ash layers systematically
have a nonnegligible increase of resistivity toward
their base, often marked by a much whiter colored
thin layer.

The formation factor (F), cementation factor (m),
and pore network tortuosity (t) are calculated based
on Archie’s law using resistivity and MAD:

F = Ro/Ry, 2)

where

R, = resistivity of the formation water—saturated
sample;

Ry, = resistivity of the formation pore fluid;

m = —(log[F]/log[o]), where ¢ is the fractional po-
rosity of the rock; and

Tt = F¢ also defined as ¢' - .

The MAD porosity is chosen at the closest to the re-
sistivity measurement location. These parameters are
essential to calibrate the LWD electrical resistivity
logs for water and porosity estimates. The derived Ar-
chie’s parameters are summarized in Table T42 and
Figure F90.

The formation factor ranges from 1.05 to 5 with
some outliers up to 28.21 (Table T42; Fig. F90). The
average formation factor is 3.68 and is close to the
typical values found during previous expeditions
(ODP Legs 131 and 196; Shipboard Scientific Party,
1991; Bourlange et al., 2003). The cementation fac-
tor (Archie’s m exponent) is ~1.78 with maximum
values up to 5.02. The pore network tortuosity pa-
rameters of Archie’s law are 7.53. The values are
higher in mud-rich sediment, often defined by
higher porosity, and lower in less porous sand-rich
sediment.

The relationship between the cementation factor
and electrical resistivity is independent of lithology
at least at the first order (Fig. F91). As previously ob-
served, lower values of m as well as resistivity are
found in soupy units, intermediate values are found
in muddy lithologies, and higher values are found in
sandy units along this trend.

Similar trends are observed in the MSCL-W resistiv-
ity data (Fig. F92). MSCL-W resistivity shows a pro-
gressive increase from 200 to 320 mbsf and stays
constant below 320 mbsf. Note that MSCL-W resis-
tivity data from Holes C0002K and COOOZL are
higher than electrical resistivity measurements on
working-half cores. The difference is ~0.65 Qm at
shallower depth and decreases with depth to 0.2 Qm.
This difference is possibly because the correct values
of standard seawater resistivity were not obtained for
the Wenner probe because of the use of a small con-
tainer when measurements on cores from Sites
C0002 and C0022 were conducted. Unexpectedly
low-resistivity values obtained for cores at Sites
C0002 and C0022 are probably due to overestima-
tion of seawater impedance. This problem was re-
solved when resistivity was measured on cores from

Proc. IODP | Volume 338 ‘

P 36



M. Strasser et al. Site C0002

Site C0021 by using a larger container of seawater
(see also “Physical properties” in the “Site C0021”
chapter [Strasser et al., 2014b]).

Shear strength (working halves)

Shear strength measurements using a vane shear de-
vice and a pocket penetrometer (see the “Methods”
chapter [Strasser et al., 2014a]) were made on Hole
C0002K and CO002L working halves from 200 to 500
mbsf. One measurement for each method was made
per core. Penetrometer measurements range from 55
to 255 kPa, and vane shear measurements range
from 24 to 158 kPa and are consistently lower than
the penetrometer measurements (Fig. F93; Table
T43). There is considerable scatter in the data, which
increases with depth. One trend that may be ob-
served is an increase in the maximum penetrometer
measurements with depth, which generally corre-
spond to the maximum values measured during Ex-
pedition 315 (Expedition 315 Scientists, 2009b) (Fig.
F93).

Unconfined compressive strength
(discrete cores)

Unconfined compression tests (see the “Methods”
chapter [Strasser et al., 2014a]) were conducted on
four samples (1 cm x 1 cm x 2 cm each) that were
subsampled from cubic samples (2 cm x 2 cm x 2
cm) used for V, and electrical resistivity measure-
ments at 1111 mbsf in Hole CO002H and nine sam-
ples that were subsampled from 902 to 912 mbsf in
Hole CO0002J. A vertical load is applied along the
long axis of the sample, which is parallel to the core
axis. UCS (maximum force per unit area) ranges be-
tween 1.5 and 9.7 MPa with an average of 6.9 MPa
(Fig. F93). Two measurements made at 907 mbsf
yielded noticeably lower UCS values (1.5 and 2.9
MPa); however, both samples may have been frac-
tured before testing. The variability in UCS data is
probably due to sample heterogeneity, sample size,
control of loading rate (manual versus computer
control), and sensitivity of the load cell (£0.02 kN for
the load cell on the Chikyu).

Color spectroscopy (archive halves)

The results of color reflectance measurements using
the color spectroscopy logger (MSCL-C) are summa-
rized in Figure F94. L*, a*, and b* values (see the
“Methods” chapter [Strasser et al., 2014a]) show no
significant difference from those obtained from
Holes C0002B—-C0002D cores during Expedition 315
(Expedition 315 Scientists, 2009b). L* ranges mainly
from 29 to 52, a* ranges mainly from -3.4 to 2.5, and
b* ranges mainly from —0.95 to 4.3 for the entire cor-

ing intervals. Higher values in both L* and b* ob-
served in Core 338-C0002L-3X (296-299 mbsf) re-
flect volcanic fine ash.

Moisture and density (cuttings)

MAD measurements were made on 285 cuttings sam-
ples from 875.5 to 2004.5 mbsf to provide detailed
characterization of grain density, bulk density, and
porosity. The sampling interval was 5 m but was
changed to 10 m below 1060.5 mbsf. Samples from
the 1-4 mm size fraction were measured from 915.5
to 2004.5 mbsf (n = 125) and samples from the >4
mm size fraction (n = 133) were measured below
875.5 mbst. Shallow samples (<940.5 mbsf) were pri-
marily used to assess the mixing of cuttings when
the bit and the hole opener (underreamer) crossed
the transition of the cement at the 20 inch casing
shoe (860.2 mbsf) and the formation.

Density and porosity

Measured grain density values for both the 1-4 and
>4 mm size fractions maintain close agreement
throughout Hole COOO2F (Fig. F95A). In addition,
grain density values generally show less scatter com-
pared to previous NanTroSEIZE expeditions, which
reported values of 2.02-3.5 g/cm3 (Expedition 315
Scientists, 2009b; Expedition 316 Scientists, 2009;
Expedition 322 Scientists, 2010a). The good data
quality obtained during Expedition 338 may be re-
lated to the calm sea conditions necessary for riser
drilling operations, providing stable conditions dur-
ing pycnometer measurements. Also, the high sam-
ple volume of 20 cm? used for MAD measurements
of cuttings reduces analytical error.

Grain density measurements above 945.5 mbsf were
influenced by cement at the 20 inch casing point.
Grain density values range from ~1.87 g/cm?3 for the
cement to an average of 2.61 g/cm? for the forma-
tion (see “Mixing of cuttings across lithologic and
structural boundaries”). From 945.5 to 1050.5
mbsf, grain density is characterized by considerable
scatter with values as low as 2.52 g/cm? and as high
as 2.75 g/cm? (Fig. F95A). Low grain density values
suggest that contamination with cement cuttings oc-
curs below 945.5 mbsf. Based on a cement grain den-
sity of 1.87 g/cm? and a formation grain density of
2.61 g/cm3, a cement content of up to 12% can ex-
plain the low grain densities between 945.5 and
1050.5 mbsf. The low grain density values may also
be explained by abundant wood content, discovered
during Expedition 319 in lithologic Unit III (Expedi-
tion 319 Scientists, 2010), if a mixing interval of up
to 90 m for cuttings is assumed. At this depth inter-
val, relative abundant organic material/wood/lignite
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was also identified in the >63 pm sand-size fraction
from cuttings (see “Lithology”) (Fig. F20). Assuming
a wood density of 0.9 g/cm3, a wood content of up to
5% can explain the low grain density values in the
945.5-1050.5 mbst interval. This wood content is in
the range of the 5%-10% content reported by Expe-
dition 319 Scientists (2010). From 1050.5 to 1135.5
mbsf, the scatter in grain density diminishes and
grain density decreases slightly to ~2.62 g/cm3. This
interval correlates to lithologic Subunit IVA. Grain
density values from 1135.5 to 1400.5 mbsf remain
relatively constant with an average of ~2.61 g/cm3. A
transition zone with increasing grain density exists
between 1400.5 and 1550.5 mbsf before grain den-
sity resumes a constant value of 2.66 g/cm?® down-
hole. At 1920.5 mbsf, grain density shifts to a higher
value of 2.68 g/cm?3.

In contrast to grain density values, bulk density for
the two size fractions maintains a close agreement
only to ~1500 mbsf. Beneath 1500 mbsf, bulk den-
sity values for the 1-4 mm size fraction are consis-
tently lower than for the >4 mm size fraction. Bulk
density values generally increase from 1.85 g/cm? at
945.5 mbsf to 1.91 g/cm? at 1406 mbsf. This corre-
sponds to a decrease in water content with constant
grain density (Fig. F95B). An increase in bulk density
to an average of 1.96 g/cm3 occurs from 1406 to
1426 mbsf; bulk density remains generally constant
at this value to 1500 mbsf. Below 1500 mbsf, the
trends for the two size fractions become more scat-
tered and begin to diverge, while maintaining a sim-
ilar pattern in changes with depth to 1740.5 mbst.
From 1500 to 1740.5 mbsf, there is a large spike at
1620.5 mbsf, where bulk density reaches 2.07 g/cm?3
(1-4 mm size fraction) and 2.21 g/cm?® (>4 mm size
fraction). Bulk density values for the two size frac-
tions begin to completely diverge below the litho-
logic Unit IV/V boundary (1740.5 mbsf). Below
1740.5 mbsf, bulk density of the 1-4 mm size frac-
tion decreases gradually to 1.89 g/cm3, whereas bulk
density of the >4 mm size fraction follows a constant
average of 2.05 g/cm? although the data show larger
scatter. The difference in bulk density between the 1-
4 and >4 mm size fractions may relate to DICAs that
are formed by the drilling process. DICAs are more
prominent in the smaller cuttings size fraction (see
“MAD cuttings data quality” and “Structural geol-
ogy”).

Similar to the bulk density measurements, measured
porosity values for the two size fractions maintain a
close agreement to 1500 mbsf and follow similar
trends to 1740.5 mbsf. From 1536 to 1740.5 mbsf,
the >4 mm size fraction produces porosity values
that are consistently lower than the 1-4 mm size

fraction, although the two trends continue to corre-
spond in terms of where minimum and maximum
values occur. Below 1740.5 mbsf, the two trends di-
verge. Porosity generally decreases downhole from
48% at 945 mbsf to 40% at 1456 mbsf before increas-
ing slightly to 43% at 1500 mbsf (Fig. F95C). This
general decreasing trend is in accordance with nor-
mal compaction because of increasing overburden.
From 1500 to 1740.5 mbsf, porosity is scattered
about 42% (1-4 mm) and 39% (>4 mm), with a large
negative spike at 1625.5 mbsf to 37% (1-4 mm) and
29% (>4 mm). The separation by cuttings size be-
neath 1500 mbsf and the low-porosity zone at
~1625.5 mbsf may be attributed to lithology. Sedi-
mentological observations suggest that sandstone is
present in this zone (see “Lithology”). Drying of
cuttings surfaces (see the “Methods” chapter [Stras-
ser et al., 2014a]) probably leads to removal of addi-
tional water from the interior of the permeable sand-
stone cuttings, and thus, the porosity is
underestimated in this zone. Beneath 1740.5 mbsf,
porosity shows contrasting trends for the two size
fractions. Porosity of the 1-4 mm size fraction gradu-
ally increases from 42% at 1740.5 mbsf to 47% at
2005 mbsf. For the >4 mm size fraction, there is a
large amount of scatter in porosity values below
1740.5 mbst with a minimum of 32% at 1886 mbst
and a maximum of 42% at 1956 mbsf. As shown in
the bulk density data, separation of porosity by size
fraction is probably due to a larger amount of DICAs
in the smaller cuttings size fraction (see “MAD cut-
tings data quality”).

MAD cuttings data quality

Expedition 338 is the third IODP expedition to use
cuttings to characterize physical properties (Expedi-
tion 319 Scientists, 2010; Inagaki et al., 2012). Previ-
ous expeditions focused on analyzing the 1-4 mm
size fraction and reported an overestimation of po-
rosity and a relatively large variation of measured
values (Expedition 319 Scientists, 2010; Inagaki et
al., 2012). Compared to the MAD results on cores,
cuttings show higher porosity and lower bulk den-
sity. Possible reasons for this difference include
(1) incomplete removal of water from the surface of
the cuttings, (2) drilling-induced microcracks,
(3) swelling of clay minerals and mechanical expan-
sion during washing and soaking (up to 18 h) in sea-
water, and (4) residue from drilling mud on the sur-
face of cuttings. The procedure for MAD
measurements on cuttings during Expedition 338
was therefore changed based on sensitivity tests of
cuttings before cuttings from Hole CO002F were col-
lected. MAD measurements were conducted directly
after washing to reduce the effect of swelling and
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mechanical expansion. Care was taken to completely
remove water from the surface (see the “Methods”
chapter [Strasser et al., 2014a]).

The size fractions show good agreement between po-
rosity and bulk density above 1500 mbsf with ratios
of ~1, suggesting that surface effects do not play a
role (Fig. F96). However, the different porosity and
bulk density trends between the two cuttings sizes
below 1500 mbsf suggest other causes may lead to
higher water content in cuttings of the smaller size
fraction. Visual observation suggests that cuttings
below 1500 mbsf include two types with different in-
duration or strength (see “Structural geology”). The
first type consists of hard, intact formation cuttings,
which are sometimes characterized by sharp edges.
The other type appears stiff but is weaker than the
first type; these DICAs may be formed during the
drilling and recovery process. The good correlation
of grain density values for both 1-4 and >4 mm size
fractions suggests that both fractions originate from
the same depth (Fig. F96A). The prominent differ-
ence between the two size fractions in bulk density
and porosity values below 1500 mbsf is probably a
result of greater induration of the formation in com-
bination with less formation cuttings (or more DI-
CAs) of 1-4 mm size fraction (see “Structural geol-
Ogy”).

Errors in MAD measurements on cuttings were esti-
mated from a reference compaction curve that is de-
termined based on MAD measurements of both
handpicked hard formation cuttings and cores re-
covered during Expeditions 315 and 338 (Expedition
3135 Scientists, 2009b). Hand-picked samples, which
are considered as representative formation samples,
and DICAs were taken from the >4 mm size fraction
from 1700.5 to 2000.5 mbsf at 100 m intervals. Four
additional samples, recovered from 1975 and 1982.5
mbsf during the opening of the hole in preparation
of casing the borehole, were also measured. A repre-
sentative porosity-depth model (Athy, 1930) can be
constructed for the prism sediment by combining
porosity data from the hand-picked cuttings and the
cores from previous expeditions (Fig. F97A):

0 = 0™, 3)

where

z = depth below seafloor,
o = 5.15 x 10 is an empirical constant, and
do = 0.64 (a reference porosity).

The computed porosity can also be used to correct
the bulk density by (Fig. F97B)

Peb = Pg(1-0) + pid, (4)

where

Pep = corrected bulk density,
py = measured grain density, and
ps = density of the pore fluid (1.024 g/cm?3).

The difference between the corrected and the origi-
nal data set of the >4 mm size fraction is shown in
Figure F97C. Measured porosity on cuttings is over-
estimated by 6% at 940.5 mbsf and 17% at 2004.5
mbsf. The errors in bulk density are 0.14 g/cm? at
940.5 mbsf and 0.28 g/cm?3 at 2004.5 mbsf. The aver-
age bulk density of DICAs is 1.93 g/cm3, which is
equivalent to the bulk density of the 1-4 mm size
fraction in that depth interval. The bulk density of
these DICAs is higher than the MAD bulk density at
shallower depths (e.g., ~1.85 g/cm?3 at 1000 mbsf),
which suggests an increase in induration and
strength of the DICAs. Based on an average value of
1.93 g/cm? for the interval from 1800 to 2000.5
mbsf, a DICA content of 47%-83% is necessary to
explain the bulk density of the bulk cuttings with >4
mm size fraction (Fig. F98). Underreamer depths
with a small fraction of DICAs partly correlate with
periods when the bit was off bottom. This corrobo-
rates the assumption that the formation of DICAs is
related to the RWD process. In summary, the differ-
ences in porosity and bulk density between cuttings
and cores are caused by mixing of the formation ma-
terial with DICAs. Drilling-induced microcracks,
swelling of clay minerals, mechanical expansion, or
residue from drilling mud on the surface of cuttings
are second-order effects.

Magnetic susceptibility (cuttings)
Magnetic susceptibility (MS) was measured for com-
parison with MAD data, NGR measurements, and
lithologic descriptions. A total of 299 vacuum-dried
cuttings samples from both 1-4 and >4 mm size frac-
tions were measured. Because sample weight varied
between the two cuttings sizes as a result of cuttings
packing in the sample cylinder, we calculated the
mass magnetic susceptibility (MMS) from measured
raw data MS (bulk susceptibility):

MMS (m3/kg) = [MS x sample volume (m?3)]/
[sample weight (g) x 1073]. (5)

MMS ranges from 1.03 x 107 to 4.40 x 10 m3/kg
above 1050.5 mbsf, probably as a result of the ce-
ment that extended to 872.5 mbsf and was mixed
into cuttings to 1050.5 mbst (Fig. F99). However,
scatter below the interpreted cement contamination
(940.5 mbsf) may also reflect a heterogeneity of lith-
ologic Unit III consistent with the observed scatter in
MAD results because of wood content (Expedition
319 Scientists, 2010; see “Lithology”) (Fig. F20). Be-
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tween 1050.5 and 1170.5 mbsf, MMS decreases
slightly from ~2.02 x 107 to 1.07 x 107 m3/kg,
which correlates broadly with Subunit IVA. MMS
then decreases to ~1.00 x 10”7 m3/kg at 1200 mbsf
and remains relatively constant at that value to
1400.5 mbsf. This zone corresponds to lithologic
Subunits IVB and IVC (see “Lithology”). MMS val-
ues increase again to 1.17 x 107 m3/kg at 1550.5
mbsf, probably associated with the Subunit IVD/IVE
boundary. Beneath 1550.5 mbsf, MMS gradually de-
creases to 1.00 x 10”7 m3/kg at 2004.5 mbsf. Contrary
to MAD data, magnetic susceptibility is independent
of cuttings size fraction. This suggests that there is
no fractionation of the solid phase during the drill-
ing and recovery process between the two cuttings
sizes or between DICAs and formation cuttings.

Natural gamma radiation (cuttings)

Unwashed cuttings were collected in the core cutting
area and packed in a 12 cm long core liner. The liner
filled with cuttings was scanned with a MSCL-W to
determine the NGR of the cuttings mix. To provide a
background reference, NGR was measured from a
liner, identical to those used for cuttings, filled with
distilled water. The recorded value was 34.0 counts
per second (cps). The NGR of drilling mud measured
on a regular basis for background values has no sig-
nificant effect on data bias. The MSCL-W NGR data
and the downhole gamma ray (GR) logging data
from LWD (see “Logging while drilling”) have sim-
ilar values and trends (Fig. F100). The unit of logging
data (gAPI) was converted to counts per second (cps)
for comparison with MSCL-W data using the follow-
ing equation (Mountain, Miller, Blum, et al., 1994):

NGR (cps) = [GR (gAPI) - 12]/2.12. (6)

There is a sharp increase in MSCL-W NGR at ~920
mbsf (877.2 mbsf underreamer depth); however,
there is no significant variation in LWD-GR data at
this depth. The low values of MSCL-W NGR above
920 mbsf are likely influenced by cement cuttings
dominating the cuttings mixture. There is no such
variation in LWD-GR because the LWD sensor
started below the interface and detected signals
mostly from the formation. MSCL-W NGR gradually
increases with depth from 920 to 1200 mbsf. There is
no noticeable variation in the interval of 1200-1750
mbsf. A remarkable increase from ~35 to ~40 cps at
~1750-1900 mbsf may reflect a change in lithology
to a more claystone rich interval (see “Lithology”).
MSCL-W NGR is slightly decreased below 1900 mbsf.

Consistent values of LWD-GR to 1500 mbsf in log-
ging depth are followed by a clear increase at 1600-1800
mbsf, which correlates to the increase in MSCL-W

NGR. Below 1800 mbsf, no significant variation is
found in either MSCL-W NGR or LWD-GR. Other
noticeable correlations between MSCL-W NGR and
LWD-GR are found at ~1300 and 1600 mbsf and may
relate to lithologic changes. Based on those correla-
tions, the cuttings depths are deeper than the log-
ging depths by ~30-70 m. This can be explained by
the configuration of the BHA. The cuttings from the
drill bit (~% of the total cuttings volume) and those
from the underreamer (~%3 of the total cuttings vol-
ume) were mixed while they traveled with drilling
mud to the surface (see also the “Methods” chapter
[Strasser et al., 2014a])).

Mixing of cuttings across lithologic and
structural boundaries

Mixing of cuttings occurs when a lithologic or struc-
tural boundary is penetrated with RWD. Grain den-
sity and NGR data allow us to constrain the mixing
interval when the bit and the underreamer crossed
the transition of the cement at the 20 inch casing
shoe (860.2 mbsf) and the formation. Grain density
has an average value of 1.87 g/cm? above 895.5 mbsf,
which characterizes the cement plug. Density then
increases to an average value of 2.61 g/cm? at 940.5
mbsf, which represents the formation (Fig. F101).
Mixing of cuttings is also observed in the MSCL-W
NGR data. The transition in MSCL-W NGR from 10
to 30 cps at ~920 mbsf correlates with the mixture of
cement cuttings and formation cuttings. One poten-
tial explanation is that this transition results from
the variation in the velocity of cuttings related to
drilling mud velocity as well as particle shape, size,
and density. This causes hydrodynamic dispersion of
cement cuttings and formation cuttings. Assuming a
Gaussian distribution of cuttings velocity, we used
dispersion theory to characterize the transition of
the cuttings mixture (Todd and Mays, 2005). The av-
erage velocity of drilling mud calculated from the av-
erage pumping rate (272.4 m3/h) and the average an-
nulus area (0.171 m?) provided by Geoservices Ltd.
was 1593 m/h. The average ROP given by LWD data
for this interval was 24 m/h. As a model parameter,
the coefficient of dispersion used for curve fitting for
both data sets is 50 m?/s. Based on this simplified
model (the S-shaped curve), most cuttings are from
the underreamer in this interval, and the cuttings
were mixed in a range of at least ~42.8 m at this
depth.

Dielectrics and electrical conductivity
(cuttings)

A total of 110 seawater-washed cuttings samples
from Hole COOO2F were sampled at a 10 m interval.
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Pastes prepared from each cuttings sample (1-4 mm
size fraction) were used to measure electrical proper-
ties at high frequency (30 kHz-6 GHz). Salinity index
from the extracted water and mass water content
from cuttings pastes was compared with the poros-
ity/density data set of the same cuttings using the
MAD method to complement the data.

The purpose behind this pilot study experiment is to

e Assess if the dielectrics can detect any change
from the formation despite the mixing interval of
cuttings,

e Evaluate the cuttings as a proxy for formation
evaluation,

e Extract the rough pore water salinity with depth,
and

e Test the correlations among cuttings, core, and
LWD data sets.

Before preparation of pastes, 1-4 mm size fraction
cuttings samples, which were preserved in sealed
bags and stored in the refrigerator since recovery,
were photographed to evaluate color and general
texture (Fig. F102A, F102B). The pictures were taken
at the same distance, light, and field of view for com-
parative analysis. The color was evaluated in a repre-
sentative area of the cuttings using a circle with an
11 pixel diameter on Adobe Photoshop software. The
gray color value mean, minimum, and maximum are
measured in 8 bit format from O (black) to 256
(white) along with their corresponding gray color
histogram. Note that seawater washing was able to
remove most of the drilling mud that was coating
the cuttings and would have affected the original
colors of the cuttings.

The analysis of gray color histograms revealed four
main populations of samples (Fig. F103):

e Population P1 records the lowest gray values cen-
tered around 50 + 10 grayscale and occurs in all of
the sample collection.

e Population P2 is centered around 75 + 10 gray-
scale and represents 46 samples (i.e., 42% of the
sample collection). Population P2 particularly
integrates Population P1 as a secondary popula-
tion.

e Population P3 is centered at 95 £ 10 grayscale and
represents the dominant population from the col-
lection with 52 samples (47% of the collection).

e Population P4 exists in some specific intervals
with the highest grayscale centered at 110 + 10.

The computation of the gray mean values from each
histogram as well as the difference between their
minimum and mean gray value with depth seems to
reveal a pattern related to some lithologic units (Fig.
F104; Table T44). The general gray mean value spans

from 40 to 90 with an average of ~63 £ 8. The gray
mean with depth can be correlated with lithologic
subunits based on silty claystone percentage (see “Li-
thology”). Data smoothing using a moving average
window of five data points from the data set, which
computes a difference between the minimum and
mean gray values, well correlates with the suggested
lithologic or logging units. The trough in mean gray
value at ~1027 mbst correlates with the lithologic
Unit II/IV boundary, and the negative peaks of
mean gray value and decrease in difference of gray
value at ~1610 mbsf correlates with the logging Unit
IV/V boundary.

Salinity and porosity from cuttings

During the sample paste preparation from cuttings
for dielectrics measurement, the decanted water ob-
tained after centrifuging was measured for salinity
index (Table T45). Because the same amount of pow-
der and milli-Q water was used for the whole cut-
tings collection, relative comparison with depth can
be used to check any change in the general salinity
of the formation, assuming no invasion by drilling
fluid (Fig. F105A). Indeed, despite the dilution effect
by the addition of water to the dried cuttings pow-
der, the salinity evolution reveals some useful as-
pects. The general relative salinity is ~11.5 g/L
through the whole formation, but at the base of lith-
ologic Units III and IV, salinity increases up to 31
and 25 g/L, respectively (2.5-3 times the salinity
background). Within lithologic Unit IV, salinity
slightly decreases with depth from 16 to 10 g/L be-
fore becoming relatively constant at 10.5 + 1 g/L
through Unit V. This is consistent with pore water
geochemistry analysis of cored prism sediment that
documents decreasing chlorinity content (see “Geo-
chemistry”). Not enough points are available in lith-
ologic Unit III to average the salinity with reasonable
confidence.

The water mass content from the prepared paste was
converted into porosity using the grain density re-
sults from the MAD method and plotted against the
porosity measured from the MAD method on the
same cuttings (Fig. F105B). Two trends can be ob-
served that are related to the lithologic types. The
muddy samples are characterized with the following
trend of porosity:

MAD-derived porosity = 1.3 x
(porosity from paste) — 9.6. (7)

The average porosity from paste and MAD in such li-
thology type is 40% % 1.6% and 43% + 2.2%, respec-
tively. In the sandy mud lithology, the porosity be-
tween MAD and paste is almost 1 to 1 with a slight
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positive linear shift of 4.4 for the MAD porosity. The
average porosity is 39% + 1.5% from the paste
method and 45% £ 1.8% from the MAD method.
Note that the coarse sand sample (338-C0O002F-311-
SMW) records much lower porosity than the muddy
and sandy mud lithology units (29% of paste poros-
ity and 24% of MAD porosity).

Dielectric properties

The dielectrics measurements were acquired from
pastes as soon as possible after centrifuging. The di-
electric constant (¢’,) and the dielectric absorption
(¢”;) were measured, and the equivalent electrical
conductivity was computed. Table T45 summarizes
these results at different frequencies of acquisition.
Only the dielectrics data above 3 MHz are reported
because the data below 3 MHz include low-fre-
quency parasitic noise probably due to ship heave
and drill string vibration.

The dielectric constant (real part) at 3 MHz is ~356
with a maximum of 504 and a minimum of 205. The
standard deviation at 3 MHz remains very low (<3).
The dielectric constant decreases from 56 to 33 to-
ward the 6 GHz frequency, with a standard deviation
lower than 0.3. The dielectric absorption (imaginary
part of the dielectric) is very high at low frequency (3
MHz) with an average value of 3958 and maximum
and minimum values of 6171 and 1885. This absorp-
tion intensity decreases rapidly to 7 at 6 GHz, where
no loading electrical charge can occur. The standard
deviation is also very low with values of 36 at 3 MHz
and <1 at higher frequencies.

The dielectric constant at low frequency is more sen-
sitive to lithologic variations (Fig. F106), as well as
the dielectric absorption with depth. Some unit in-
tervals with a specific range of values can be ex-
tracted. These sediments have a linear relationship
between the dielectric constant and its absorption
(Fig. F107): at high frequencies the sediments are
purely discharging (dielectric constant very low) be-
cause of the dielectrically “lossy” behavior of the
clay minerals, which do not load much electrical
charge. At lower frequencies of 3-30 MHz, the water—
clay interaction is fully charging and polarizable,
and the dielectric constant becomes higher, with a
material much more conductive through the water
film at the clay surface. At higher frequencies be-
tween 100 MHz and 1 GHz, on the other hand, two
groups are observed along the linear trend. The dom-
inant group corresponds to the mudstone, and the
minor group, which is often defined by lower salin-
ity, corresponds to the sandy materials. These two
groups are not clear at lower frequencies.

The electrical conductivity was derived from the di-
electric results. Because the material is more conduc-
tive at low frequencies, the 3 MHz frequency is the
most appropriate to evaluate the electrical resistivity
(Fig. F106). Electrical resistivity ranges from 1 to 3.36
Qm with an average of 1.66 Qm (Fig. F108). These
values match the resistivity range observed from the
LWD resistivity logs. Further analysis may allow for
correlation with LWD data and lithologic boundar-
ies.

Leak-off test

A LOT was performed at 872.5 mbsf, 12.3 m below
the 20 inch casing shoe (Fig. F109). This test helped
define the maximum mud weight for drilling to
2300 mbsf and the proposed location of the 16 inch
casing set point and allowed assessment of the least
principal stress. To perform the LOT, the cement was
drilled out and the hole was deepened to 875.5 mbsf,
providing a 3 m long, 17 inch diameter open bore-
hole for performing the LOT with drilling mud of
density of 1100 kg/m3. The LOT was conducted with
the outer annulus closed by the BOP, and mud pres-
sure was measured at the cement pumps. The pres-
sure at the bottom of the hole was calculated by the
recorded pressure plus the static pressure of the mud
column.

Two LOTs were conducted in Hole COO02F. The pres-
sure-time and flow rate-time records of the two pres-
surization cycles allow estimation of the leak-off
pressure (LOP) and instantaneous shut in pressure
(ISIP) (Fig. F110A). The LOP can be defined at the
point where the pressure-volume curve deviates
from linear behavior if we assume the borehole is
elastic and impermeable (White et al., 2002;
Engelder, 1993). During the first pressurization cycle,
a total volume of 446 L of drilling mud was injected
at a rate of 31.8 L/min. Borehole pressure peaked at
31.9 MPa. Based on the pressure-time curve, esti-
mated values for the LOP and ISIP were 31.6 MPa
and 31.8 MPa, respectively. The LOP was not clearly
defined because a large volume of mud (302 L) was
lost. A second cycle of pressurization was conducted
by injecting 144 L at a rate of 47.7 L/min. The pres-
sure-time curve of the second cycle suggests that
leak-off took place at ~31.9 MPa because of the clear
deviation of the pressure curve from the linear be-
havior. A proposed value of ISIP is 32.0 MPa from the
maximum curvature on the pressure decay curve af-
ter pumping ceased (White et al.,, 2002). Plotting
borehole pressure versus injected mud volume shows
S-shaped curves with a linear part in the middle in
both pressurization cycles (Fig. F110B). The rapid in-
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crease in pressure with a lower volume (e.g., ~144 L
in total) of mud injected during the second cycle
suggests that mud cake formed around the borehole
wall, possibly due to mud flowing into the rock for-
mation during the first cycle.

The deviation points (i.e., LOP) on the pressure-vol-
ume curves are not consistent between the two cy-
cles (31.6 MPa for the first cycle and 31.9 MPa for
the second cycle). If unsteady radial flow of injected
drilling mud occurred (likely for the first cycle and
possibly even during the second cycle), the deviation
point on the pressure-volume curve is no longer
valid for the LOP. A method to account for variable
pressure gradients (dP/dV) can be used to estimate
LOP as borehole pressure increases during continu-
ous loss of mud (Fig. F110C). The variation in dP/dV
can be approximated as linear if the permeability of
the formation is constant (Todd and Mays, 2005).
The linear approximation of dP/dV as a function of
pressure in the entire range at the first cycle suggests
flow of mud fluid into the formation with no change
in permeability until the maximum stress of test. In
the second cycle, the dP/dV curve deviates from lin-
ear behavior at 32.0 MPa. A sudden increase in for-
mation permeability because of opening of fractures
would explain the deviation of the dP/dV curve for
the second pressurization cycle (Song et al., 2001).
Based on these observations, it is interpreted that
leak-off did not take place during the first cycle, but
did during the second cycle at 32.0 MPa; thus, the
ISIP (32.0 MPa) found in the second cycle is more re-
liable. The LOT revealed that the least horizontal
principal stress is possibly ~32.0 MPa. A summary of
the results is listed in Table T46.

Paleomagnetism
Holes C0002K and C0002L

Remanent magnetization of archive-half sections
from Holes CO002H and C0002J-CO002L were mea-
sured at demagnetization levels of O, 5, 10, 15, and
20 mT peak fields to identify characteristic remanent
magnetization. Profiles of declination, inclination,
and intensity after demagnetization at 20 mT with
depth (mbsf) are shown in Figure F111.

Inclinations of archive sections in the interval of
Holes CO002K and CO002L (200-500 mbsf), which
were mostly cored using the ESCS (only the top
5.5 m and the interval from 205.5 to 239 mbsf of
Hole C0002K were cored using the HPCS and EPCS,
respectively), are significantly biased toward the pos-
itive side. However, because the results of Holes
CO0002B and C0002D during Expedition 315 (Expedi-
tion 315 Scientists, 2009a, 2009b) revealed that the

interval of 160-490 mbsf at Site CO002 ranges from
1.078 to 1.24 Ma, all the interval of Holes CO002K
and CO002L should correspond to the middle part of
the Matuyama reversed polarity interval, and the in-
clinations are expected to be in the negative side.
Thus, we suspected that the predominant positive
magnetization of the archive sections is due to a
modification of the initial paleomagnetic record.

In order to examine the magnetic nature of the in-
terval, discrete samples were carefully collected from
consolidated biscuit pieces, not from the softer sedi-
ment, which is probably a mixture of sediment and
drilling slurry. Magnetic grain fabric of the interval
was measured by the anisotropy of magnetic suscep-
tibility (AMS) apparatus to detect any indication of
coring disturbance. AMS results show clear magnetic
foliations parallel to the horizontal plane (Fig. F112).
It is interpreted that grain fabrics were formed by a
natural vertical compaction and have no evidence
for coring disturbance. The discrete samples were de-
magnetized with a higher level than those on the ar-
chive-half sections. Demagnetization experiments
on the discrete samples reveal that magnetizations of
samples are stable (Fig. F113), and a substantial
number of discrete samples show negative inclina-
tion (Fig. F111). This fact indicates that the original
magnetization remains in biscuit pieces and suggests
that a significant amount of softer sediment was
magnetized strongly with positive inclination during
coring. Although this situation makes it difficult to
interpret magnetic data of archive sections, magnetic
polarity interpretation based on data from discrete
samples is still valid. According to the results of Ex-
pedition 315, the interval of Holes CO002K and
CO0002L should correspond to the middle part of the
Matuyama Reversed Chron. The normal polarity in-
terval observed between 240.72 and 299.37 mbsf
seems to be assigned to the “Cobb Mountain” Sub-
chron (1.173-1.185 Ma). However, the nannofossil
event of 1.04 Ma is found in the interval at ~250
mbsf in Hole CO002K (see “Biostratigraphy”). It is,
therefore, more reasonable that this normal polarity
interval is correlated to the Jaramillo Subchron, al-
though the horizon at 119.58 mbsf in Hole C0002D
is interpreted to be the top of the Jaramillo Subchron
(Expedition 315 Scientists, 2009b).

Magnetic fabric of Hole C0002)

Paleomagnetic inclinations of Hole C0002] are
mostly positive but widely scattered. AMS, an index
of sediment grain fabric, shows that sediment in
Holes CO002K and CO002L are compacted subverti-
cally (Fig. F112). On the other hand, AMS of Hole
CO0002] appears more prolate (Fig. F114A), suggest-
ing that grain fabrics in this interval did not form by
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vertical compaction alone. Restored AMS directions
of the interval with paleomagnetic declinations re-
veal that magnetic foliations gently dip southeast-
ward (Fig. F114B). Preliminary interpretation of
those data indicates bedding planes in this interval
gently dip southeastward.

Cuttings-core-log-seismic
integration

Site C0O002 encompasses 11 holes situated within
~150 m of each other (Fig. F4) and includes riser
Hole CO002F, a focal point of the NanTroSEIZE proj-
ect. Both LWD data and cores have been collected at
this site during previous expeditions (Expedition 314
Scientists, 2009; Expedition 315 Scientists, 2009b;
Expedition 332 Scientists, 2011).

Figure F115 presents a summary of core, log, and
seismic data at Site C0002 along with a summary of
the units defined from each of those data sets. The
seismic reflection profile shows the major regional
features, such as the northwest-dipping Kumano Ba-
sin strata (seafloor to ~850 mbsf at Site C0002) that
are cross-cut by a prominent BSR (~400 mbsf), a tran-
sition zone (~850-920 mbsf), and the seismically
chaotic accretionary prism (deeper than ~920 mbsf).

A seismic, lithology, and logging correlation of the
gas hydrate zone (~200-550 mbsf) (Expedition 314
Scientists, 2009; Expedition 315 Scientists, 2009b) is
revisited here using new data from cores collected
between 200 and 500 mbsf (Holes CO0002K and
C0002L), as this interval was not targeted by previ-
ous expeditions. The lack of coherent reflections in
the seismic data below ~900 mbsf (i.e., within the
highly deformed prism) prevents further seismic cor-
relation with deeper logging data. The logging Unit
III/IV boundary, placed at 935.6 mbsf in Hole
CO002A (Expedition 314 Scientists, 2009) and at 931
mbsf in Hole C0002G (Expedition 332 Scientists,
2011) is revisited using new core data from Hole
C0002] cores and LWD data from riser LWD in Hole
COOOZ2F. Integration of core, cuttings, and LWD data
within the accretionary prism is also discussed.

The Kumano 3-D prestack depth migration (PSDM)
seismic volume (Moore et al., 2009) ties to Hole
CO002F at the intersection of In-line 2532 and Cross-
line 6228. A number of prominent reflections were
identified by Gulick et al. (2010) and compared to
the logging unit boundaries identified in Hole
CO002A (Expedition 314 Scientists, 2009). Many of
the reflections do not tie with large lithologic or
physical properties contrasts. The strongest correla-

tions were made between Zones A and B (as defined
using LWD data from Expedition 314 Scientists
[2009]) within logging Unit II (Fig. F115).

New cores in the gas hydrate zone

The base of Zone A matches the BSR in the seismic
data at ~400 mbsf (Fig. F115). This zone was sug-
gested to be the gas hydrate zone because of its high
resistivity compared to the rest of Unit II. Addition-
ally, the drop in P-wave velocity at the base of Zone
A was postulated to represent the presence of trace
amounts of free gas (Expedition 314 Scientists, 2009)
that leads to a prominent reversed polarity seismic
reflection of the BSR.

The interval from 200 and 505 mbsf was cored con-
tinuously in two holes (Hole CO002ZK: 200-286.5
mbsf; Hole CO002L: 277-505 mbsf). Because of a
high concentration of trapped gas, the resulting re-
covery rate was highly variable (<13% to >100%),
and one core liner (486.0-495.5 mbsf) failed explo-
sively. Peaks of methane gas concentration in core
headspace and void gas samples from 200 to 400
mbsf (see “Geochemistry”) correspond to high-resis-
tivity spikes at 270, 295, 370, and 390 mbsf (Fig.
F115). Higher concentrations of propane were also
observed between 200 and 380 mbsf, within Zone A,
and a small peak in ethane concentrations was ob-
served at 390-400 mbsf (Fig. F74), which correlates
with an interval of high resistivity (>4.5 Qm) and the
depth of the BSR observed in the seismic data. A
spike to extremely low salinity/chlorinity values at
~400 mbsf in Hole CO002L (Fig. F71) matches the lo-
cation of the BSR (Fig. F115). Overall, these observa-
tions appear to support the interpretations of the Ex-
pedition 314 Scientists (2009).

The upper surface of Zone B corresponds to a high-
amplitude, negative polarity reflection (~480 mbsf)
(Fig. F115). This zone has low P-wave velocity and
highly variable resistivity and was suggested to repre-
sent a package of coarser sediment containing small
amounts of free gas that is migrating updip (Expedi-
tion 314 Scientists, 2009).

Peaks of hydrocarbon gas concentration were ob-
served at 460-470 mbsf (see “Geochemistry”), pre-
ceding an exploded core liner from the interval of
486.0-495.5 mbsf, suggesting that the upper bound-
ary of Zone B, a gas-rich zone correlating with a neg-
ative polarity reflection (Fig. F115), had been
reached. A second negative polarity reflection is ob-
served at this depth to the southeast of Hole COOO2F.
There is also increased variation in resistivity within
this zone, which may represent another pocket of
gas trapped beneath the dipping reflection.
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Logging curves below ~900 mbsf,
hole enlargement (riserless) versus
mud cake (riser)

It was noted that in Hole C00024A, the gamma ray
curve matches the borehole shape below ~935 mbsf
with low gamma ray values occurring where the
borehole diameter increased (Fig. F116) (Expedition
314 Scientists, 2009). A correlation was made be-
tween borehole enlargement, the presence of cohe-
sionless sediment (i.e., sandy), and low gamma ray
values. A departure to low gamma ray values also oc-
curs in Hole C0002G at ~931 mbsf (Expedition 332
Scientists, 2011). In the same depth interval in Hole
COOO02F, on the other hand, an increase in gamma
ray values from ~70 gAPI at 920 mbsf to ~80 gAPI oc-
curs at 940 mbsf. A similar increase was observed in
both the MSCL-W NGR results from Hole C0002]
core samples and Hole COOO2F cuttings (see also
“Physical properties”).

Although no direct caliper measurement was made
during Expedition 338, Hole COO02F was drilled in
riser mode, and as a result, the hole is generally ex-
pected to be more stable than previous riserless oper-
ations at this site. A comparison of resistivity images
in the region of overlap in both Holes COO02F and
CO002A confirms that the borehole wall is generally
in better condition in Hole CO002F (Expedition 314
Scientists, 2009) (see “Logging while drilling”). The
attenuation distance for gamma radiation (1 MeV
energy) through water is ~10 cm (4 inches) (Hubbell
and Seltzer, 1996). Therefore, the low gamma ray val-
ues obtained below ~920 mbsf in Holes CO002A and
C0002G are probably due to a reduction in natural
gamma ray emissions reaching the detector. For ex-
ample, the 6% inch diameter geoVISION tool used
during Expedition 314 has an operational borehole
size range of 8.00-9.88 inches (e.g., Schlumberger,
2011), and as the borehole diameter increases, espe-
cially beyond the operational maximum, the gamma
ray intensities recorded will be damped with respect
to measurements made directly adjacent to the for-
mation.

For this reason, the composite LWD data curves in
Figure F115 comprise Hole COO02A data from O to
900 mbsf and Hole COOO2F data below 900 mbsf.
Note that neither the location of the Unit III/IV
boundary nor the increase in the abundance of
sandy material below the boundary are disputed;
rather the interpretation of riserless gamma ray logs
is challenged, especially where borehole diameter is
unknown.

Cuttings and log integration
in the accretionary prism

The Unit III/IV boundary determined based on both
core lithology (Holes CO002B and C0002]J) and LWD
(Holes CO0O02F and C0002G) data is located between
918.5 and 935.6 mbst. The mismatches between the
depths of this boundary interpreted in different
holes reflect the irregular nature of this unconform-
able boundary between the Kumano Basin sediment
and underlying, older accretionary prism. Detailed
mapping of this surface in the 3-D seismic data
shows that the boundary is highly variable in three
dimensions (G. Moore, unpubl. data).

Unit and subunit boundaries identified from cut-
tings analyses (Hole COOO2F) are consistently deeper
(by ~100 m) than those identified from the logging
data (Fig. F115). The population of cuttings sampled
at each depth reflect the mixing experienced both
during transport in the return mud flow up the riser
pipe and on the shale shaker, and for this reason
lithologic cuttings boundaries should be defined by
the first downhole occurrence of marker features
from the underlying unit (see “Lithology”).
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Figure F1. Regional location map showing Site C0002 in context of the NanTroSEIZE project sites. Box = region
with 3-D seismic data, red = Expedition 338 sites, blue = NanTroSEIZE Stage 1 and 2 sites, yellow arrows = esti-
mated far-field vectors between Philippine Sea plate and Japan (Seno et al., 1993; Heki, 2007), stars = locations
of 1944 and 1946 tsunamigenic earthquakes.
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ultimate planned path through the megasplay fault at ~5200 mbsf. VE

Site C0002

‘-
AN
)

A

extent of LWD and cuttings obtained in Hole COOO2F, red boxes = sections of cores obtained from Holes COO02H,

[oe]

(Isqws) yideqg

Figure F2. In-line (IL) 2529 extracted from the 3-D seismic volume, showing Site CO002 in relation to Stage 1 Sites C0001, C0003, C0004, and

C0002]J, C0002K, and CO002L, dashed extension below the green box

CO0008 (black lines). Green box
vertical exaggeration.
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Figure F3. A. Seismic In-line 2532 showing relative locations of holes drilled at Site CO002. LWD = logging
while drilling, VE = vertical exaggeration. (Continued on next page.)
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Figure F3 (continued). B. Seismic Cross-line 6223 showing relative locations of holes drilled at Site C0002.
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Site C0002

Figure F4. Map of drilled holes, Site CO002. Red = holes drilled during Expedition 338, blue = holes drilled
during previous expeditions. IL = in-line, XL = cross-line.
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Figure F5. Wind condition changes at Site CO002 from 1700 to 1800 h on 17 November 2012.
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Figure F6. MWD logs, Hole COOO2F. Off-bottom times were obtained from the time series data.
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Figure F7. Comparison of the logs from Holes CO002A and CO002F, showing the correlation between logging
Units III and IV. The logging Unit III/IV boundary in Hole CO002A is recognized as a sharp lithologic change
interpreted from gamma ray data, whereas in Hole COOO2F the boundary was defined by a more subtle change
characterized by minor excursions in gamma radioactivity, resistivity, and sonic slowness values. Similar
gamma ray trends interpreted to represent interbedded sand and clay are observed for logging Unit IV in Holes
CO002A and COOO2F. RES_BS = shallow resistivity, RES_BM = medium resistivity, RES_BD = deep resistivity. GR
= gamma radiation, RAB = resistivity at the bit. DTCO = compressional wave slowness.
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Figure F8. Composite plot of LWD data for Hole COO02F showing gamma ray, deep button resistivity image, resistivity logs, sonic slowness (ve-
locity), fracture and bedding orientation, resistivity-derived bulk density and porosity, and logging units.
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Figure F9. Representative deep resistivity-at-the-bit (RAB) images of logging Units IV and V, Hole COOO2E.
Bedding dips and azimuths are shown on the tadpole track (0°-90°) and apparent dips along a north-south
virtual section. A. Logging Unit IV bedding dipping in opposite directions (fold). B. Logging Unit IV beds can
be characterized by changing resistivity, indicating changes in composition and/or structure. C. Logging Unit
V steeply dipping (deformed) beds characterized by conductive (clay-rich) interbeds. D. Logging Unit V gently
dipping (<45°) beds showing a mottled texture.
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Figure F10. Shallow button resistivity image, fracture orientations, and fracture frequency, Hole COOO2E.
Fracture counts were normalized over 10 m intervals to show areas of higher fracture concentration. Also
shown are equal area lower hemisphere stereonets for all of the poles to fracture planes, separated by logging
unit.
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Figure F11. Azimuth of compressional borehole breakouts (BOs) and drilling-induced tensile fractures (DITFs),
Hole CO002F.
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Figure F12. Width of compressional borehole breakouts with depth, Hole COOO2F.
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Figure F13. Example of compressional borehole breakouts (BOs) (purple boxes) observed on dynamic resistivity
images, Hole COOO2F.
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Figure F14. Example of drilling-induced tensile fractures (DITFs) (purple boxes) measured in Hole COOO2E.
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Figure F15. Section of the same depth interval from Holes CO002A and CO0O02F showing well-developed com-
pressional borehole breakouts (BOs) in Hole CO002A that are not present in riser Hole COO02F.
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Figure F16. Resistivity logs (bit, ring, shallow, deep, and medium), gamma ray log, and resistivity-derived po-
rosity and bulk density logs, Hole COOO2F.
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Figure F17. Comparison of resistivity images obtained from a relogged section (left) with the original data
(right), Hole COOO2E.
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Figure F18. Graph showing percent silty claystone versus percent sand/sandstone, Hole COOO2F. Dashed lines
= lithologic unit boundaries, dotted lines = subunit boundaries. See Table T6 for details of units and subunits.
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Figure F19. A-D. Examples showing dominant lithologies in lithologic units, Hole COO02F. Major lithology,
sample identification, and scale shown. (Continued on next page.)
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Figure F19 (continued). E-H. Dominant lithologies, Hole COOO2E.
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Figure F20. Microscopic cuttings characterization of lithologic components for >63 pm sieved sand fraction,

Hole CO002F.
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