
Proc. IODP | Volume 337

Inagaki, F., Hinrichs, K.-U., Kubo, Y., and the Expedition 337 Scientists
Proceedings of the Integrated Ocean Drilling Program, Volume 337

Site C00201

Expedition 337 Scientists2

Chapter contents

Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Operations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Lithostratigraphy. . . . . . . . . . . . . . . . . . . . . . . . 4

Paleontology . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Downhole logging  . . . . . . . . . . . . . . . . . . . . . 17

Physical properties  . . . . . . . . . . . . . . . . . . . . . 21

Inorganic geochemistry  . . . . . . . . . . . . . . . . . 25

Organic geochemistry . . . . . . . . . . . . . . . . . . . 32

Microbiology . . . . . . . . . . . . . . . . . . . . . . . . . . 41

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Tables. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

1Expedition 337 Scientists, 2013. Site C0020. In 
Inagaki, F., Hinrichs, K.-U., Kubo, Y., and the 
Expedition 337 Scientists, Proc. IODP, 337: Tokyo 
(Integrated Ocean Drilling Program Management 
International, Inc.). 
doi:10.2204/iodp.proc.337.103.2013
2Expedition 337 Scientists’ addresses.
Introduction
Marine subsurface hydrocarbon reservoirs and the associated 

microbial life in continental margin sediments are among the
least characterized systems on Earth that can be accessed by scien-
tific ocean drilling. Our scientific knowledge of the biological and
abiotic processes associated with hydrocarbon production is lim-
ited because of the highly limited opportunities to conduct scien-
tific ocean drilling initiatives using deep-riser drilling in natural
gas and oil fields. A number of fundamentally important ques-
tions regarding deep subseafloor hydrocarbon systems have re-
mained unanswered. For example,

• What role does subsurface microbial activity play in the forma-
tion of hydrocarbon reservoirs?

• Do the deeply buried hydrocarbon reservoirs such as natural
gas and coalbeds act as geobiological reactors that sustain sub-
surface life by releasing nutrients and carbon substrates?

• Do the conversion and transport of hydrocarbons and other
reduced compounds influence biomass, diversity, activity, and
functionality of deep subseafloor microbial communities?

• What are the fluxes of both thermogenically and biologically
produced organic compounds, and how important are these for
the carbon budgets in the shallower subsurface and the ocean?

To address these important scientific questions, Integrated Ocean
Drilling Program (IODP) Expedition 337 aimed to drill and study
a hydrocarbon system associated with deeply buried coalbeds off
the Shimokita Peninsula, Japan, in the northwestern Pacific using
the riser drilling system of the D/V Chikyu. For more information
regarding research backgrounds, scientific objectives, and hy-
potheses, see the “Expedition 337 summary” chapter (Expedi-
tion 337 Scientists, 2013a).

Operations
The Chikyu left Hachinohe Port at 1200 h on 26 July 2012 and ar-
rived at IODP Site C0020 after 7.5 h of transit. The corrosion cap
of Hole C9001D, which was drilled to 647 m drilling depth below
seafloor (DSF) and cased to 511 m DSF during the Chikyu shake-
down cruise in 2006, was retrieved at the surface by 2400 h on 27
July. Ten transponders were installed on the seafloor by the re-
motely operated vehicle (ROV) on 28 July, and failure mode effect
 doi:10.2204/iodp.proc.337.103.2013
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analysis for the Acoustic Position Reference System
was completed on 29 July.

While conducting a surface pressure test of the blow-
out preventer (BOP), the science party was shuttled
aboard by helicopter flights on 31 July. Technical
problems ensued during the BOP function test, and
troubleshooting continued until the function test
was completed at 1330 h on 6 August.

After a successful pressure test, the BOP was trans-
ferred to the well center at 0130 h on 7 August and
was lowered to the moonpool. However, the BOP
control system did not function correctly, so the BOP
was picked up on the cart. Incorrect connection of
the control line conduit manifold was rectified on 8
August. Running of the BOP and riser started at
1300 h on 8 August.

BOP landing was attempted at ~2130 h on 11 Au-
gust, but the ROV image was lost just before the mo-
ment of landing. A successful landing was confirmed
before 2200 h when the ROV image was recovered.

Extensive BOP tests were carried out after the land-
ing until completion of the pressure test on 14 Au-
gust. Cement was drilled out with a 17½ inch bot-
tom-hole assembly (BHA), and seawater was
evacuated starting at 1515 h on 14 August and
reached 1854.5 m drilling depth below rig floor
(DRF), 1 m above the bottom of the cement. Calcium
carbide was added to the drilling mud in order to
check the annulus volume. Old mud in the hole and
riser was displaced with 1.06 sg KCl-NaCl/polymer/
PPG (KNPP) mud. A formation integrity test at the 20
inch casing shoe (1719.5 m DRF) was carried out.

Drilling into fresh formation started on 15 August.
Drilling a 17½ inch hole from 1854 to 2171 m DRF
(645.5–962.5 m DSF, 317 m) was achieved at an aver-
age rate of penetration (ROP) of 1.23 m/min. A max-
imum mud-gas concentration of 18.94% was ob-
served at 1991 m DRF. After circulation and bottoms
up, drilling resumed from 2171 to 2208.5 m DRF
(962.5–1000 m DSF, 37.5 m) at 0115 h on 16 August.
The average ROP was 1.38 min/m. A high mud-gas
concentration (>10%) was occasionally observed.
Drilling from 2208.5 to 2375 m DRF (1000–1166.5 m
DSF, 166.5 m) proceeded at an average ROP of 1.45
min/m.

At 2200 h on 16 August, we encountered total mud
loss at 2375 m DRF. The mud loss rate decreased with
time to 8.5 m3/h at 2400 h. Lost circulation material
(LCM) was spotted (12 m3) at 0230 h on 17 August.
The mud loss rate decreased to 0.8 m3/h after the sec-
ond spotting of LCM at 1200 h but continued
through the day. A decision was made to continue
drilling with seawater gel mud.
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Drilling resumed at 0515 h on 18 August from 2375
to 2400 m DRF (1166.5–1191.5 m DSF, 25 m). The
average ROP was 1.78 min/m. Mud return was con-
firmed and the pump rate was adjusted. Drilling con-
tinued to 2453.5 m DRF (1245 m DSF), and then to
2471.5 m DRF (1263 m DSF) with a sweep of hi-vis
mud and circulation bottoms up.

The drilling BHA was pulled to the surface at 1500 h
on 19 August. The nominal seat protector was re-
trieved at 2100 h, and preparation of 13  inch cas-
ing began. Running 13  inch casing started at
0400 h on 20 August, and running of the casing
hanger with running strings started at 1630 h. How-
ever, the casing hanger was pulled back to the sur-
face because it was improperly made up. The casing
hanger landed on the wellhead at 0015 h on 21 Au-
gust. Cementing of the casing began at 0515 h. The
pressure test of the BOP was completed on a second
attempt, after the seal-retrieving tool was set.

A 12¼ inch drill-out cement BHA was made up at
2030 h on 22 August and run into the hole to 2384
m DRF. Casing pressure tests were carried out twice,
and cement was drilled out to reach 2.5 m into new
formation at 1830 h on 23 August. A leak-off test was
completed after drilling fluid was displaced from sea-
water gel to KNPP mud. Preparation for a 10  inch
rotary core barrel (RCB) BHA was started at 1600 h
on 24 August and running into the hole to 2444 m
DRF was finished at 0700 h on 25 August. After cir-
culation and bottoms up, the center bit was dropped
and a 10  inch hole was drilled 11 m into the for-
mation to reach 2485 m DRF (1278.5 m DSF).

Coring operations started at 1600 h. Core 337-
C0020A-1R was recovered on deck at 1822 h, with
2.23 m of recovery from 9.5 m of drilling advance.
The following core (2R) was recovered at 2123 h,
with improved recovery of 4.08 m. Core 3R was cut
after drilling to 2578.5 m DRF (1370 m DSF). A short
advance of 5.0 m was attempted to improve core re-
covery and quality. A good 3.68 m core was recov-
ered at 0929 h on 26 August. Core 4R recovered
3.75 m from 9.5 m of advance. After reviewing the
core recovery and quality, short advances were em-
ployed thereafter. Core 5R was cut after drilling to
2698.5 m DRF (1490 m DSF). The 2.7 m long core
was on deck at 0504 h on 27 August. The following
core (6R) was a successful recovery of 4.12 m from
5.0 m advance. After Core 6R, drilling was intended
to reach 2841.5 m DRF (1633.0 m DSF), but before
reaching the target depth, a low-ROP interval was
encountered, and the decision was made to core to
determine the material of the hard formation. Core
7R was cut from 2807.5 to 2812.5 m DRF (1599.0–
1604.0 m DSF) and 1.15 m was recovered at 1915 h.
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The core included gravel of volcanic origin and
showed a different lithology from previous cores.
The Co-Chief Scientists decided to take a large-diam-
eter coring (LDC) system core at this depth, targeting
the presumed Oligocene/Eocene boundary that was
observed in the low-ROP interval in a nearby well.

The RCB BHA was pulled to the surface at 0830 h on
28 August. Running the Baker Hughes INTEQ 8½
inch industrial coring BHA started at 1500 h. LDC
cutting started at 1045 h on 29 August. Coring oper-
ations were stopped at 2834 m DRF at 1530 h (before
reaching 27 m of drilling advance in the original
plan) because core jamming was suspected when an
increase in pump pressure and no penetration were
observed. The LDC core was recovered on deck at
0730 h on 30 August. Core 8L recovered 10.0 m from
21.5 m of advance. The core was cut into 1.0 m long
sections at the middle pipe rack and transferred to
the laboratory.

As LDC did not reach the target depth, it was de-
cided to take the next core at 2834 m DRF. Running a
10  inch RCB BHA started at 1115 h. The LDC inter-
val was opened from 8½ inches to 10  inches, and
RCB coring resumed at 0545 h on 31 August. Slow
penetration continued, and drilling advance was
stopped at 4 m for Core 9R, which was 3.95 m long
and was recovered on deck at 0813 h. Core 10R was
on deck at 1140 h, and 5.41 m was recovered from
9.5 m of advance. Based on a preliminary inspection
of the sample, no particular change in lithology and
age was inferred. The Co-Chief Scientists decided to
stop coring and drill instead to 1760 m DSF.

Before reaching the next coring interval, an increase
in ROP was observed, suggesting a change in lithol-
ogy. Three consecutive RCB cores were cut from
1737.5 m DSF with full 9.5 m of advance. Cores 11R–
13R were recovered on deck on 1 September and
showed good recovery. Core 14R was cut after drill-
ing to 1820 m DSF and was recovered at 1843 h.
Again, there was not a notable change in lithology.
The Co-Chief Scientists decided to drill to 1919 m
DSF, at which depth the coal-bearing interval was
considered to start in the revised interpretation of
seismic profiles based on the observed drilling pa-
rameters and cuttings.

Four consecutive RCB cores were cut from 1919 m
DSF. Core 15R was on deck at 1230 h on 2 September
and contained a thick coal layer. The following Cores
16R (with advance of 7.5 m) and 17R (with full ad-
vance) were mainly loose sand. During cutting of
Core 18R, the drill bit was suspected to be worn out,
and the core was recovered on deck at 2153 h after a
drilling advance of 4.5 m. It was decided to pull out
of the hole, and the drill bit was retrieved on the sur-
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face at 1330 h on 3 September. Three nozzles were
plugged in the drill bit.

After Core 18R, it was also decided that RCB coring
would continue and LDC would be canceled. The
reasons for the change in plans were that (1) RCB
coring had shown unexpectedly high core recovery
in coal-bearing lithology, at least as high as LDC,
(2) core quality of coal recovered by the RCB was
good enough to fulfill our scientific objectives,
(3) uncertainties in LDC operations risked jeopardiz-
ing the expedition goals in the limited time remain-
ing for the site operations, and (4) quicker RCB oper-
ations allowed for a longer total coring interval and
more flexibility in the future analyses of the cores.

A new drill bit was installed and run into the hole
starting at 1430 h. Coring operations resumed at
1000 h on 4 September and continued smoothly to
take seven consecutive RCB cores from 3158.5 to
3212.0 m DRF (1950–2003.5 m DSF). Core recovery
was high, and coal-bearing sequences were obtained.
As various lithologies within and around the coal-
rich formation were available for sampling, the Co-
Chief Scientists concluded that we had fulfilled our
operational mission in this interval. They decided to
drill deeper to investigate the broader range of the
hydrocarbon system and to explore the limits of life.

Drilling with a center bit from 2003.5 m DSF started
at 0715 h on 5 September. Core 26R was cut from
3318.5 to 3328 m DRF (2110–2119.5 m DSF; 9.5 m).
At 2111 m DSF, Hole C0020A became the deepest
hole in scientific ocean drilling. On 6 September, we
celebrated drilling a record-breaking core with
>100% recovery of 9.58 m. Spot coring continued at
100 m intervals, and Cores 27R, 28R, and 29R were
taken from 2200, 2300, and 2400 m DSF, respec-
tively.

The final total depth (TD) was anticipated at 2460 m
DSF, and the Co-Chief Scientists requested to take
the last pair of cores with 9.5 m and 4.0 m advances.
While cutting the last core (31R), jamming was sus-
pected at 0.5 m of advance. The Operations Superin-
tendent (OSI) decided to retrieve the core at that
point. While waiting for recovery of the short core,
scientists observed unique features in the X-ray com-
puted tomography (CT) image of Core 30R. The Co-
Chief Scientists and OSI decided to take another full
core from 2456.5 m DSF. At 0354 h on 9 September,
the last core (32R) was on deck. TD of Hole C0020A
was 2466 m DSF.

After pulling out of the hole, wireline logging opera-
tions started. Logging Run 1 (Platform Express–High-
Resolution Laterolog Array–Hostile Environment
Natural Gamma Ray Sonde) started at 0200 h on 10
September. Data quality was very good, and the cali-
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per showed that the hole condition was good
through the entire interval. Logging Runs 2 (Forma-
tion MicroImager–Dipole Sonic Imager–Environ-
mental Measurement Sonde [EMS]–gamma ray [GR])
and 3 (combinable magnetic resonance-GR) fol-
lowed. High-permeability layers were selected for use
of the Modular Formation Dynamics Tester (MDT)
based on the results from the first three runs. After a
wiper trip, logging Run 4 (MDT-GR) started at 2230 h
on 12 September. Pretests for fluid mobility and for-
mation pressure measurements were carried out at
31 horizons. Formation fluid samples were taken at
six horizons of high mobility, and the six bottles
were recovered on deck at 0510 h on 14 September.
The sample bottles were delivered to the laboratory
during logging Run 5 (vertical seismic profile [VSP]-
GR). The last run was finished at 1815 h, ending sci-
entific operations on the rig floor.

This expedition was originally scheduled for March–
May 2011 but was postponed because of the Tohoku-
oki earthquake and the following tsunami hazard
that hit the eastern coast of Japan, including Hachi-
nohe Port. The Chikyu suffered damage on the ship
body and lost one of the thrusters during emergency
evacuation from the port. Repair and reinstallation
of the thruster were completed in June 2012, and
this expedition was rescheduled for implementation
in July 2012.

Lithostratigraphy
In general, drilling in Hole C0020A was divided into
two phases of drilling operations. The first phase
covered the depth interval from 636.5 to 1256.5 m
mud depth below seafloor (MSF), from which only
cuttings samples were retrieved, and the second drill-
ing phase covered the depth interval from 1256.5 to
2466 m MSF, in which both core and cuttings sam-
ples were collected.

Cuttings observations
Cuttings samples from 636.5 to 926.5 m MSF were
composed mainly of dark olive to olive-gray silty
claystone with abundant diatoms, common volcanic
glasses, common quartz, few feldspars, and few lithic
fragments (Fig. F1). The first cuttings sample was
highly contaminated by cement. Few palagonite and
opaque minerals (e.g., pyrite or other iron sulfide)
were identified in smear slides along with common
sponge spicules and few shell fragments. Rare semi-
consolidated fine sandstone fragments were visible
in >4 mm cuttings samples. Semiconsolidated silt
grains in smear slides were poorly sorted with mod-
erate to subangular roundness.
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Cuttings recovered from 926.5 to 1116.5 m MSF
were dominated by diatom-bearing clayey siltstone
with abundant lithic fragments, quartz, and feld-
spar. In some samples, volcanic glass and sponge
spicules were common, whereas pyrite or other iron
sulfides and shell fragments were present in only
minor amounts. Semiconsolidated siltstone and fine
sandstone in smear slides were subangular to
rounded with moderate to poor sorting. Fragments
of sandstone were identified in all cuttings samples.
In addition, plant remains were rarely visible in cut-
tings. The sandstone content in the cuttings ranged
between 5% and 15%. Colors observed in cuttings
from this depth interval corresponded frequently to
lithology. For example, well-cemented siltstone frag-
ments were light in color (5Y 5/2) and clayey silt-
stone and clayey siltstone with fine sandstone (5Y
4/2) were dark olive.

Cuttings samples from 1116.5 to 1236.5 m MSF con-
sisted mainly of medium silt to sand with very com-
mon wood fragments found most frequently be-
tween 1206.5 and 1226.5 m MSF (as much as 15% of
the total material). Sand and silt grains in smear
slides were rounded to moderate and were poor to
moderately sorted. Siliceous microfossil remains
were also common, often as broken fragments. Vol-
canic glass and iron sulfides were also present.

Only one cuttings sample (337-C0020A-92-SMW)
was recovered from 1116.5 to 1186.5 m MSF. The
material from this interval consisted of loose, fine to
coarse sand grains and was highly contaminated
with drilling mud. A rare amount of silty fragments
were observed. Loose, fine to medium sand was pres-
ent in samples from 1186.5 to 1236.5 m MSF. More-
over, lithic fragments, pumice, sulfides, and clayey
siltstones were also observed. The amount of clayey
silt increased slightly and became more consolidated
with depth to a more semiconsolidated consistency
(cuttings Samples 92-SMW through 95-SMW).

Cuttings samples from 1236.5 to 1256.5 m MSF con-
sisted mainly of semiconsolidated clayey siltstone
with fine sand. In clay-rich layers, diatom fossils
were well preserved; however, in coarser fractions,
fractured diatoms and shells along with volcanic
glass were more frequently observed (Fig. F2A).
Wood fragments were also observed, although less
commonly than from 1186.5 to 1236.5 m MSF. Silt
grains in smear slides were rounded to subrounded
in poorly sorted material.

In cuttings samples between 1256.5 and 1506.5 m
MSF, the clay fraction generally increased from 10%–
30% to 50%, whereas the sand fraction varied be-
tween 0% and 30% over the same interval (Fig. F1).
Higher sand fractions in the cuttings corresponded
4
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to the increased prevalence of sandstones at the
same core depths. Between 1506.5 and 1696.5 m
MSF, the clay fraction increased to 60%–75%,
whereas the sand fraction varied between 5% and
35%. This interval demonstrated a transition from a
silt-dominated grain size distribution to one that was
bimodally dominated by clay and silt. Between
1696.5 and 1826.5 m MSF, clay generally decreased
to 30%, silt increased to 50%, and sand varied be-
tween 5% and 30%. Wood fragments were observed
in most samples between 1186.5 and 1826.5 m MSF
in abundances classified as rare or few (Fig. F1). In
some sand-rich intervals, common wood and lignite
fragments were observed. In general, smear slides
were dominated by clay minerals, quartz, lithic frag-
ments, and volcanic glass. Feldspar, mica, ferromag-
nesian silicates, and organic matter were also fre-
quently observed in this interval. Smear slide
observations indicated that the amount of biosili-
ceous material decreased with depth over this inter-
val, with diatoms and sponge spicules present only
in rare to few amounts below 1366.5 m MSF, with no
diatoms observed below 1786.5 m MSF (see “Cut-
tings contamination”). In contrast, glauconite in-
creased with depth from rare to absent above 1536.5
m MSF to common to dominant between 1886.5 and
1916.5 m MSF (Fig. F1).

Cuttings samples between 1826.5 and 2046.5 m MSF
were dominated by fragments of coal. Silt content
was relatively high and ranged between 40% and
70%, except for one sample with only 10% silt. Sand
content is <25%. Glauconite was visible in almost all
cuttings samples in this interval.

Olive-black silty shale is the most common lithology
in cuttings samples between 2046.5 and 2396.5 m
MSF. Fine sandstone laminations, few volcanic ash
components, pumice, rare to common coal frag-
ments, and some shell fragments are also present
within the samples. Clay content is low at 2046.5 m
MSF (~25%) and increases downhole (70%–80%).
Clay content is nearly constant to 2246.5 m MSF and
decreases downhole to 45% at 2396.5 m MSF. Glau-
conite is visible in varying amounts in smear slides.
Quartz, lithic fragments, clay minerals, and volcanic
glass are also observed in smear slides.

In cuttings samples between 2396.5 and 2466.5 m
MSF, silty mudstone with fine sandstone containing
authigenic carbonates was common to abundant.
These authigenic carbonate fragments reacted slowly
with hydrochloric acid and produced a yellow fluid
during reaction, suggesting possible siderite. Smear
slides from these samples also contained fine-grained
siderite. Abundant lithic fragments, common quartz,
few volcanic glass, rare glauconite, and few organic
matter were observed in smear slides. Between
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2426.5 and 2466 m MSF, clay and silt are the domi-
nant size fraction in cuttings samples with dominant
coal fragments.

Core observations
Cores 337-C0020A-1R, 2R, 5R, and 6R largely com-
prised fine to medium sandstone (Fig. F3A) and less
common siltstone, whereas Cores 3R and 4R consist
mainly of siltstone (Fig. F3). Plant debris and shell
fragments were commonly observed. Planar lamina-
tions were common throughout these cores. A coars-
ening-upward interval and smaller fining-upward in-
tervals were observed in Cores 5R and 6R.
Consolidated siltstones showed higher X-ray CT val-
ues than semiconsolidated sandstones, correspond-
ing to higher densities of consolidated siltstones.
Pebbles display higher CT values than the surround-
ing sandstone. Clay, quartz, and lithic fragments are
common to abundant in nearly every smear slide.
Minor amounts of feldspar, volcanic glass, pyrite,
mica, and glauconite were visible in some samples.
Glauconite observed in these cores indicates rework-
ing of original shelf sediment. Dolomitic cements
and a few dolomitic concretions are sometimes also
observed. Diatom-bearing mudstones are present in
a very rare amount, possibly as contaminations from
drilling mud (Fig. F2B).

Cores 337-C0020A-7R and 8L contained shale, con-
glomerate, siltstone, and sandstone (Fig. F3C). The
conglomerate intervals contained rounded volcanic
rocks, which were identified as gabbro and altered
tuffite by examination of thin sections. Shells and
plant fragments were commonly observed in these
cores, along with planar and wavy laminations.
Slight to heavy bioturbation was commonly ob-
served in Core 8L. Section 8L-2 contained two car-
bonate nodules. Smear slides taken from these nod-
ules contained dominantly dolomite. Both
bioturbation and carbonate nodules are visible in the
X-ray CT scan image. Quartz, clay, and volcanic glass
are exhibited in nearly every sample of these cores.
Lithic fragments, mica, and a few iron sulfides are
observable in the smear slides.

Cores 337-C0020A-9R through 14R contained sand-
stone, siltstone, and shale. Planar, wavy, and cross-
laminations were common throughout these cores,
more frequently than in Cores 1R through 8L. Bio-
turbation was also more common in Cores 9R
through 14R (e.g., Fig. F3E). X-ray CT scan images
showed the morphology and orientation of the bur-
rows that were horizontal and vertical. Mud clasts
and upward-fining and upward-coarsening intervals
were common. Glauconite was observed in sedi-
ments as faint green bands in cores and as sharp thin
laminations such as in Core 14R. Sediments were
5
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generally rich in quartz. They showed a certain
amount of clay minerals, lithic fragments, volcanic
glass, and organic matter (Fig. F2). Olivine was pres-
ent in some smear slides. A thin coal layer appeared
in Core 14R, which may indicate the presence of
more terrigenous organic material in the sequence.
Lithogenic grains were subangular to subrounded
and moderate to poorly sorted. In some depth inter-
vals, siltstones were also aragonitic. Shell fragments
and wood fragments were the most common fossils.
These fragments were observed in intermittent layers
throughout the sections. Parallel laminations were
the main sedimentary structure observed in Cores
11R through 14R.

Cores 337-C0020A-15R through 25R were domi-
nated by several coal horizons with intervening
coaly shales, siltstones, and sandstones. The descrip-
tion of the coal was also based on X-ray CT images
because different lithotypes were difficult to differ-
entiate using the split surface of sections. Almost all
coal horizons consisted of detritic to xylo-detritic
coal with some layers of xylitic coal. Shaly coal was
also observed. Water content, color, and vitrinite re-
flectance measurements of the coal suggested that
the coal showed low maturity (Ro = 0.36%; see
“Physical properties”). Amber and pyrite were visi-
ble in the coal layers. Pyrite occasionally developed
as veins but also appeared more frequently as a series
of disseminated crystals scattered within coal and
coaly shale layers (Fig. F3G). The boundary between
the underlying sediments and the coal above was
represented most frequently by a gradational transi-
tion between organic-rich shale or less frequently by
organic-rich sandstone and coal. Contacts between
coalbeds and sediment above the coal were usually
sharp and dominated by sand. These sandstones
were fine to medium grained and often well sorted.
Sediments between the coal horizons in Cores 15R
through 19R consisted primarily of fine sandstone.
Cores 20R and 21R were dominated by shale and silt-
stone, followed by a succession of fine sandstone,
siltstone, and shale with coal horizons. In general,
clay minerals, quartz, and lithic fragments were com-
mon in microscopic observations. Glauconite was
rare in the entire interval (1959.5–1967.79 m core
depth below seafloor, Method B [CSF-B]). Grains in
smear slides were mostly moderate to subrounded
and were moderately sorted, with a few well-sorted
samples. Authigenic carbonate occurred as cement
within Cores 15R through 25R (Figs. F2, F3). Bands
of carbonate cementation and carbonate nodules
that included siderite were visible. Glauconite was
present in Cores 15R through 20R but was not ob-
served in Cores 21R through 23R. The sandstones in
Proc. IODP | Volume 337
Cores 21R through 24R have common olivine con-
tent.

Major sedimentary structures were observed visually
as well as in the X-ray CT scans. Common structures
in Cores 337-C0020A-15R through 25R were fining-
and coarsening-upward sequences often associated
with parallel and/or wavy laminations. Flaser and
lenticular bedding and cross-lamination were only
common in shale or silty intervals such as Core 21R.

Shells or marine fossiliferous material were observed
only in Core 337-C0020A-21R. However, plant re-
mains, present as wood fragments and organic-rich
layers, were abundant in Cores 15R through 25R
(Fig. F2E, F2F). Burrows, indications of bioturbation,
were present in this interval. The shape and orienta-
tion of burrows were visible in the X-ray CT scans. In
Cores 15R through 17R and 21R, horizontal burrows
were present in sandstones. Horizontal burrows were
also observed in shales and siltstones.

Cores 337-C0020A-27R and 28R were dominated by
silty shale intercalated with thin siltstone layers in
the cores. In Core 27R, shale was present as massive,
homogeneous, and consolidated material. Grains
were subangular to rounded and moderate to well
sorted. Core 28R also contained fine to medium do-
lomitic sandstone intercalated with siltstone layers.
Grains were moderate to poorly sorted. Abundant
carbonate banding and nodules and glauconitic ce-
ment were observed in Core 28R. Carbonate bands
and nodules were visible in both X-ray CT scan im-
ages (as high CT values) and split core sections (Fig.
F3I). Figure F2G shows a photomicrograph from a
smear slide of a carbonate band, which consisted of
dominant siderite. Carbonate-cemented layers and
nodules appear as shades of very light gray in the X-
ray CT scan images. Plant remains and shell frag-
ments were the most common fossils found. Gastro-
pods were commonly observed in Core 27R, whereas
only a few bivalves and sponge spicules were visible.
Sediments of these cores were rich in quartz, clay
minerals, and lithic fragments. Mica was visible in
few amounts. Parallel laminations were the major
sedimentary structure observed in both Cores 27R
and 28R. Wavy laminations were found in Core 28R
along with coarsening- and fining-upward succes-
sions and many carbonate bands. Bioturbation (i.e.,
vertical and horizontal burrows) was observed in
Core 28R.

Cores 337-C0020A-29R through 32R consisted of
fine to medium sandstone with minor shale layers
associated with coalbeds and coaly material. The up-
per cores contained shale intercalated with fine
sandstone and siltstone. Section 30R-2 contained
6
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one coal horizon with an organic-rich shaly parting
(shaly or sandy layer within a coal horizon). Sand-
stone was often intercalated with thin carbonaceous
siltstone and shale layers, and organic and coal ma-
terial were common in these cores. Grains were sub-
angular to well rounded and moderate to well
rounded. Sandstone layers were often dolomite and
glauconite rich (Fig. F2I). Lithic fragments were also
a dominant component in the smear slides. Few bi-
valves were observed. Lenticular and wavy bedding
along with parallel laminations and coarsening- and
fining-upward successions were common.

Scanning electron microscopy
Observations of selected coal and carbonate layers
from Cores 337-C0020A-18R, 29R, and 30R were per-
formed on board with a scanning electron micro-
scope with energy dispersive spectrometry (Fig. F4).
Pyrites, which were mostly framboidal, siderite, do-
lomite, and naturally formed barite particles were
observed in Core 18R. The presence of barite parti-
cles, however, needs further verification because of a
possibility of barite contamination from the riser
drilling mud. The structure of FeS2 in the coal of
Core 18R showed marcasite.

Mineralogical and geochemical analyses

Semiquantitative X-ray diffraction
Cuttings

Semiquantitative X-ray diffraction (XRD) analysis
provided a measure of downcore changes in the rela-
tive abundance of four major mineralogical compo-
nents (i.e., total clay, quartz, plagioclase, and calcite)
and was not an absolute percentage of the total sedi-
ment, as it did not include some major components
(e.g., volcanic glass and biogenic silica) and minor
components that generally comprise <10% of ma-
rine sediments (e.g., sulfides, oxides, and ferromag-
nesian silicates). However, semiquantitative XRD
measurements provided a good measure of relative
lithologic changes, such as the relative changes in
the amount of sand and clay. Analysis of cuttings
material between 636.5 and 1116.5 m MSF showed a
relative dominance of total clay minerals (62%–78%)
with lower, but significant, fractions of plagioclase
and quartz (15%–20% and 13%–20%, respectively;
Fig. F5). Between 950 and 1070 m MSF, relative
abundance of quartz and plagioclase increased,
which is in contrast to a decline in total clay mineral
content at the same depths. The increase in quartz
and plagioclase agreed well with the increase in sand
content observed below 920 m MSF. Among this
four-component semiquantitative analysis, clays,
plagioclase, and quartz constitute almost all of the
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material, whereas calcite is below detection by XRD
in each sample above 1116.5 m MSF. The low abun-
dance of calcite over this depth interval as measured
by XRD agreed well with the general lack of biogenic
calcareous material observed in smear slides.

XRD measurements of cuttings samples below
1296.5 m MSF, which were measured at an approxi-
mate resolution of 50 m, support the overall down-
core trends determined from macroscopic and mi-
croscopic observations of cuttings. The relative
abundance of total clay decreased between 1331.5
and 1451.5 m MSF and then increased again to
1701.5 m MSF (Fig. F5) in a pattern that agreed well
with the visual estimates of clay. Over the same in-
terval, quartz and plagioclase followed a pattern in-
verse to total clay, which correlated well with the silt
and sand content in the visual estimates. The rela-
tive abundance of calcite was below detection in all
cuttings samples below 1446.5 m MSF, which was
<5% of the four-component mixture in cuttings
Sample 337-C0020A-136-SMW (1446.5–1456.5 m
MSF).

Cuttings XRD measurements between 1696.5 and
2466.5 m MSF show 54%–73% total clay with 25%–
30% quartz and 10%–15% plagioclase. These mea-
surements demonstrate an appreciable decrease in
plagioclase relative to cuttings samples above 1696.5
m MSF. XRD measurements in cuttings between
2046.5 and 2466 m MSF show a consistent pattern of
54%–73% total clay with 8%–37% quartz and 10%–
31% plagioclase. Calcite was below detection in all
cuttings samples across this depth interval.

Core

XRD measurements from core samples showed more
pronounced downcore variation between samples
than in cuttings because of the higher resolution and
discrete sampling that captured individual litholo-
gies (Fig. F5). XRD measurements provided semi-
quantification that confirmed the visual and smear
slide descriptions of lithologies. Total clay content
increased systematically from sandstone to siltstone
to silty shale to shale. Likewise, plagioclase content
systematically decreased between sandstone, silt-
stone, silty shale, and shale. Quartz was generally
higher in sandstone than in shale; however, there
was no clear difference in relative quartz abundance
between siltstone or silty shale and any other lithol-
ogy. Calcite was generally below detection in silt-
stone and shale, present in amounts <5% in sand-
stone, or up to 47% in calcite-cemented sandstone.

Between 1276 and 1371 m CSF-B, quartz and plagio-
clase combined were ~60% of the four-component
system and decreased between 1371 and 1604 m
CSF-B, associated with an increase in total clay over
7
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the same depth interval from 20%–30% to >80%.
This pattern generally matched that observed in the
cuttings with a trend of increasing shale relative to
sandstone with depth. Calcite in this interval was ei-
ther below detection or 1% and 7% in two samples.

XRD measurements from Cores 337-C0020A-15R
through 25R (1919–2002.345 m CSF-B) capture the
variation between sandstone (17%–27% total clay
and 26%–56% quartz) and shale (70%–82% total
clay and 18%–31% quartz) (Fig. F5). As in the cut-
tings samples, plagioclase was lower when compared
to Cores 1R through 14R. Two samples, from very
hard carbonate-cemented sandstone, contained cal-
cite relative abundance of 23% and 47%.

XRD samples between 2002 and 2462 m CSF-B in
Cores 337-C0020A-25R through 29R were composed
of 60%–80% total clay with 5%–25% each of plagio-
clase and quartz, in agreement with analysis of the
cuttings samples. Increases in quartz and plagioclase
to 25%–75% were observed in Cores 30R through
32R and associated with an increased prevalence in
sandstone. As observed in the cuttings samples, pla-
gioclase is lower relative to quartz compared to the
shallower cores. In Cores 25R through 32R, calcite
was below detection in all samples except for one
sample from carbonate-cemented sandstone, which
contained 13% calcite.

Qualitative X-ray diffraction
Cuttings
Qualitative analysis of °2θ peaks in diffraction pat-
terns showed a broadly consistent mineral assem-
blage, which supports the selection of the four com-
ponents used in semiquantitative analysis. Quartz,
plagioclase, pyrite, and illite/muscovite were present
in all or the vast majority of the cuttings samples. No
specific clay mineralogical analyses were conducted;
therefore, clay mineralogy was only presented in a
general discussion, as bulk analysis presents signifi-
cant errors in analysis of specific clay minerals. Illite
was the most common clay mineral present in the
cuttings, and has an overlapping peak with musco-
vite in bulk analysis. In addition, peaks associated
with chlorite and smectite group minerals were com-
monly observed. This agrees well with the regional
assessment that illite, chlorite, and smectite clays are
dominant along the northern Japan margins (Rateev
et al., 1969) and further confirmed by Deep Sea Drill-
ing Project (DSDP) and Ocean Drilling Program
(ODP) drilling near the Shimokita region (Kurnosov
et al., 1980; Mann and Müller, 1980; Shipboard Sci-
entific Party, 2000). The dominant presence of these
minerals suggests that the illite-smectite-chlorite
clay, quartz, and plagioclase contained in the stan-
dards used for semiquantification in this analysis
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that were originally selected for the Nankai Trough
(e.g., Underwood et al., 2003) are appropriate for
semiquantitative analysis of Shimokita sediments.

Peaks associated with pyrite were observed in nearly
every sample above 1336.5 m MSF. Above 1056.5 m
MSF, clay minerals and micas (usually illite and mus-
covite) appeared regularly, but clays and micas were
observed less frequently, especially in the deeper sed-
iments. Plagioclase was the dominant feldspar, with
less frequent occurrence of alkali feldspars; however,
alkali feldspar peaks were frequently observed be-
tween 691.5 and 741.5 m MSF and between 1801.5
and 2351 m MSF. Cuttings below 920 m MSF were
also marked by the appearance of peaks associated
with dolomite, likely authigenic carbonate. This is
consistent with observations in several smear slides
(e.g., 337-C0020A-129-SMW through 131-SMW).
Peaks associated with cristobalite were commonly
observed, possibly present with volcanic glass or
from conversion of amorphous biosiliceous material
during drying.

Core

XRD analysis from cores was largely similar to the
cuttings, with quartz, plagioclase, illite, and musco-
vite observed in almost every core sample. Alkali
feldspar peaks were frequently observed, correlating
with the increased presence of alkali feldspars ob-
served in cuttings samples from the same intervals.
Chlorite peaks were only observed in Cores 337-
C0020A-15R through 20R and 23R through 24R.
Peaks of siderite, dolomite, calcite, or aragonite were
observed frequently in samples from Cores 1R, 16R,
19R through 22R, 24R, 26R through 29R, and 32R in
intervals near observed carbonate nodules, bands, or
cement. Pyrite was commonly observed, especially
in Core 15R and shallower. Pyroxene minerals were
frequently observed in samples from Cores 13R
through 32R. A minority of XRD samples contained
peaks associated with amphiboles, olivine, or heavy
minerals. Table T1 shows the summary of qualitative
XRD data from cores.

X-ray fluorescence
Cuttings

Many samples contained >60% SiO2 and, together
with Al2O3, decrease continuously between 824 and
1050 m MSF (Fig. F6). This decrease was associated
with the simultaneous decrease of clay and diatoms
over this interval, as observed in smear slides and
XRD (Fig. F5). High SiO2 in Hole C0020A was influ-
enced by the high silica content of diatoms and
quartz, with additional silica from plagioclase, and
clay minerals. High values of Si/Al (a proxy for sands
8
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because sands are rich in silica and clays are rich in
aluminum) were consistent with high values of
quartz from the XRD data. This was in good agree-
ment with our visual description of cuttings that also
showed sand between 636.6 and 1236.6 m MSF. The
high biogenic silica content can increase Si/Al, add-
ing uncertainty to the use of Si/Al as a sand proxy;
however, the incorporation of X-ray fluorescence
(XRF) Si/Al with observations such as sand/silt con-
tent from visual observations or XRD data (Figs. F1,
F4) suggests this proxy is effective in this environ-
ment.

Calcium values were consistently low above 1106.5
m MSF, apart from one value at ~1050 m MSF that
indicated possible authigenic carbonate. Dolomite is
thought to have first-order control on Mg/Al values
(Limmer et al., 2012). Given that dolomite is present
in multiple cuttings samples (e.g., Sample 337-
C0020A-74-SMW [1056.5–1066.5 m MSF]), the high
Mg/Al value could be linked to the authigenic pre-
cipitation of dolomite in cuttings samples. Mg/Al
also showed a strong positive correlation with both
CaO and Ti/Ca. Authigenic carbonate nodules ob-
served in cores near the Shimokita region during
DSDP Leg 56 and ODP Leg 186 were primarily dolo-
mitic (Okada, 1980; Ijiri et al., 2003). Therefore, in-
creases in Mg/Al in Hole C0020A can indicate, and
potentially identify, intervals in which authigenic
dolomite was present in cuttings. However, one par-
ticularly high Mg/Al ratio was noted at 1050 m MSF
corresponding to the appearance of the Mg-rich oliv-
ine (i.e., forsterite) (Fig. F6) in the qualitative XRD
data (Table T2). The chemical index of alteration
(CIA) (Nesbitt and Young, 1982), using the correc-
tion of Singh et al. (2005), in which CaO* is replaced
by CaO/Na2O, was also measured. The CIA value
showed a significant correlation with Mg/Al and
CaO, suggesting a further proxy for carbonate weath-
ering. The relationships between CaO, CIA, and Mg/
Al have been confirmed by the cross-plots (Fig. F7).

Below 1106.5 m MSF, Si/Al is generally lower than
above this depth, most likely as a result of the gen-
eral decrease in diatoms and sponge spicules; how-
ever, variation within this unit serves as a sand
proxy. In cuttings samples, Si/Al increases in inter-
vals with higher sand content, and core samples col-
lected from sandstone have increased Si/Al. There is
a good correlation between XRF Si/Al and quartz
content between 1296.5 and 1946.5 m MSF, al-
though overall quartz content and Si/Al values are
not statistically significant. K/Al values are lower in
the shale-rich layers at the bottom of this depth in-
terval, which is consistent with increased chemical
weathering in the finer, more clay-rich sediments.
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Between 1256.5 and 1826.5 m MSF, the CIA shows
little fluctuation, with an increase in K/Al and Si/Al
at ~1400 m MSF, where the CIA declines. This drop
in Al2O3 matches an increase in the proportion of
lithic fragments observed in the cuttings. Also, an in-
crease in the CaO ratio is found above 1400 m MSF,
where an increase in carbonate is observed in the
cuttings samples. In cuttings, a consistent inverse re-
lationship between CaO and the CIA is seen (Fig.
F7).

Only four cuttings samples were analyzed between
1826.5 and 2046.5 m MSF, although they cover three
different lithologies. The uppermost sample (337-
C0020A-226-SMW) is a silty shale, and as a result has
low K/Al, Si/Al, Ti/Al ratios. In contrast, Sample 242-
SMW, taken from a coal, has the highest K/Al and Ti/
Al values from the hole. Sample 254-SMW, taken
from a coal-rich sand, has very low SiO2 and Al2O3

values.

Cuttings samples below 2046.5 m MSF show a sharp
increase in K/Al and Si/Al between the hole bottom
and ~2200 m MSF as the lithology becomes sandier.
The remaining element ratios appear relatively sta-
ble, although sodium fluctuates, which also corre-
sponds to aluminum above 2200 m MSF.

Core

In comparison to cuttings, the geochemistry record
for cores is slightly more diverse between 1256.5 and
1826.5 m MSF. Many elements and ratios fluctuate in
value, especially between 1600 and 1800 m CSF-B.
This region is an area where faulting is observed and
perhaps more importantly marks the first appear-
ance of carbonate nodules within the sediments. The
declines in K/Al and Si/Al are consistent with an in-
crease in the relative proportion of shale within the
sediment.

Core data from 1826.5 to 2046.5 m MSF show a rela-
tive increase in Ti/Ca and substantially lower K/Al
values than the cuttings samples. Analysis of ele-
ment values suggests this is due to fluctuations in
aluminum, probably linking to the change between
sand, silt, and coal. Also, one very high Mg/Al value
was observed that is linked to a sharp increase in Fe/
Al and Ca/Al. This value is associated with a siderite
nodule observed in Core 337-C0020A-24R. Fe/Al and
Mg/Al have a consistent positive statistical relation-
ship because iron and magnesium both increase
when aluminum declines. Mg/Al values increase
consistently wherever dolomite is observed.

Both element values and ratios in cores closely fol-
low the pattern of the cuttings. The differences occur
at the bottom of the hole, where values for potas-
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sium, sodium, and silica are lower, resulting in a de-
crease in the K/Al ratio. Small increases in Ti/Ca, Ca/
Al, and Mg/Al at 2400 m CSF-B are probably linked
to more siderite production. The CIA value slightly
declines from 77% to 70% during this interval.

Some elemental geochemical ratios have been used
as proxies for chemical weathering based on the rela-
tive mobility of some chemical elements relative to
others (Duzgoren-Aydin et al., 2002; Wei et al.,
2006). For example, the K/Al ratio has been widely
used as a proxy for chemical weathering, based on
the principle that potassium is highly mobile in wa-
ter and will therefore be lost under intense chemical
weathering (e.g., Nesbitt et al., 1980; Derry and
France-Lanord, 1996; Limmer et al., 2012). There-
fore, a decreasing K/Al ratio in cores between 1256.5
and 2046.5 m CSF-B indicates more chemical weath-
ering. A general increase of Ti/Ca is visible in cores
between 1256.5 and 2046.5 m CSF-B. The Ti/Ca ratio
has been applied as a proxy for the relative amount
of terrigenous input, assuming that Ti is sourced
from coarse-grained sediments. Overall, the only sta-
tistically significant correlations occur in proxies
used for either carbonate weathering or carbonate
precipitation. This means that the composition of
sediments at Site C0020 is strongly influenced by
these processes. Chemical weathering and terrige-
nous input show a minor influence on the proxies
(Fig. F7).

Interpretation of units
Based on macroscopic and microscopic descriptions
of cuttings and core samples, XRD, and XRF data, we
defined four different lithologic units at Site C0020.
To obtain a more precise interpretation, some of the
units were divided into subunits. The units are sum-
marized in Table T3.

Unit I
Interval: cuttings Samples 337-C0020A-25-SMW

through 98-SMW
Depth: 647–1256.5 m MSF

Unit I consists primarily of diatom-bearing silty clay.
The interval between 1116.5 and 1236.5 m MSF is an
exception. The upper part (1116.5–1216.5 m MSF) of
this interval consists of loose sand, and the lower
part (1216.5–1236.5 m MSF) consists of semiconsoli-
dated sandstone. The lithology of Unit I was ob-
served only from the cuttings samples available from
the first phase of riser drilling during Expedition
337. Cuttings samples were taken at 10 m depth in-
tervals from 636.5 to 1256.5 m MSF with a gap of
70 m between 1116.5 and 1186.5 m MSF. A total of
56 cuttings were available and subjected to macro-
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scopic (visual and binocular) and microscopic (smear
slides) observations, as well as XRD and XRF analy-
ses. However, because of high contamination from
the drilling mud ingredients (e.g., walnut shells,
mica, and metal shards) associated with the mud-
loss countermeasure, XRD and XRF analyses for the
cuttings samples between 1116.5 and 1256.5 m MSF
were not conducted.

To obtain a more precise interpretation, we divided
this unit into four subunits. Subunit Ia is character-
ized by semiconsolidated and consolidated diatom-
bearing clayey siltstone to silty shale with volcanic
glass (647–926.5 m MSF; cuttings Samples 25-SMW
through 58-SMW). The Subunit Ia/Ib boundary is de-
fined by the top of the first occurrence of fine sand
in cuttings samples (between Samples 58-SMW and
59-SMW). Subunit Ib consists of semiconsolidated
diatom-bearing clayey siltstone with common fine
sandstone (926.5–1116.5 m MSF; Samples 59-SMW
through 88-SMW). At the top of Sample 92-SMW
(1116.5 m MSF), cuttings consist mainly of uncon-
solidated to semiconsolidated sandstone and silty
sandstone with rare clayey siltstone. This lithologic
unit (Subunit Ic; 1116.5–1236.5 m MSF) is visible to
1236.5 m MSF (Sample 95-SMW). The Subunit Ic/Id
boundary was characterized by a change in lithology
to semiconsolidated clayey siltstone (1236.5–1256.5
m MSF; Samples 97-SMW through 98-SMW).

Unit II
Intervals: cuttings Samples 337-C0020A-105-SMW

through 216-SMW; Cores 337-C0020A-1R
through 14R

Depth: 1256.5–1826.5 m MSF

The Unit I/II boundary is defined by lithologic
changes found in cuttings samples (between Samples
337-C0020A-98-SMW and 105-SMW). A rapid de-
crease of sand content is visible at this boundary.
The boundary is also characterized by the first occur-
rence of rare glauconite in cuttings samples (1266.5–
1276.5 m MSF; Sample 111-SMW). In addition, the
amount of biosiliceous material decreases, whereas
the amount of plant remains increases. Unit II con-
sists mostly of silty shale, with some intervals of
sandstone and siltstone. The interval between
1256.5 and 1826.5 m MSF was characterized at the
top by a relatively high silt content (70%–90%) (Fig.
F1). The silt content decreases to the middle part of
the unit and shows the lowest content at 1556.5 m
MSF (15%). Silt content then increases again to the
bottom of this unit (50%).

To obtain a more precise interpretation, this unit was
divided into two subunits. Subunit IIa includes
mainly shale, siltstone, and sandstone associated
with marine fossiliferous material (1256.5–1506.5 m
10
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MSF; Samples 105-SMW through 153-SMW and
Cores 337-C0020A-1R through 6R). Subunit IIb con-
sists of organic-rich shales and sandstone with plant
remains (1506.5–1826.5 m; Samples 154-SMW
through 216-SMW and Cores 7R through 14R).

The principal difference between Subunits IIa and IIb
is the presence of abundant organic material mostly
in the form of wood/lignite fragments and glauco-
nite in cuttings samples in Subunit IIb. The sand
fraction generally increases to the bottom of Subunit
IIb, whereas the amount of biosiliceous material de-
creases. Organic-rich silty shale with abundant vol-
canic glass comprises the upper part of this subunit,
with grains that were mostly moderate to subangular
and moderate to well sorted. The lower part of this
subunit was dominated by fine to medium sand-
stone with few silt and shale intercalations. Grains
were moderate to subangular and moderately to well
sorted. Parallel and wavy laminations are commonly
observed throughout Subunit IIb, whereas cross- and
ripple cross-lamination as well as coarsening- and
fining-upward intervals were only observed in some
parts of Subunit IIb. Joint, normal fault, and min-
eral-filled fractures were found in the middle part of
this subunit. Bioturbation ranged from slight to
moderate and was common throughout this sub-
unit. Unit II demonstrated a transition from a silt-
stone-dominated lithology in Subunit IIa to one that
is bimodally dominated by clay and sandstone in
Subunit IIb.

Unit III
Intervals: cuttings Samples 337-C0020A-217-SMW

through 260-SMW; Cores 337-C0020A-15R
through 25R

Depth: 1826.5–2046.5 m MSF

The Unit II/III boundary was selected at the point
where plant remains and lignite were the dominant
fraction in the cuttings samples. However, the first
occurrence of coal in cores appears in the lower part
of Core 337-C0020A-14R (1824.6 m CSF-B). To be
consistent with defining unit boundaries on the ba-
sis of cuttings samples, it was decided to set the
boundary below cuttings Sample 216-SMW. The li-
thology of Unit III was determined from macro-
scopic and microscopic observations on 11 cores
(337-C0020A-15R through 25R) and 22 cuttings sam-
ples (337-C0020A-217-SMW through 261-SMW)
available from the second phase of drilling opera-
tions. This unit is dominated by several coal hori-
zons that are divided by coaly shales, siltstones, and
sandstones.
Proc. IODP | Volume 337
Unit IV
Intervals: cuttings Samples 337-C0020A-261-SMW

through 391-SMW; Cores 337-C0020A-26R
through 32R

Depth: 2046.5–2466 m MSF

The Unit III/IV boundary was selected at the base of
the last dominant occurrence of plant remains/lig-
nite in cuttings samples (337-C0020A-260-SMW).
The absence of thick coal layers differentiates this
unit from Unit III. Unit IV covered the deepest part
of Hole C0020A. The identification of the lithology
in this unit was supported by the recovery of seven
cores (337-C0020A-26R through 32R) and 42 cut-
tings samples (261-SMW through 391-SMW). Unit
IV was dominated by silty shales in the upper part,
sandstone intercalated with siltstone in the middle
part, and shales associated with sandstone, siltstone,
and a thin coal layer in the lower part.

Unit IV is divided into two subunits. The boundary
between these two subunits is drawn by the first
common occurrence of plant remains/lignite in a
cuttings sample (384-SMW). Shale and sandstone as-
sociated with carbonate and glauconitic material
characterize Subunit IVa (2046.5–2426.5 m MSF; cut-
tings Samples 261-SMW through 371-SMW and
Cores 26R through 29R). Subunit IVb shows clay and
silt as the dominant size fraction in cuttings samples
(2426.5–2466 m MSF; cuttings Samples 384-SMW
through 391-SMW and Cores 30R through 32R).
Coal fragments are also dominant. Clay and silt are
the dominant size fraction in cuttings samples. Coal
fragments are also dominant in the cuttings samples.
In cores of Unit IV, fine to medium sandstone with
minor shale layers with one coal layer is visible.

Depositional environment
In general, sand-sized lithic fragments and biotite oc-
cur throughout the hole. Furthermore, sediments are
often poorly to moderately sorted and grains are of-
ten moderate to subangular rounded (except the
deeper parts in the hole). These details suggest short
and/or sometimes fast transport distances of the sed-
iments.

The interpretation of Unit I is limited to only cut-
tings samples because no cores were collected until
1276.5 m CSF-B. Diatom-bearing clay- and siltstones
are interpreted as hemipelagic sediments representa-
tive of a slope to abyssal plain setting. Toward the
top of Unit II, the occurrence of sponge spicules and
diatoms decreases, whereas rare glauconite was ob-
served. Glauconite is a hydrated illite-group mica
mineral that typically forms in water depths of 5–
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500 m in the presence of high biological activity
(Cloud, 1955; McRae, 1972). Thus, glauconite is an
indicator for shallow-marine environments, typical
of continental shelf settings. Glauconite formation is
limited by high sedimentation rates. In the upper-
most part of Unit II, sediments are likely still depos-
ited in a deep-marine setting but with a position
nearer to the shelf margin. Occurrence of abundant
and dominant glauconite is probably caused by
transport from the shelf to the slope by mass flows
(cf. Core 337-C0020A-2R).

The first occurrence of bioturbation appears in Core
337-C0020A-6R (1495–1499.135 m CSF-B). In addi-
tion, cross-laminae that are convex-upward are visi-
ble in this core. These laminae could be interpreted
as hummocky cross-stratification, which is typical
for storm sediments. In Core 8L and deeper, biotur-
bation and glauconite are very common. Burrows in
this area are normally horizontal and often occur in
shales and siltstones. Detailed ichnofacies studies
were not conducted, but with the observation of
glauconite in the sediments, we suggest that the bur-
rows belong to the Cruziana ichnofacies, which is
typical for continental shelf environments. Symmet-
ric cross-stratifications, which are visible in this part
of the hole, are typical for low-energy and shallow-
marine environments. Therefore, we conclude that
sediments from the end of Subunit IIa to the middle
part of Subunit IIb (1495–1634.905 m CSF-B; Cores
6R through 10R) were deposited on the shelf be-
tween the fair-weather wave base and the storm
wave base (Fig. F8).

Horizontal and vertical burrows occur in the lower
part of Subunit IIb (1737.5–1828.095 m CSF-B; Cores
11R through 14R). Bioturbation is observed in
clayey, silty, and sandy sediments. Parallel and cross-
lamination as well as wavy bedding are visible in
Cores 11R through 14R. Several shell fragment–rich
layers are observable in Core 12R, and some shell
fragments, likely of the genus Ostrea, appear in Core
13R. Greater diversity of different burrows in differ-
ent types of sediments and the sedimentary struc-
tures suggest deposition in an intertidal and la-
goonal environment.

In the middle of Core 14R, the depositional environ-
ment changes slightly. Organic-rich shales enclose a
thin coal horizon. Asymmetric cross-stratification
above the coal layer suggests a high-energy near-
shore environment. Several coal horizons and or-
ganic-rich shales are present in Unit III until Core
25R (1995–2002.345 m CSF-B). High gelification of
the coal, no inertinite (inert component in the coal),
and areas with high clay and sand content in coal
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horizons suggest very wet conditions in the swamp.
Glauconite, mostly horizontal burrows, and different
types of sedimentary structures are visible in Unit III.
Cores 15R through 19R (1919–1960.295 m CSF-B)
are sand dominated and show coarsening- and fin-
ing-upward cycles and parallel laminations. Cores
20R and 21R (1959.5–1972.71 m CSF-B) are rich in
shale and siltstone with flaser and lenticular bed-
ding, wavy bedding, and coarsening- and fining-up-
ward cycles. Core 22R (1973–1979.19 m CSF-B) con-
tains planar bedding and cross-bedding within
sandstones, whereas Core 23R (1981.5–1991.25 m
CSF-B) is again shaly with authigenic carbonate
bands possibly containing siderite. Authigenic car-
bonate bands are also visible in Cores 24R (sand-
stone rich; 1991–1994.965 m CSF-B) and 25R
(mostly fine grained; 1995–2002.345 m CSF-B). Len-
ticular bedding is typical for tidal flats. The absence
of carbonate bands in the upper part of Unit III sug-
gests a tidal flat environment with cycles of chang-
ing environments from intratidal to supratidal
(marsh and swamp). Sandstones immediately above
the coal seams could be related to deltaic environ-
ments (channels of an estuary or of a fluvial-domi-
nated delta). Siderite bands and nodules are typical
for euxinic environments (brackish) and can be
found in back-barrier marine environments with la-
goons, tidal flats, tidal channels, and flood tidal del-
tas (Boggs, 2006). Initial XRD, XRF, and smear slide
results suggest that siderites are a common constitu-
ent in observed carbonate bands. No glauconite was
observed near siderite bands. Cycles of frequently
changing environments from back-barrier to wet-
land are also interpreted for this interval. Burrows
and glauconite in Unit III show the presence of ma-
rine conditions. It is not known if these frequent
changes in depositional environment are caused by
sea level fluctuations. Sediments of Unit IV look very
homogeneous over wide parts of the hole (cuttings
and cores). Carbonate bands, horizontal burrows,
fining- and coarsening-upward cycles, cross-bedding,
and lenticular and flaser bedding are visible through-
out Unit IV. Therefore, the depositional environ-
ment of this unit is similar to that of Unit III. Wet-
land conditions are only observable in the
lowermost part of this unit (coal and organic-rich
shale). Siderite layers are again an indicator for a
back-barrier environment with tidal flats (lenticular
bedding) and tidal channels. Sandy distributary
channels from deltas are also possible environments
preserved in Unit IV. The coal horizon in the lower-
most part of this succession is similar to the coal lay-
ers in Unit III, suggesting a similar depositional envi-
ronment.
12
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Units III and IV are ~700 m thick in total. These parts
of the hole were deposited in almost the same depo-
sitional environment, showing fluctuations between
intertidal and wetland (marine/brackish influence)
conditions. This also suggests that the sediment ac-
cumulation is in balance with tectonic subsidence,
which seems to be high in this area.

Drilling disturbances
Recovery in Hole C0020A was excellent overall, even
at such deep penetration depth. Although Cores
337-C0020A-1R through 7R had <50% recovery, core
recovery in deeper parts of the hole, especially
around the coal formation interval, was high (80%–
100%).

Drilling disturbance (Fig. F9) varied depending on
core and lithology. Unit II experienced slight distur-
bance or fracturing, except for Cores 337-C0020A-5R
and 6R, where parts of the cores were moderately to
heavily fractured. In Unit III, drilling disturbance
was also generally low, especially in the shale and silt
regions. Semiconsolidated sandstones were more
likely to be affected by drilling disturbance. The
cores of Unit IV were also mostly found in good con-
dition with minor disturbance throughout. However,
moderate to heavy disturbance was found in some
sections of Cores 28R and 31R.

Injections of drilling mud and fluid used in riser
drilling during Expedition 337 caused complications
to visual observations of the cores. Semiconsolidated
materials were commonly observed in Hole C0020A,
and drilling mud often easily penetrated the rock,
causing possible false lamination structure in the
cores, which might be misinterpreted as natural sedi-
mentary structure preserved in the cores (Fig. F9).
Drilling mud may also contribute additional con-
tamination to smear slide analysis. In this case, it
was possible that the mud layers caused by mud in-
jections were observed on smear slides under the mi-
croscope, which could also lead to misinterpretation
of fossils or other materials present on the slides.

Cuttings contamination
During Expedition 337, drilling mud circulation also
caused high contamination of cuttings samples. Cut-
tings samples were washed to eliminate this contam-
ination. In addition to drilling mud components,
other material such as walnut shells and mica from
lost circulation material (LCM) and metal shards
from drilling equipment were observed in cuttings
samples. During the washing process, semiconsoli-
dated material was easily broken, and fractions finer
than 250 µm were lost through the mesh. This is one
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possible reason why cuttings and cores containing a
large amount of sandstone were not in good agree-
ment in the lithologic description (e.g., cuttings
Sample 337-C0020A-114-SMW and Core 337-
C0020A-1R).

Drilling mud may contaminate samples for XRD and
XRF analyses as well. For this reason, XRD and XRF
analyses were not conducted on the cuttings samples
between 1116.5 and 1256.5 m MSF because it was
obvious that the samples were highly contaminated
with LCM. Although attempts were made to avoid
samples with high contamination, in some cases it is
evident that the mud penetrated the cutting chips
easily and it is extremely difficult to differentiate this
type of mud from clay originally present in the cut-
tings samples. In this case, the contamination can be
seen only after measuring XRD and XRF of samples.
For example, potassium in cuttings samples was of-
ten higher than that observed in the cores, likely due
to introduction by drilling fluid. However, overall
trends are nearly the same. Therefore, it is suggested
that the influence of contamination is only low.

Other than from drilling mud, some of the cuttings
samples probably represent a mix from different
depths. Poor agreement between XRD and XRF re-
sults of cuttings and cores (e.g., 1256.5–1506.5 m
MSF) could be due to this mixture of material from a
wide range of depth intervals (e.g., recirculated mate-
rial or cave-in material). On the other hand, wash-
ing-out of semiconsolidated and unconsolidated
sand in cuttings as well as different lithologies taken
from cores can also cause differences in XRD and
XRF results. Variability in elements and mineral
abundances measured from XRF and XRD are much
lower in cuttings than in cores, suggesting the influ-
ence of a dominant lithology can overprint the
downhole elemental variation in cuttings. In this
case, rather than having cuttings or core profiles
only, it is quite beneficial to have both sets of analy-
sis to help identify contamination.

Conclusion
Based on macroscopic and microscopic descriptions
of cuttings and core samples during Expedition 337,
which was supported by XRD and XRF data as well as
all available data (e.g., logging, micropaleontology,
and physical properties data), we defined four differ-
ent lithologic units at Site C0020. The succession of
lithofacies in Hole C0020A also provides insight into
the evolution of depositional environments in the
site region.

• Unit I (647–1256.5 m MSF) consists primarily of
diatom-bearing silty clay. This unit clearly repre-
sents a marine offshore environment.
13
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• Unit II (1256.5–1826.5 m MSF) consists mostly of
silty shale with some intervals of sandstone and
siltstone. The principal differences between this
unit and the upper unit are the tendency for
decreasing amounts of biosiliceous material and
increasing plant and glauconite material toward
the deeper part of the unit. Based on those phe-
nomena, Unit II was divided into two different
subunits: sandstone and siltstone associated with
marine fossiliferous material and organic-rich
shale and sandstone associated with plant
remains. This unit reveals more offshore transi-
tion environment, which then gradually changes
into a shallow-marine setting. The lower part of
this unit is situated in the intertidal zone.

• Unit III (1826.5–2046.5 m MSF) is dominated by
several coal horizons that are divided by coaly
shales, siltstones, and sandstones. Almost all coal
horizons consist of detritic to xylo-detritic coal
with some layers of xylitic coal. Sometimes shaly
coal was observed. Water content, color, and
vitrinite reflectance measurements of the coal sug-
gest that the coal has low maturity (Ro = 0.36%).
Bioturbation and sedimentary features like flaser
bedding, lenticular bedding, or cross-bedding sug-
gest a nearshore depositional environment with
tidal flats and tidal channels. The presence of coal,
coaly shale, and siderite bands at the bottom of
this unit suggest a back-barrier marine environ-
ment in combination with wetlands (e.g., salt
marsh or swamp). Small terrestrial influence
might occur within sand bodies that overlie coal
horizons. This could be due to channels from flu-
vial-dominated or tidal-dominated deltaic estua-
rine environments.

• Unit IV (2046.5–2466 m MSF) is dominated by
silty shales in the upper part, sandstone interca-
lated with siltstone in the middle part, and shale
associated with sand, silt, and a thin coal layer in
the lower part. The absence of thick coal layers
differentiates this unit from Unit III. Although
one coal layer appears again at the bottom of the
unit, it is only a thin layer, which may indicate
the presence of another coal-rich unit below this
interval. Unit IV suggests deposition in the same
environment as Unit III. Units III and IV represent
high-frequency changes of depositional environ-
ment. Within a few meters, sediments indicate
tidal flats and tidal channels that are overlain by
organic-rich marsh sediments and terminate in
the formation of a peat. Often, coal layers are
bounded at the top by sandstones that can be
interpreted as channel sandstones of a fluviodel-
taic system.
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Paleontology
During Expedition 337, a succession of different li-
thologies was penetrated, reflecting environments
ranging from warm-temperate coastal backswamps
to cool-water continental shelf. These different envi-
ronments yielded fossil groups with varying degrees
of utility for biostratigraphy. Considerable chal-
lenges were posed by contamination from drilling
mud that affected core samples, core catcher sam-
ples, and especially cuttings samples. Large volumes
of sand also led to no yield throughout some parts of
the hole for palynological investigations. Despite
these obstacles, micropaleontology was able to suc-
cessfully secure an age of late Pliocene at the top of
Hole C0020A at 636.5 m MSF and indicate a proba-
ble age of late Oligocene–early Miocene at the base
of the hole (2466 m MSF).

Shipboard micropaleontology included diatoms, cal-
careous nannofossils, organic-walled dinoflagellate
cysts (dinocysts), pollen, and spores. A range of dif-
ferent sample types was analyzed, including well cut-
tings, core catcher samples, and discrete samples
taken from working halves. In documenting fossil
distribution in Hole C0020A, discussion is split into
four units: Unit I spans the top of the hole from 647
to 1256.5 m MSF, Unit II ranges from 1256.5 to
1826.5 m MSF, Unit III from 1826.5 to 2046.5 m
MSF, and the final unit (Unit IV) ranges from 2046.5
to 2466 m MSF (see “Lithostratigraphy”). Calcare-
ous nannofossils are rare and poorly preserved. Cal-
careous nannofossils do not inform the age model
presented here. Preservation varied greatly through-
out the hole for the other microfossil groups, but di-
atoms were best and most abundantly preserved in
Unit I together with predominantly heterotrophic
dinocysts. Diatom floras indicate a Pliocene cool-wa-
ter continental shelf succession in Unit I. In contrast,
Unit II yielded few identifiable diatoms and poor di-
nocysts. Pollen and spores are moderately well repre-
sented but are abundant near the base of Unit II in
the more terrestrial to very shallow marine sedi-
ments. Unit III contains excellent pollen and spore
assemblages in the coals and associated terrestrial to
coastal shallow-marine sediments, but dinocysts are
scarce and contain few useful biostratigraphic mark-
ers. The same remarks can also be made for Unit IV,
which is marked by good pollen and spore assem-
blages from the cores but contains very few dino-
cysts. A feature of Units II–IV is that reworked Paleo-
gene dinocysts are encountered that have ranges
from early middle Eocene to late Oligocene. There-
fore, the pollen floras provide some indication of the
age in Units III and IV, indicating a maximum age of
14
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late Oligocene for the base of Unit IV and a likely age
of early middle Miocene for Unit III.

Palynology
A total of 101 samples were analyzed for dinocysts,
pollen, and spores. Preservation and yield of palyno-
morphs varied significantly throughout the different
units with the greatest yield and abundance of dino-
cysts from Unit I and greatest abundance and best
preservation of pollen and spores in Units III and IV.
Clast grain size, as well as depositional environment,
plays a major role in determining whether samples
yield palynomorphs. Despite the predominance of
spores and especially pollen in Units III and IV and a
general lack of dinoflagellate cysts, stratigraphic in-
formation is provided by the palynomorphs. Re-
working is noted throughout the core and mixes Eo-
cene and Oligocene dinoflagellates into Neogene
assemblages. Remobilization of palynomorphs in
drilling fluid has a significant role in smearing strati-
graphic ranges for those palynological data taken
from cuttings samples. However, this is a minor issue
for core and core catcher samples because they were
selected away from the core edge and could be
washed effectively. In particular, samples from terres-
trial deposits such as lignites in Units III and IV con-
tain pollen and spores in such high concentrations
that palynomorph presence totally masks any poten-
tial contamination that is remnant even after wash-
ing the raw sample.

Unit I (647–1256.5 m MSF)
A total of 41 cuttings samples were analyzed from
Unit I and captured a Pliocene sequence of dinocysts
and gymnosperm pollen (Table T4). Palynomorph
abundance was greatest from 636.5 to 846.5 m MSF,
but the lower half of Unit I below 846.5 m MSF con-
tained generally poor samples with sparse represen-
tation of any palynomorph group. Dinocyst assem-
blages are dominated by a restricted assemblage of
primarily heterotrophic forms such as Brigantedinium
spp., Selenopemphix spp., and Xandarodinium varia-
bile. The composition of the assemblages is identical
to that of Pliocene samples from ODP Leg 186 Hole
1151A located slightly further south off the Sanriku
Coast of northern Japan (Kurita and Obuse, 2003), as
well as those from the Bering Sea (Bujak, 1984; Bujak
and Matsuoka, 1986). The only notable event is the
first downhole occurrence (FDO) of Capillicysta fusca
at 746.5–756.5 m MSF. The dinocyst flora contains
occasional specimens of other dinocysts such as
Operculodinium spp. together with some reworked
Miocene and Paleogene dinoflagellates. The pollen
flora is skewed toward large specimens that were
trapped in the 20 µm mesh used during the process-
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ing of these samples in Unit I. Conifer pollen (in-
cluding Tsuga and gymnosperms) is very common,
indicating development of significant coniferous
vegetation on nearby land areas. The paleoenviron-
ment of deposition is interpreted as continental shelf
with cool water and high productivity that allowed
the development of restricted heterotrophic dinocyst
communities feeding off diatom blooms.

Unit II (1256.5–1826.5 m MSF)
This unit is represented by 30 samples, of which 12
are barren, and the rest contain moderate to poor
palynomorph abundance (Table T5). A total of 18
samples are from cuttings, 10 are from core catchers,
and 2 are from working halves. The sandy nature of
sediment in some parts of this unit results in the
poor preservation and abundance of palynomorphs.
All samples from Unit II were processed using a 10
µm mesh to enhance the capture of pollen and
spores as well as dinoflagellate cysts. Pollen and
spores are considerably more abundant than dinofla-
gellates in this unit, with particularly strong repre-
sentation of Betulaceae (Alnus, Betula, and Carpinus).
Pollen from other angiosperm trees is frequently en-
countered, including Juglandaceae (Juglans and Ptero-
carya), Fagus, deciduous Quercus (D. Quercus), and Ul-
mus/Zelcova. Gymnosperm pollen are represented by
abundant Taxodiaceous pollen (a group that in-
cludes Glyptostrobus, Metasequoia, and Taxus here),
bisaccate pollen (that includes undifferentiated Pina-
ceae grains), and Tsuga. Pollen of Larix is also en-
countered, although it is not abundant. The only no-
table FDOs are evergreen Quercus (E. Quercus) that
first appears at 1546.5 m MSF and Platanus at 1816.5
m MSF. The flora is similar to late Neogene assem-
blages of Japan (Yamanoi, 1978, 1992; Wang et al.,
2001) and northeast China (Wang, 2006) but lacks
significant quantities of herbaceous taxa. Reduced
herb presence may be an artifact of depositional en-
vironment that is interpreted as marine shelf envi-
ronment. The pollen flora suggests the presence of a
temperate paleovegetation type dominated by trees
in northeast Honshu, Japan, during deposition of
Unit II.

Dinocyst assemblages include the presence of re-
worked Trinovantedinium boreale and assemblages
that offer limited biostratigraphic information. The
last downhole occurrence (LDO) of Xandarodinium
variable at 1378.83 m MSF may indicate the middle–
late Miocene based on Leg 186 Hole 1151A (Kurita
and Obuse, 2003) and age ranges from west Japan
(Matsuoka et al., 1987). The dominant dinocyst re-
mains Brigantedinium spp. in Unit II, with the con-
tinued presence of Lejeunecysta spp., Operculodinium
spp., and Selenopemphix spp. The presence of Tubercu-
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lodinium vancampoae is also noted, which supports a
middle Neogene age determination. The paleoenvi-
ronment of deposition is interpreted as shallow ma-
rine and more proximal to land than depositional
environments in Unit I. The presence of pyrite dam-
age to some organic matter throughout the unit con-
firms the likely deposition in or near seawater.

Unit III (1826.5–2046.5 m MSF)
A total of 20 samples from Unit III yield moderate to
abundant palynomorphs (Table T6). Only two sam-
ples are barren. Five samples are from cuttings, five
are from core catchers, and the remaining ten are
taken from working halves. Lithologies include fine
sand to coal, and the best pollen and spore assem-
blages are found associated with the coal facies. Di-
noflagellates are present in the more clastic samples
but are neither diverse nor abundant and capture a
range of taxa from the late Eocene and Oligocene
(Kurita and Matsuoka, 1994; Kurita, 2004) that are
interpreted as reworked. This group includes Bellatu-
dinium hokkaidoanum, Kallosphaeridium, Phthanoperi-
dinium spp., Systematophora ancyrea, and Trinovante-
dinium boreale. These dinocysts are uniformly poorly
preserved and associated with sediments that are not
open shelf but rather lagoonal to very shallow ma-
rine or even terrestrial deposits. The presence of Evit-
tosphaerula sp. A at 1846.5 m MSF may indicate that
the sediments are early middle Miocene (Bujak and
Matsuoka, 1986; Kurita and Obuse, 2003). This age
estimate is further supported by the pollen and spore
flora that contain a notable presence of evergreen
taxa and thermophilic elements, such as Engelhard-
tia, Liquidamber, Malvaceae/Euphorbiaceae, Myrta-
ceae, Pasania, E. Quercus, and Reevsia. Pollen of Taxo-
diaceous plants is very common and so are
Liquidamber, Nyssa, D. Quercus, E. Quercus, and Ul-
mus/Zelcova. Frequently encountered pollen includes
Alnus, Carya, and Fagus. Conifers and Larix are not
present in the coals but are present in clastic sedi-
ments. Therefore, conifers, Larix, and Tsuga are
transported into the depositional environment from
drier regions, presumably at the basin edge where ac-
tive uplift and erosion of marine Paleogene strata fa-
cilitate the deposition of reworked dinocysts.

The composition of the flora in the terrestrial sedi-
ments suggests a warmer climate than that of Unit II,
and the flora is comparable to the pollen Zone NP2
of Yamanoi (1978, 1992) that spans the early–middle
Miocene (≈13–19 Ma) and to pollen floras from
northeastern China that are early–middle Miocene
(Wang, 2006). The relative abundance and composi-
tion of angiosperm pollen are very similar to those
documented for the middle Miocene Sugata Forma-
tion of central Japan (Wang et al., 2001). The abun-
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dance of Liquidamber, Ulmaceae (Celtis and Ulmus/
Zelcova), and also taxodiaceous pollen is a feature of
other Miocene swamp deposits in Japan (Shimada,
1967). None of these coalbeds or terrestrial sedi-
ments are comparable with the early Oligocene and
middle Eocene coal fields of Hokkaido reported by
either Sato (1994) or Kurita and Obuse (1994). The
presence of unusual Paleogene-type pollen, such as
Taliisipites pulvifluminis, together with modern gen-
era and families, is a feature shared with lignites
within the Taneichi Formation in the Iwate Prefec-
ture, northeast Japan. In the Taneichi Formation, Pa-
leogene dinoflagellates are reworked into clastic sedi-
ments and even lignite that contains pollen floras
assigned to the late Oligocene–early Miocene (Ya-
gishita et al., 2003). The paleoenvironment of Unit
III is interpreted as coastal swamps with associated
mosaics of coastal to very shallow marine deposi-
tional environments. A notable feature is that pyrite
damage to organic matter is observed in many clastic
samples, suggesting some deposition in very shallow
marine sediments.

Unit IV (2046.5–2446 m MSF)
Pollen and spores are the dominant palynomorphs
throughout the nine samples analyzed in Unit IV. All
samples are taken from working halves, and most
yield abundant fossils (Table T7). Fern spores are
present in abundance together with pollen from tax-
odiaceous trees, Alnus, and Betula. Throughout Unit
IV, pollen from deciduous trees such as Nyssa, Plata-
nus, Pterocarya, and Ulmus/Zelcova are consistently
present. The LDO of Cathaya is noted at 2110.5 m
MSF, and the LDO of Larix is at 2456.5 m MSF. Ca-
thaya has been previously reported from the early
Miocene of Japan (Wang et al., 2001), and Larix is
most commonly found in the Neogene as well (Shi-
mada, 1967). The first occurrence (FO) of Larix in
northern Japan is probably in the late Oligocene
based on correlation from eastern Hokkaido between
pollen occurrences with dinocysts and diatom stra-
tigraphy (Kurita et al., 1998). Unit IV is no older
than late Oligocene based on the presence of these
gymnosperms.

Dinoflagellates from Unit IV are poorly represented,
although Batiacasphaera micropapillata is consistent
with an age of late Oligocene–early Miocene
(Schiøler, 2005). A similar species, Batiacasphaera hir-
suta, occurs in the late Oligocene of Japan (Kurita,
2004). The occurrence of Diphyes latisculum may in-
dicate early Miocene because this species has bio-
stratigraphic significance (Matsuoka et al., 1987; Ku-
rita, 2004). The presence of reworked Paleogene
dinocysts are noted and is in accord with Units II
and III, of which Phthanoperidinium spp. and Trivan-
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todinium boreale are most persistent. Both these dino-
cyst groups are noted from Hokkaido and northeast-
ern Honshu and are reworked into late Oligocene–
early Miocene sediments (Kurita et al., 1998; Ya-
gishita et al., 2003). The depositional environment
for the majority of Unit IV is interpreted as a shal-
low- to very shallow marine environment, based on
the palynomorph assemblages. The base of the unit
contains coal. Therefore, coastal swamps are also en-
countered.

Diatoms
Diatoms are present and identifiable throughout the
entirety of Unit I but are either too poorly preserved
throughout Units II, III, and IV to be useful as geo-
logic age indicators or are completely absent.
Throughout Hole C0020A, the zonation of Yanagi-
sawa and Akiba (1998) is followed.

Unit I (647–1256.5 m MSF)
In Unit I, diatom samples range from barren to
abundant with poor to good preservation (Table T8).
Samples can be dated and zoned with varying de-
grees of precision to 1076.5 m MSF. All samples are
Pliocene in age. Samples 337-C0020A-24-SMW
(636.5–646.5 m MSF) through 55-SMW (886.6–896.5
m MSF) are assigned to the upper Pliocene Neodentic-
ula koizumii Zone (North Pacific diatom [NPD] 9),
but Samples 25-SMW (646.5–656.5 m MSF) through
45-SMW (846.5–856.5 m MSF) belong to the upper
part of this zone based on the FO of N. seminae. Sam-
ples 56-SMW (896.5–906.5 m MSF) through 61-SMW
(946.5–956.5 m MSF) have been assigned to the un-
derlying middle–upper Pliocene N. koizumii–Neoden-
ticula kamtschatica Zone (NPD 8) based on an in-
crease in N. koizumii abundance. Samples 66-SMW
(996.5–1006.5 m MSF) through 75-SMW (1066.5–
1076.5 m MSF) have been assigned to the lower Plio-
cene Thalassiosira oestrupii Subzone (NPD 7Bb). Dia-
toms are identifiable in Samples 79-SMW (1076.5–
1086.5 m MSF) through 98-SMW (1246.5–1256.5 m
MSF)—the base of Unit I at 1256.5 m MSF—and ap-
pear to be Miocene; however, marker species were
not identified in any of these samples and the poten-
tial exists that specimens in these sediments have
been reworked. The early Pliocene/late Miocene
boundary is not observed.

Contamination became more apparent at ~1126.5 m
MSF, just below the first lost interval near the base of
Unit I, with persistent remobilization of Miocene–
Pliocene diatoms down the hole. Microfossils pol-
luted the drilling mud as it recirculated through the
hole, causing contamination in nearly every sample
to the base of the hole despite thorough washing of
the sediment. Contamination proved problematic
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for core samples, core catcher samples, and cuttings
samples of all fraction sizes. Samples of the smallest
size fraction often contained no rock cuttings and
were of a sandy or muddy consistency, therefore
completely saturated with the contaminated drilling
mud. Most samples taken from the center of the core
were free of contamination but contained no dia-
toms in Units II, III, or IV. Diatoms were observed in
deeper parts of the hole (see “Lithostratigraphy”)
but are restricted to small, uninformative fragments
or contaminants. The most prolific contaminants to
2119 m MSF were those of late Miocene and Pliocene
age, including such marker species as N. kamtschatica
and N. koizumii. Two Pleistocene diatoms, Actinocyc-
lus oculatus and Proboscia curvirostris, were also iden-
tified as contaminants.

Calcareous nannofossils
Calcareous nannofossils were very low in diversity
and rare to absent in all sediments recovered from
Hole C0020A. Nannofossils were only observed in
the shallower sediments and consisted of younger
species of Reticulofenestra and Sphenolithus—species
that tend to be too small for precise identification
using a light microscope and, therefore, of little bio-
stratigraphic significance when present.

Downhole logging
Excellent logging data quality, probably due to in-
gauge borehole condition and relatively simple li-
thology consisting of sandstone, siltstone, shale,
coal, and conglomerates, made clear identification of
lithologic features based on the logging data charac-
teristics. Because most lithology showed typical log
response and was found to be intercalated by a num-
ber of marker layers (i.e., coals and cemented sand-
stones), correlation of the logging data to cores was
also relatively easy and depth difference between
these was 0.7 m or smaller.

Log characteristics suggested that the lithology of
Unit I is most likely similar to that of Unit II, which
consists of alternation of relatively thick layers of
massive sandstones and siltstones (Fig. F10). Unit III
was characterized by frequent coal layers in a few
meters thickness of sandstone and siltstone alterna-
tion sequence. Based on correlations to visual core
descriptions (VCDs), 7 coal layers, including the
thickest two (7.3 and 3.5 m), were acquired in the
cores among 13 layers that were >30 cm in thickness.
Unit IV consists of thick (~200 m) massive shale in
the upper half and alternation of sandstone and
shale of a few meters thickness in the lower half,
which also includes one thin coal layer (Core 337-
C0020A-30R).
17



Expedition 337 Scientists Site C0020
Resistivity borehole images suggested that sand-
stones in Unit II are massive and include granules,
pebbles, and mollusks (i.e., Bivalvia), whereas those
in Units III and IV consist of thin, a few centimeter
thick sandstones or laminae of this scale, suggesting
a change in the sedimentary environment at the
Unit II/III boundary. By combining the logging data
and core descriptions, sandstones that are supposed
to be of high permeability were identified in Units II
and III.

By using a formation-testing tool, in situ formation
fluid samples were acquired from six permeable
sandstones. The 35 “pretest” measurements prior to
the fluid sampling indicated that formation pore
pressure is hydrostatic or elevated by only a few per-
cent of the hydrostatic value to depths of at least
2425 m wireline log matched depth below seafloor
(WMSF) (i.e., the depth of the deepest reliable mea-
surement for logging operations).

Borehole temperature was measured by two types of
logging tools. The maximum temperature at the bot-
tom of Hole C0020A was also estimated by examin-
ing the temperature build-up pattern during logging
operations. Conclusively, the estimated temperature
gradient is 24.0°C/km or slightly lower (Fig. F11).

Preliminary log-seismic integration was carried out
based on the time-depth curve derived from vertical
seismic profile (VSP) operations and synthetic seis-
mogram calculation. The time-migrated seismic pro-
file for Line ODSR03-BS (Taira and Curewitz, 2005)
was converted with the time-depth relationship and
compared with logging data. Strong reflectors are ba-
sically well correlated with the abrupt change on the
logging curves.

Overview of logging results
The geophysical logging data set acquired during Ex-
pedition 337 showed characteristic log features cor-
responding to the lithology confirmed by the cores.
The logging data set mainly used for lithology iden-
tification included gamma radiation (GR), spontane-
ous potential (SP), resistivity, density, and neutron
porosity. Spectral gamma (uranium, potassium, and
thorium) showed little change among the variation
of rock types, and thus was not used. The responses
of the sedimentary rocks, such as sandstone and
shale, to the logging tools were typical, and therefore
rock types could be distinguished without particular
difficulty in the logging data. There were a number
of anomalously high resistive layers, which are coal
and mineral-cemented sandstones. These resistive
layers can be a good marker to correlate the logging
data to cores. Typical responses of major lithologies
are summarized in Table T9.
Proc. IODP | Volume 337
Coal layers could be clearly identified, with very low
gamma radiation, very high resistivity, exceptionally
low density, and exceptionally high neutron poros-
ity (see Table T10 for major coal layers). Mineral-
cemented sandstones also showed a characteristic
log response of very high resistivity, but those layers
showed very high density and very low porosity,
which is the opposite trend of coal layers.

Overall, the logging data showed that sandstones
clearly responded to SP as low values, which is prob-
ably due to drilling fluid having higher salinity than
formation water.

Data quality
Logging data quality is generally excellent, which is
probably due to very good borehole condition with-
out elongation or irregularity of the borehole wall.
The lithology encountered may also contribute to
log data quality, and the relatively simple rock type
(e.g., sandstone, siltstone, shale, coal, and conglom-
erates) made clear identification of lithology based
on the logging data characteristics. Because most li-
thology shows typical log response and is interca-
lated by a number of marker layers (coal and ce-
mented sandstones), correlation of the logging data
to cores is also straightforward.

However, there are some concerns in terms of the
data quality. The Formation MicroImager borehole
image quality (i.e., resistivity scanning on the bore-
hole wall) might be significantly affected by the con-
tact situation of the electrode pads and flaps. In the
images acquired during Expedition 337, noise could
be seen only in those taken by the flap edges. This
may be due to weaker contact force of the flaps than
that of the pads. When any material stuck to the pad
and flap, those on the flaps might remain longer be-
fore being removed by friction to the borehole wall.

The top part of the logging data was affected by the
17½ inch hole and the 13  inch casing pipe. Before
the 10  inch hole was drilled, the 17½ inch hole
was drilled to 1263.0 m DSF and the 13  inch casing
shoe was installed at 1252.5 m DSF. Therefore, the
quality of the logging data is reduced above this
depth.

GR, sonic, and VSP were also acquired in the 13
inch casing pipe, and data quality was affected by
the size of the borehole (17½ inch) and the situation
of the casing cement that fills the gap between the
casing pipe and the borehole. GR signals simply
weakened because of less gamma ray penetration
through the steel casing pipe and the increased dis-
tance from the tool to the borehole wall, which de-
creased the characteristics of the GR pattern. For the
sonic measurements performed in the bottom 150 m

3 8⁄
5 8⁄

3 8⁄

3 8⁄
18



Expedition 337 Scientists Site C0020
part of the cased hole, most of the S-wave was not
acquired, which may be due to the imperfect contact
situation behind the casing pipe. P-wave quality was
also significantly affected by that situation. VSP sig-
nals showed poor quality in the top 100 m interval
of the cased hole, most likely due to the “ringing ef-
fect” to the shallow 20 inch casing pipe.

Unit descriptions based on wireline logging
Unit boundaries are based on sedimentological ob-
servations (shown in MSF), and then the exact
depths were determined by log characteristics
(shown in WMSF). The depth at the bottom of the
hole is in drillers depth (DSF).

Unit I (647~1256.5 m MSF)
GR is the only tool available for the entire interval of
this unit, and it shows a log response similar to that
of Unit II. GR values are roughly the half of the Unit
II GR values, which is likely due to the larger bore-
hole size and effects of the casing pipe (see “Data
quality”). For the bottom 150 m, Dipole Sonic Im-
ager sonic data are also available, suggesting that this
interval may be continuous from Unit II. Based on
such limited information, the lithology of Unit I
may be similar to that of Unit II.

Unit II (~1825.5 m WMSF)
Log characteristics of Unit II consist of alternation of
relatively thick layers of massive sandstones and silt-
stones. Resistivity borehole images suggest that the
sandstones in Unit II are massive and include gran-
ules, pebbles, and mollusks (i.e., Bivalvia).

The shallowest interval (~1429.1 m WMSF) of this
unit consists of sandstone and siltstone of 60–70 m
thickness. Several highly resistive layers (<1 m thick-
ness each) are probably carbonate-cemented layers.
Nuclear magnetic resonance (NMR) permeability
and SP responses suggest that these sandstones are
generally highly permeable (up to 4000 mD).

The middle part (~1617.4 m WMSF) of this unit is a
thick (~170 m) sandy sequence, also highly perme-
able (a few hundreds to 1000 mD), and includes at
least three coal layers (see Table T10) and frequent
cemented resistive layers. This sandy sequence is
characterized by a highly resistive zone
(1429.1~1437.9 m WMSF) at the top, where a num-
ber of highly resistive layers of decimeter thickness
each are concentrated. Around the base of this se-
quence, at least three thick conglomerate layers can
be identified at 1592.5~1599.5, 1608.2~1611.2, and
1612.2~1617.4 m WMSF. Relatively low NMR values
in these layers (100 mD or less) suggest poor sorting.
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The bottom part (~1825.5 m WMSF) of this unit be-
gins as a predominantly silty sequence and gradually
changes to sandy layers with depth. Three permeable
sandstones of a few meters thickness show 100–2000
mD at their best points. One of these sandstones
forms the basal sandstone of this unit.

Unit III (~2055.0 m WMSF)
Unit III is characterized by frequent coal layers in al-
ternation with a sandstone and siltstone sequence of
a few meters thickness. Thirteen coal layers of >30
cm thickness were identified in this unit (see Table
T10) as well as a number of thin coal layers. The
sandstone layers are generally permeable (a few hun-
dreds to 1000 mD), based on the NMR, laterolog re-
sistivity, and SP logging data sets. There are also fre-
quent intercalations of highly resistive cemented
sandstone layers. As a whole, this unit forms the
most colorful interval of this borehole. Resistivity
borehole images show that the sandstones of this
unit generally consist of a number of thin (centime-
ter thickness) sandstone layers or include laminae of
this scale. Because such features are not commonly
observed in the sandstones of Unit II, there may be a
change in the sedimentary environment at the Unit
II/III boundary.

This unit can be divided into shallow and deep parts
at 1916.2 m WMSF, the top horizon of the thickest
coal layer in this hole. The shallow part is silty and
includes frequent sand layers of a few meters thick-
ness and three coal layers of >30 cm thickness. In the
deep part, lithology is more sandy with ten coal lay-
ers of >30 cm thickness, including the thickest two
horizons (i.e., 7.3 and 3.5 m thick). Based on correla-
tions to VCDs, seven coal layers of the deep part
were acquired by coring (see Table T10 for the Unit
III thick coal layers).

Unit IV (~2466 m DSF)
Unit IV consists of thick (~200 m) massive shale in
the upper half and alternation of sandstone and
shale of a few meters thickness in the lower half,
which also includes one thin coal layer (Core 337-
C0020A-30R; see Table T10). Resistive cemented lay-
ers are commonly identified. The sandstone layers
are generally not as permeable (100 mD or less) as
those above, based on the NMR, laterolog resistivity,
and SP logging data sets.

Evaluation of fluid sampling points
Formation fluid sampling points needed to be per-
meable sandstones. Lithology was identified using
the logging data because lithologic characteristics
can be distinguished clearly. The first list of 31 candi-
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date zones in which sampling points were deter-
mined was made based on separation of the five lat-
erolog resistivity measurements that suggested
permeable layers. Then borehole resistivity images
were used to define the exact depth of the zones.
Based on borehole resistivity images, most sand-
stones consist of fine (centimeter thick) laminated
sand layers that are frequently intercalated by electri-
cally resistive layers. The resistive layers possibly
have low permeability (e.g., cemented); therefore,
those layers were removed from the potential sam-
pling zones. NMR permeability was then examined
to identify layers of possible free water. Most zones
in the first list show high potential of free water with
NMR permeability of 100–400 mD, and the zones
were ranked according to the NMR permeability to
form a second list. By comparing with VCDs, several
zones of clean sandstone layers were replaced (or
added as backups) to make the final list of potential
fluid sampling points.

Prior to fluid sampling, pretests were conducted in
35 zones based on the final list to measure in situ
mobility of the fluid in these zones (see “Downhole
logging” in the “Methods” chapter [Expedition 337
Scientists, 2013b] for the definition of mobility). Be-
cause formation fluid viscosity may not significantly
vary, mobility can be used to assess the sandstone
permeability. Based on the mobility evaluations, ac-
tual formation fluid sampling zones were deter-
mined at six points as described in Table T11.

Formation pressure
By using the formation testing tool, formation pres-
sure was measured as a part of the fluid sampling
pretests. Pressure data at the 35 points indicated that
formation pore pressure is hydrostatic or elevated by
only a few percent of the hydrostatic value to depths
of at least 2425 m WMSF (the depth of the deepest
reliable measurement).

Temperature estimation
During logging operations, two types of logging
tools (Environmental Measurement Sonde [EMS] and
Modular Formation Dynamics Tester [MDT]) mea-
sured borehole fluid temperature in situ. The EMS
measured the borehole mud temperature in detail,
and the MDT recorded the temperature during the
pretests and fluid sampling. We also used a method
to estimate the bottom-hole static temperature by
using the temperature measurements during the first
three logging runs. The Horner plot (Dowdle and
Cobb, 1975), a method commonly used for comput-
ing static formation temperature (Espinosa-Paredes
et al., 2009), was applied and the corrected tempera-
ture was 63°C, indicating a maximum temperature
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gradient of 24.0°C/km. The Horner plot result was
plotted together with wireline logging temperatures
from EMS and the temperature measurements dur-
ing the pretest (with the single probe) and during
the fluid sampling (with Quicksilver probe) with the
MDT (Fig. F11), and showed that the measured val-
ues were all lower than this corrected temperature
gradient.

Log-seismic integration
We used the VSP to establish an accurate time-depth
relationship. Detailed log-seismic correlation was
achieved through the synthetic seismogram calcula-
tion and its comparison with the seismic profiles.
Synthetic seismograms were calculated using P-wave
velocity log and density log data (Fig. F12). The P-
wave velocity log data were calibrated with the time-
depth relationship derived from VSP data. We used a
30 Hz minimum phase ricker wavelet to generate
synthetic seismograms. The seismic section was
shifted down 10 ms to align the major reflectors
with the synthetic seismograms. The synthetic seis-
mogram matches well with the seismic profile. For
example, strong reflections at ~2610–2650 and
~2780–2820 meters below sea level (mbsl) in the syn-
thetic seismogram can be aligned to key reflectors at
~3180–3200 and ~3320–3350 ms two-way traveltime
(TWT) on the seismic profile of Line ODSR03-BS, re-
spectively. The synthetic seismogram and the seis-
mic section also generally match at ~3100–3150
mbsl, corresponding to the coal layers. The upper-
most part of this depth range in particular shows a
good match; however, the reflection pattern in the
lower part of this depth range shows some discrep-
ancy between them. In the deeper interval of this
borehole, the depths of the synthetic seismogram re-
flections are not exactly aligned to the seismic pro-
file.

The log data in time domain, converted with the VSP
time-depth relationship, can be directly compared
with the time-migrated seismic section. Generally,
the seismic reflectors are well correlated with the log-
ging data. Figure F13 shows the gamma ray and re-
sistivity logs in time domain laid on the seismic pro-
file. The reflectors at ~3180, ~3320, and ~3580 ms
TWT are correlated with the positive peaks in the re-
sistivity log. The reflector at ~3440 ms TWT coin-
cides with a slight positive shift in GR value. We cor-
related the lithologic units with the seismic profile
(Fig. F14). The Unit I/II boundary can be correlated
to a relatively strong, continuous reflector at ~3000
ms TWT on the seismic profile; however, the re-
gional unit boundary was supposed to be an uncon-
formity at ~2800 ms TWT. Unit II has two strong re-
flectors at ~3180 and ~3320 ms TWT, which are
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traceable in the regional scale. The top of Unit III
might be correlated with a weak reflector at ~3490
ms TWT, but the major reflectors are located within
Unit III. The bottom of Unit III is situated slightly
below a series of relatively strong reflectors. Unit IV
has several reflections; however, the lateral continu-
ity of these reflectors is not well preserved in the re-
gional range.

Physical properties
At Site C0020, a series of physical properties mea-
surements (moisture, density, P-wave velocity, elec-
tric resistivity, thermal conductivity, anelastic strain
recovery [ASR], and vitrinite reflectance) were carried
out using core samples and cuttings in the labora-
tory. All physical properties were measured at room
temperature and atmospheric pressure conditions.
Depth and lithologic variation effects on the physi-
cal properties were investigated. Physical properties
of cuttings samples were also compared with those
of core samples and with data from sequential core
measurements in the multisensor core logger
(MSCL).

Whole-round multisensor core logger
Whole-round multisensor core logger (MSCL-W)
measurements were carried out on all sections from
Units II–IV at Site C0020, with the exception of sam-
ples taken for interstitial water analysis. A sensor track
of the split core multisensor core logger (MSCL-S) was
used for Core 337-C0020A-8L of 10.8 cm industry-
type LDC. It should be noted that data from whole-
round cores (RCB) and from split cores (LDC) with
differing diameters may not be directly comparable.

Results
The gamma ray attenuation (GRA) density values on
the MSCL-W are mainly 1.8–2.23 g/cm3 above 1300
m CSF-B (Fig. F15). The main trend is that density
decreases to 1.4–1.9 g/cm3 at ~1600 m CSF-B and in-
creases again to 1.5–2.3 g/cm3 at ~1800 m CSF-B. In
the interval from Cores 337-C0020A-15R through
25R (1921–2002 m CSF-B), density varies between 1.7
and 2.5 g/cm3. This may be due to variable lithology
in this interval. Density of the coal portions in Cores
15R and 19R is 1.5–2.0 g/cm3 and 1.2–1.5 g/cm3, re-
spectively, which is lower than in intervals repre-
sented by other lithologies, where typical values
range from 1.7 to 2.3 g/cm3 with the exception of
some minor deviations. After tight density measure-
ments ranging between 1.7 and 2.1 g/cm3 in mud-
stone-dominated intervals of Cores 26R and 27R
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(2111–2204 m CSF-B), density values range from 1.2
to 2.3 g/cm3 to the lowermost part of the hole.

Peak magnetic susceptibility is generally 70 × 10–5 to
100 × 10–5 SI. There are some decreases, such as one
drop to 11 × 10–5 SI in Cores 9R and 10R at ~1630 m
CSF-B and another drop to 12 × 10–5 SI in Core 27R
at ~2200 m CSF-B. Coal-bearing sediments had a low
magnetic susceptibility of <11 × 10–5 SI, which is
lower than other sediment types.

Natural gamma radiation (NGR) in Unit II generally
ranges from 20 to 40 counts per second (cps) and
abruptly rises in Unit III, where NGR mainly ranges
from 30 to 65 cps. Coal samples range between 6 and
47 cps. In Unit IV, NGR gradually increases from 30–
45 cps in Core 28R at ~2300 m CSF-B to 40–62 cps in
Core 32R at ~2460 m CSF-B.

Electrical resistivity in Unit II increases with depth
from 0.4 to 2.0 Ωm, although Core 8L deviates from
the RCB core trend. The resistivity of coal and other
sediments is similar in the coaly interval of Core
15R, although coal shows higher resistivity than
other sediments in Core 19R. Lower resistivity was
observed in Cores 23R and 24R. A slight increase in
resistivity was observed below Core 27R.

P-wave velocity was scattered from 1 to 2 km/s in
whole-round core (WRC) sections, and lithologic
and depth dependence on P-wave velocity is not
clear. Deviation is small in Core 26R.

Data quality and error
Even though the data were scattered, distributions of
GRA density, magnetic susceptibility, and NGR show
certain trends. These trends depend on the lithology,
mineral contents, degree of consolidation, and pore
structures. However, data were also influenced by ar-
tificial disturbance during core processing.

Injection of drilling mud and fluid into cores and
fracturing by drilling creates additional pore space,
and it mainly reduces GRA density and resistivity.
We rapidly took measurements with the MSCL-W
and the MSCL-S without concern for thermal equi-
librium to room temperature. Most of the tempera-
tures measured at the top of each section, which
were measured just before the MSCL measurements,
were close to room temperature (the greatest ob-
served difference was ~2 K). Therefore, the error
caused by the temperature treatment is probably
small, even though temperature dependence is high
for electrical resistivity. Large deviation in P-wave ve-
locity in a core, and with no distinct difference with
depth, might be due to poor contact of the P-wave
sensor with the core liner because the core was
wrapped in an ESCAL bag. Expansion of the ESCAL
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bag potentially caused by the release of gas from
cores also induced poor contact. Different contact
conditions between the core and core liner caused by
the difference in the actual core diameter that was
observed in the X-ray CT images might also lead to a
loss in quality for velocity data. Varying quantities of
drilling fluid seeping out and filling the core liner as
well as varying core diameters are other potential
causes of noise in the P-wave data.

Magnetic susceptibility, NGR, and electrical resistiv-
ity of LDC (Core 337-C0020A-8L) measured by the
MSCL-S doesn’t match with those of RCB measured
by the MSCL-W. The difference of the NGR values
between the two procedures can be caused mainly by
the difference in core diameter. However, the causes
of discrepancy between the other measurements,
GRA, magnetic susceptibility, electrical resistivity
and P-wave velocity, are not clear. The sensitivity of
the sensors and different core disturbances mediated
by mud/core treatment (larger core is probably asso-
ciated with less disturbance) may be the cause.

Moisture and density measurements
Moisture and density (MAD) were analyzed on every
discrete sample from all recovered cores from Units
II–IV. The four categorized cuttings samples (i.e.,
>>4, >4, 1–4, and <1.0 mm) from Units I–IV were
also subjected to MAD analyses. The lithology of dis-
crete samples for MAD analysis was also categorized
in four types (sand/sandstone, silt/siltstone/shale,
coal, and carbonate-cemented sandstone and silt-
stone). In discrete core samples, cementation was
verified by stereomicroscopic observation and the
addition of hydrochloric acid. No lithologic categori-
zation of cuttings samples was made because cut-
tings are a mixture of various rocks.

Results
Porosity profiles categorized by core/cuttings size are
shown in Figure F16A. Cuttings samples have gener-
ally higher porosity than core samples. Among the
four categories of the sieved cuttings, larger size frac-
tions show generally lower porosity. Despite such
variations in cuttings size fraction, porosity in each
category shows a gradual decrease with depth.

Figure F16B shows porosity profiles categorized by li-
thology. For discrete core sample porosity, sandstone
in Unit II mainly ranges 30%–50%, whereas siltstone
plots mainly within 34%–42%. In Unit III, siltstone
porosity shows a drop to 20%–30%. Sandstone
shows a similar minimum porosity of ~2% but
ranges up to a maximum of almost 50%. Coal poros-
ity (gray inverted triangle in figure) ranges 24%–
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38%. Carbonate-cemented sandstone and siltstone
show very low porosities of 2%–14%.

In Unit IV, sandstone and siltstone porosities gener-
ally range 26%–32% and decrease slightly to 23%–
27% in Core 337-C0020A-32R. Carbonate-cemented
sandstone is less porous than other lithologies in
Unit IV, with values of 14%–17%. A porosity shift in
siltstone was observed at the Unit III/IV boundary.

Figure F17A shows bulk density profiles of core sam-
ples and cuttings. In general, cuttings samples show
lower bulk density than core samples. Among the
four categories, the larger size fraction shows the
highest bulk density. Core samples in Unit II range
mainly between 1.9 and 2.3 g/cm3 with some devia-
tions. In Unit III, core sample bulk density is scat-
tered widely from 1.2 to 2.7 g/cm3, whereas values in
Unit IV are clustered tightly between 2.1 and 2.3
g/cm3. In the bulk density scatter plots in Unit III,
some outliers with high values of 2.5–2.7 g/cm3 were
identified as carbonate-cemented sandstone and silt-
stone (Fig. F17B). On the other hand, coal samples
have low density values around 1.2–1.4 g/cm3. In
Unit IV, sandstone and siltstone density narrowly
range between 2.2 and 2.3 g/cm3. Carbonate-ce-
mented sandstone and siltstone have generally
higher bulk densities than other lithologies, with
values between 2.4 and 2.6 g/cm3. The relationship
of porosity to depth for siltstone decreases in Unit IV
(Fig. F16B), where only a very slight increase in bulk
density is recorded (Fig. F17B).

Grain density of core and cuttings samples gradually
increases with depth from ~2.5 g/cm3 at 700 meters
below seafloor (mbsf) to ~2.7 g/cm3 at 2400 mbsf
(Fig. F18A). Differences in grain density among core
samples and sieved cuttings samples are not obvious,
although cuttings samples seem to have slightly
lower values than core samples and smaller cuttings
have more variable grain density values. Grain den-
sity values in Unit III cover a particularly wide range
(1.3–2.7 g/cm3). Among different lithologic rock types,
coal has a very low grain density of 1.3–1.6 g/cm3

(Fig. F18B).

Discussion
Cuttings samples show higher porosity, lower bulk
density, and lower grain density than core samples.
These differences are considered to be caused by ex-
cess moisture on cuttings surfaces because the ratio
of surface area to bulk volume increases with de-
crease in the fraction. Additional fractures and dam-
age might be formed in cuttings samples during the
transfer from depth to the surface, and the damage
produces extra pores and increases porosity. Lower
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grain density in cuttings samples is also influenced
by the deposition of NaCl (solid density = 2.14 g/cm3)
on the surface by drying. The smaller size fraction
likely contains excess water that may affect wet
mass; therefore, the larger size fraction produces
more reliable MAD data. During the treatment of dis-
crete cores, multiple fracturing likely develops paral-
lel to the bedding. This might cause overestimation
of porosity and underestimation of bulk and grain
density.

Assuming that discrete samples from cores produce
more reliable MAD data, we infer that porosity grad-
ually decreases from 60% to 25% with depth. How-
ever, carbonate-cemented sediments strongly deviate
from the consolidation curve. Cement minerals pos-
sibly have a higher density than major minerals
(e.g., quartz and feldspar) in the same samples be-
cause grain density in several cores is higher than in
noncemented sections. These low-porosity cemented
rocks are located in units with coal layers. Porosity
and bulk density shifts were observed in siltstone at
the Unit III/IV boundary. The apparent shift may be
caused by undercompaction of sediment because of
the generation and maintenance of high pore pres-
sure in Unit IV. Several mechanisms are involved in
high pore pressurization in sedimentary basins (Os-
borne and Swarbrick, 1997), and one of the plausible
processes is that the effective sealing of low-porosity
layers developed in Unit III prevented fluid flow
from depth.

Thermal conductivity
Results
Thermal conductivity was determined on samples
from recovered cores in Units II–IV. For the measure-
ments, full-space configuration using a needle probe
(standard VLQ probe) was applied to semiconsoli-
dated sediments at two points in the whole cores
(337-C0020A-1R and 2R). For other cores, a half-
space line source probe (mini-HLQ probe) was ap-
plied.

The collected thermal conductivity data gradually
increase with greater depth from a range of 1.0–1.8
to 1.5–2.1 W/(m·K) except for Unit III, which shows
a wider variation of 0.4–3.5 W/(m·K) (Fig. F19). Car-
bonate-cemented sandstone and siltstone, which
were identified by stereomicroscopic observation
and hydrochloric acid reaction, have higher values
than others (red triangles in figure). The highest
thermal conductivity value was 3.473 W/(m·K) in
highly carbonate-cemented, hard sandstone in Sam-
ple 337-C0020A-22R-2, 77 cm. Thermal conductivity
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in coal shows lower values in the range of 0.4–1.4
W/(m·K) (solid inverse triangles in figure).

Discussion
The major trend in thermal conductivity is obtained
from sandstone and siltstone data, and the increas-
ing thermal conductivity may indicate increasing
compaction with depth. The scattered thermal con-
ductivity values in Unit III are caused by more di-
verse lithologies, which include coal and carbonate-
cemented sandstone in addition to sandstone and
siltstone. Very low thermal conductivity values ob-
served in coal are lower than that of saline water at
room temperature (0.62 W/[m·K] at T = 22°C)
(Beardsmore and Cull, 2001). The increase in ther-
mal conductivity with depth is mainly caused by the
reduction of porosity in sedimentary rocks because
thermal conductivity of porous media is described as
the average for pore fluid and lithic material thermal
conductivity. High thermal conductivity of carbon-
ate-cemented rock is explained by carbonate materi-
als of high thermal conductivity (>4 W/[m·K]) and
less fluid of low thermal conductivity. The sandstone
is mostly composed of quartz particles, which have
generally higher thermal conductivity (>7 W/[m·K])
than other major rock-forming minerals (Beards-
more and Cull, 2001); therefore, the thermal con-
ductivity variation of sandstone as well as the low
thermal conductivity of coal is affected by the quartz
contents.

P-wave velocity
The P-wave velocity measured in Unit I cuttings,
which were measured after preparing the large frac-
tion cuttings cubic samples, ranged from 1.67 to
1.90 km/s (Fig. F20). Velocity in this unit averaged
1.81 km/s and decreased with depth. In Unit II, dis-
crete core sample velocity ranged from 1.51 to >3.00
km/s for sandstone and siltstone. A very high veloc-
ity of 5.6 km/s was observed in carbonate-cemented
sandstone at 1753 m CSF-B. Siltstone velocity was on
average higher than in sandstone and cuttings. Silt-
stone velocity decreased with depth. Coal from Unit
III shows velocity values of ~2.2 km/s. Velocities of
sandstone and shale range from 1.6 to 1.8 km/s, al-
though several shale samples show velocity values
similar to those of coal. Carbonate-cemented sedi-
mentary rocks show high velocity (4.4–5.6 km/s). Ve-
locity of sandstone and siltstone in Unit IV is scat-
tered. Sandstone velocity ranges from 1.51 to 2.12
km/s, and siltstone velocity ranges from 1.57 to 2.38
km/s. On average, sandstone and siltstone velocities
in Unit IV are relatively higher than in Unit III. Car-
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bonate-cemented sandstone velocity ranges from 2.5
to 4 km/s, which is lower than in Unit III.

Electrical impedance
A frequency of 25 kHz was selected for the imped-
ance measurements to minimize the imaginary part
of the impedance, resulting in a phase angle of <3°.
Resistivity of the paper filter on both the top and
bottom sides of specimens is <1 Ωm, which has a
smaller effect on the resistivity data. Electrical resis-
tivity of cuttings ranges from 0.40 to 0.86 Ωm (Fig.
F21A). On average, resistivity has values of ~0.64 Ωm
and increases with depth. In Unit II, the resistivities
of both sandstone and siltstone increase with depth
in a similar trend. In Unit III, resistivity increased in
the order of sandstone, siltstone, coal, and carbon-
ate-cemented rocks. Several sandstones show lower
resistivity than in Unit II, although several silt and
shale samples have higher resistivity than in Unit II.
Coal resistivity ranges from 9.5 to 30 Ωm, and car-
bonate-cemented rocks have values of ~60 Ωm, with
the highest values reaching nearly 100 Ωm (i.e.,
more than two orders of magnitude larger than sand-
stone). Unit IV resistivity slightly increases with
depth, and the resistivity at 2465 m CSF-B is ~3.3
Ωm in shale. Carbonate-cemented rock resistivity is
higher than that of noncemented rocks, although
the resistivity is one order of magnitude lower than
that observed in Unit IV.

The relationship between formation factor and
depth (Fig. F21B), estimated from the resistivity
data, shows a similar trend with electrical resistivity.
This is because the pore water temperature in cubic
samples ranged only slightly from 23° to 25°C
among samples. The resistivity shift between Units
III and IV was observed to a small degree for silt-
stone, with a trend resembling the porosity shift (Fig.
F16B).

MSCL versus core sample
Generally speaking, data from the MSCL show lower
values than those data from discrete samples. GRA
density by MSCL is lower than the bulk density mea-
sured with pycnometer for discrete samples (see Figs.
F15, F17B for bulk density, Fig. F20 for P-wave veloc-
ity, and Fig. F21 for resistivity). The consistently
lower values from the MSCL, despite the differences
in measurement principles from discrete sample
analysis, resulted from incomplete filling of core
samples in core liner. The void space within core
liner, and the smaller volume of sample material
than assumed in the theory, would result in the
smaller values in the measurement results. In partic-
ular, poor contacts of the core material with the core
liner hampers accurate measurement of P-wave ve-
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locity. A secondary cause might be fractures and
drilling-induced disturbances (filled with drilling
mud) in the WRC material used for MSCL measure-
ment, as discrete samples were selectively collected
from intact parts of working halves.

On the other hand, general variations with depth
matched with each other between MSCL and dis-
crete sample analysis. We therefore use MSCL data
only for physical properties interpretation on a
broader scale.

Vitrinite reflectance analysis
Vitrinite reflectance (Ro) was measured in five sam-
ples from coal formations (in Sections 337-C0020A-
15R-3, 19R-7, and 30R-2), small coal fragments from
cuttings (Sample 337-C0020A-97-SMW), and a sand-
stone layer (Section 2R-2). Figure F22A shows the Ro

variation with depth. Ro at 1211 m CSF-B had the
lowest value of 0.24%, and the highest value of
0.35% was observed at a coal formation (Section
15R-3). The deepest coal in Hole C0020A was 0.29%.
The depth trend for Ro is not clear.

Ro values are very low through the horizon, suggest-
ing coal maturity is quite low at this site. The range
of coal porosity in Hole C0020A is in good agree-
ment with Ro values (Rodrigues and Lemos de Sousa,
2002). Low-grade maturation makes it difficult to
measure the reflectance properly because the color of
low-maturity vitrinite (in such case, huminite) is
very heterogeneous and depends on the origin of the
huminite. In addition, observable spots (1.6 µm) for
Ro analysis are limited, and approximately half of the
area measured for Ro almost approached the limita-
tion of field of view. For this reason, Ro values in
some samples are inaccurate (see the Ro histogram in
Fig. F22B). Microstructures in coal fragments be-
come more uniform with depth, which results in eas-
ier identification of vitrinite. Therefore, Ro values are
more accurate for the deeper horizon. In low-matu-
rity coal, it is necessary to separate pure vitrinite tips
from other minerals for accurate vitrinite measure-
ment. Collecting smaller fractions is one of the ways
to address these problems, as we treated the fraction
>150 µm for Ro measurement.

Anelastic strain recovery analysis
Diameter measurement results show that the average
RCB core diameter ranged from 57.3 to 58.4 mm. In
most of the samples, periodicity of the diameter was
observed during core rotation at a constant rotation
speed, and maximum (dmax) and minimum (dmin) di-
ameter were identified (Fig. F23A). Deviation of the
diameter between dmax and dmin normalized by dmin is
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shown in Figure F23B. SHmax – SHmin increased with
depth. Even though the Young’s modulus of each
sample is not investigated, the trend does not
change because the Young’s modulus of sedimentary
rocks can increase with depth via sediment consoli-
dation. Therefore, the core diameter measurement
results imply that tectonic horizontal stress is more
effective at depth in Hole C0020A.

Inorganic geochemistry
Drilling mud

Drilling mud contamination presents a potential
challenge when collecting, processing, and interpret-
ing the composition of interstitial water from sedi-
ment cores obtained through riser drilling (Wenger
et al., 2004). In order to address this problem, we
first review the aspects of the drilling mud composi-
tion that provide a context for discussing variations
in the interstitial water composition at depth.
Throughout drilling of Hole C0020A, the formula-
tion of the drilling mud was adjusted in response to
changes in drilling procedures and hole conditions
that occurred with depth. In order to provide a work-
ing depth reference of the drilling mud for compari-
son with the interstitial water of the sediment cores,
we present the compositional changes in mud sam-
ples obtained from the active circulation tank in the
context of the lithologic boundaries that were being
drilled at the time of their collection. These units
(see “Lithostratigraphy”) are as follows: Unit I
(647–1256.5 m MSF), Unit II (1256.5–1826.5 m
MSF), Unit III (1826.5–2046.5 m MSF), and Unit IV
(2046.5–2466.0 m MSF).

A total of eight drilling mud samples were sampled
from the mud tank (LMT samples) in order to assess
potential contamination during the course of drill-
ing (Table T12). The first mud sample (337-C0020A-
2-LMT) was collected 11 days before the commence-
ment of drilling. Shortly after the initiation of the
drilling in Unit I, a second sample was taken from
the mud tank (Sample 23-LMT). Two mud water
fluid samples were collected from core liner (LMW
samples) for analysis from Unit II (Samples 337-
C0020A-120-LMW and 189-LMW), one from Unit III
(Sample 257-LMW), and two from Unit IV (Samples
280-LMW and 373-LMW). A final mud sample (392-
LMT) was taken from the active mud tank immedi-
ately after termination of drilling operations and
may be considered representative of the mud used in
the final wiper trip of the borehole before logging
and formation water sampling. The water was sepa-
rated from the mud (see “Inorganic geochemistry”
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in the “Methods” chapter [Expedition 337 Scientists,
2013b]) and analyzed. A list of miscellaneous materi-
als collected for analysis is found in
MISC_MATERIAL_SAMPLE_LIST.XLS in GEOCHEM
in “Supplementary material.”

The shipboard pmH of the mud fluid was not re-
corded, as the samples had to be diluted 1:10 to carry
out the mud water separation. The mud logger’s re-
port, however, indicates that during the course of
drilling, the mud mix pmH values ranged from 9.3
to 11.9. The mud logs also reveal a number of signif-
icant modifications to the drilling mud that account
for the recorded changes in mud water chemistry.
Initially, and throughout the course of drilling in
Unit I, KCl was combined with the mud, giving a
mud density of 1.04–1.08 g/mL. During drilling in
Unit II, NaCl was added to the mud along with
NaOH, maintaining the mud density at 1.08 g/mL.
In Unit III, ASTEX-S sulfonated asphalt sodium salt
(SAS) was added to enhance hole stability as well as
to enhance the lubrication characteristics of the
drilling mud. The NaCl + KCl + SAS + NaOH mixture
was continued throughout Units III and IV, and mud
density was maintained at 1.10 g/mL until reaching
the final depth of 2466 mbsf. Filtered mud water
changed from colorless in Units I and II to a dark
amber color in Units III and IV. Significant changes
were made to the mud formulation when drilling
through Unit III, and the change in coloration may
be the result of the addition of ASTEX-S SAS to the
mud or it could be the result of colloidal-sized parti-
cles that were released from the sediment during
riser drilling of the coal-bearing intervals located in
the lowermost portions of Unit II, as well as Units III
and IV.

Total alkalinity of the mud water increased from 39.7
to 49.9 mM across Units I and II. Alkalinity then in-
creased abruptly to 77.7 mM in Unit III, followed by
a slight drop to 70.03 mM at the bottom of Unit IV.
The abrupt change between Units II and III was a re-
sult of a change in the drilling mud formulation that
involved the addition of NaOH. Chloride concentra-
tions in the mud ranged from 970 to 1131 mM
across Units I and II and then abruptly increased to
1548 mM in Unit III. Chloride values decreased
somewhat in Unit IV, ranging from 1367 to 1394
mM, which is still roughly twice that of average sea-
water (559 mM). Potassium concentrations in the
drilling mud were also significantly greater than sea-
water (10.5 mM) because of the initial addition of
KCl to the drilling mud (Fig. F24A). A rough mass
balance of the ions analyzed in the initial mud (Sam-
ple 2-LMT) shows that roughly ~600 mmol/L of KCl
was added to seawater to bring the mud up to the
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measured chloride values, and then an additional
~200 mmol/L of potassium as KOH was used to ad-
just the pmH. Potassium concentrations throughout
the course of drilling ranged from 756 to 662 mM,
with somewhat lower values in Unit IV, where the
mud was reformulated to contain NaCl and NaOH in
addition to KCl and KOH.

The sulfate concentration of Sample 2-LMT (27.95
mM) prior to drilling was similar to that of seawater
(28.9 mM) (Fig. F24B). The sulfate content of mud
water was adjusted to lower values during drilling in
Units I and II (20.5–25.7 mM); however, a sharp in-
crease in Unit III (56.0 mM) was followed by elevated
values in the mud used throughout drilling in Unit
IV (9.4–51.0 mM). These elevated values were a con-
sequence of the addition of ASTEX-S SAS to the drill-
ing fluid, which includes Na2SO4 as a major compo-
nent. Sodium concentrations also paralleled those of
chloride and sulfate, with sodium generally close to
or exceeding seawater (480 mM). Sodium concentra-
tions of the mud used in Units I and II ranged from
457 to 624 mM, increased to 1147 mM in Unit III,
and decreased slightly to 1014 to 1020 mM in Unit
IV. Salinity measurements showed similar trends
ranging from 98‰ to 103‰ in Units I and II, in-
creasing to 139‰ in Unit III, and decreasing again
with values between 126‰ and 127‰ across Unit
IV (Fig. F24C).

Because bromide was not included in the mud water
additives, concentrations remained similar to those
of the seawater (0.85 mM) that was mixed with the
drilling mud. The measured bromide concentrations
ranged from 0.68 to 0.94 mM across Units I–IV. A
number of ions potentially present in deep intersti-
tial water were notably below instrumental detection
limits in the drilling mud samples, including NH4

+,
NO3

–, and ΣPO4
3–. Magnesium and calcium concen-

trations are consistently less than seawater values
(54.0 and 10.6 mM, respectively). Prior to drilling,
the recorded Mg2+ concentration was 28.2 mM and
gradually decreased with depth to 2.23 mM at the
bottom of Unit IV. Likewise, Ca2+ started at 5.96 mM
before drilling and decreased to 4.05 mM at the bot-
tom of Unit IV.

Dissolved silica increased significantly during drill-
ing. The total dissolved silica content of the mud
started at 0.12 mM and increased to only 0.23 mM in
Unit I. However, concentrations increased to be-
tween 2.31 and 2.15 mM in Unit II, 4.42 mM in Unit
III, and 5.28–7.20 mM in Unit IV. The increase may
have occurred because of the addition of ASTEX-S
SAS, which contains crystalline silica. It was also
probably caused, in part, by the increased solubility
of silica at high pH (Eikenberg, 1990; Southwick,
1985). Dissolved barium should be negligible in the
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mud because of the presence of sulfate from seawater
(e.g., Torres et al., 1996) and from the added ASTEX-S
SAS. Nonetheless, barium is found in the drilling
mud samples in concentrations ranging from 5.1 to
42.6 µM across Units I–IV. The initial mud concen-
trations are the lowest, and most concentrations are
between 9 and 15 µM.

Cuttings
Coring was not performed during drilling of Unit I;
however, drilling cuttings were collected from the
shale shaker, which separates sediments before re-
turning the mud to the circulation tanks. Shipboard
analyses of cuttings water samples continued
through Unit II (Table T13) in order to provide a
comparison between the cuttings water and intersti-
tial water from sediment cores. A total of eight cut-
tings samples were processed and analyzed: three
from Unit I (Samples 337-C0020A-56-SMW, 66-
SMW, and 81-SMW) and five from Unit II (114-SMW,
128-SMW, 187-SMW, 197-SMW, and 213-SMW). The
first sample (56-SMW) was done in replicate, and
sediment fragments in the first portion were cleaned
prior to further processing by manually wiping the
adhering drilling fluid from individual cuttings
pieces with KimWipes, whereas the other portion
was processed in bulk without cleaning off drilling
fluid. The second sample (66-SMW) was manually
cleaned in a similar fashion, whereas all other sam-
ples were done in bulk because of the difficulty asso-
ciated with cleaning small cuttings fragments.
Within Unit II, the fluid from one sample (197-
SMW) was collected using a Rhizon sampler (See-
berg-Elverfeldt et al., 2005) in order to determine
whether there would be a significant difference be-
tween this procedure and that of the squeezed sam-
ples (see Fig. F24).

The results from the cuttings water bore many simi-
larities to the drilling water, including elevated
amounts of potassium ranging from 621 to 781 mM
(Fig. F24A), high sulfate concentrations of 18.6–23.8
mM (Fig. F24B), increased salinity values of 70‰–
103‰ (Fig. F24C), and high chloride concentrations
of 1129–1515 mM, that are all indicative of drilling
fluid contamination. Nonetheless, some significant
differences were found between the water squeezed
from the cuttings and that of the drilling mud water.
In Unit I, ammonium and phosphate were present in
the cuttings water but were below detection in the
drilling mud fluid. Ammonium ranged from 11.0 to
3.7 mM in Unit I and decreased with depth, with
concentrations generally <1 mM throughout Unit II.
Phosphate ranged from 13.5 to 3.6 µM in Unit I and
is mostly below detection in Unit II. The elevated
ammonium concentrations were unusual and were
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even greater than those observed in the interstitial
water samples of the WRCs.

Calcium and magnesium concentrations decreased
with depth in a fashion similar to the drilling mud.
Magnesium concentrations (33.5–10.6 mM) are
greater than those of the drilling mud, with the ex-
ception of one sample at the top of Unit II (0.15
mM). Calcium concentrations (2.44–0.76 mM) were
lower than the drilling mud associated with Units I
and II, with the exception at the top of Unit II (62.06
mM). As with the mud water samples, cuttings water
samples presented significant amounts of dissolved
barium (4.3–12.6 µM).

The differences between squeezing the deepest cut-
tings water samples (337-C0020A-187-SMW, 197-
SMW, and 213-SMW) and those collected using a
Rhizon sampler (197-SMW) were minimal. In this
case, the Rhizon sampler was used with wet cuttings
and no attempt was made to remove drilling mud
from the cuttings before sampling, such that the
fluid that was collected was in contact with the out-
side of the cuttings. The results with the Rhizon sam-
pler for salinity, alkalinity, sodium, and potassium
were bracketed by the values from the two adjacent
squeezed cuttings, whereas results for chloride, bro-
mide, and sulfate are similar to the values of one of
the adjacent squeezed samples. These results suggest
that the predominant source of water extracted by
squeezing of the cuttings is actually the fluid on the
exterior surfaces of the cuttings and not the fluid
within. Dissolved ions of the alkaline earth elements
Mg2+ (15.1 mM), Ca2+ (4.3 mM), Ba2+ (11.7 µM), and
Sr2+ (54.2 µM) were all significantly greater than the
adjacent squeezed counterparts. Although the cause
is not clear, it may be that the samples taken with
the Rhizon sampler were less prone to precipitation
loss of carbonates and sulfates in the brief time that
it took to extract the water.

Overall, the cuttings data provide limited informa-
tion regarding the in situ interstitial water composi-
tion of Site C0020 because of the high degree of con-
tamination from drilling fluid. They do, however,
provide an end-member for any interactions that
might occur between the drilling mud and extremely
contaminated sediment. Enrichments in ammonium
observed in the cuttings water samples of Unit I were
greater than those observed in the interstitial water
samples. The enrichment of ammonium is likely due
to desorption of exchangeable ammonium caused by
contact with the drilling mud, which is highly en-
riched in KCl (see above); a common analytical
method to determine exchangeable ammonium in
soils is to leach them with 1–2 M KCl solution such
that K+ saturates all of the NH4

+ adsorption sites
(Kowalenko and Yu, 1996).
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Whole-round cores
A total of 48 whole-round samples were collected
from 32 cores for interstitial water analyses in Hole
C0020A, and the whole-round lengths ranged from
15 to 76 cm. Because of low porosity and permeabil-
ity (see “Physical properties”), only 24 of the pro-
cessed WRC samples yielded interstitial fluid
through squeezing, with low volumes between 33.5
and 0.2 mL despite large subsamples (up to 70 cm
per WRC for selected segments). Of the 24 cores that
yielded interstitial water, 15 were from sediment in
Unit II, 7 from Unit III, and 2 from Unit IV.

The interstitial water yield is shown in Figure F25,
expressed as a volume of the fluid extracted per vol-
ume of sediment squeezed. The sediment volume
was calculated based on the length of the whole-
round section and the diameter of the section after
peeling. The greatest yields (>30 mL/dm3) were in
poorly consolidated sandstone, including highly
contaminated samples from the top of Unit II. Silty
sandstone located in Units II and III had variable
yields (0–32 mL/dm3). In Units II and III, yields from
siltstone were 0–12 mL/dm3. No interstitial water
was gained from coal and shale samples regardless of
the location. In Unit IV, very little fluid (0.2–1 mL/dm3)
if any was extracted, regardless of lithology.

When cleaning off the cores for interstitial water
squeezing, it was observed that after scraping off the
potentially contaminated drilling mud fluid many of
the clay-rich samples initially appeared dry under-
neath and then became wet again after a few sec-
onds. This might have been due to capillary action
or was possibly caused by gas separation from the
fluids that pushed the interstitial water from the cen-
ter toward the outside of the cores.

Salinity, total alkalinity, and pH
Downhole salinity information was derived based on
the refractive index data collected for the 24 ana-
lyzed whole-round samples (Fig. F26A; Table T14). A
large range in salinity values from 27‰ to 77‰ is
observed throughout the sequence in Hole C0020A.
The most saline fluids (68‰–77‰) were situated at
the top of Unit II, where pore water was highly con-
taminated with saline drilling mud and should not
be taken into consideration when describing down-
hole trends in pore water chemistry. Neglecting
these highly contaminated samples, the salinity re-
mained at ~40‰ in Units II and III and decreased at
the bottom of Unit III, reaching 27‰ in Unit IV. Sa-
linity values of ~40‰ were probably still signifi-
cantly impacted by contamination. Nevertheless, the
decreasing trend with depth is consistent with a
gradual change in the paleosedimentary environ-
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ment and may reflect the influence of a low-salinity
end-member, suggesting an estuarine environment
(see “Lithostratigraphy” and “Paleontology”). Al-
ternatively, the presence of a deeper pure water
source (e.g., clay dewatering, etc.) may have resulted
in fluid migration, characterized by a lower salinity,
in the overlying sediment column.

Interstitial water samples from 335 mbsf analyzed
during the Chikyu shakedown cruise (Expedition
CK06-06) revealed a maximum alkalinity of 127 mM
at 299.6 mbsf, followed by a decrease in alkalinity to
77 mM at 360.8 mbsf (Tomaru et al., 2009; Higuchi
et al., 2009). Excluding the highly contaminated
samples from the upper part of Unit II (Fig. F26B; Ta-
ble T14), the highest alkalinity was 14.2 mM found
in Unit III. This indicates that pore water alkalinity
decreases significantly with depth and most likely
indicates that active contributions of dissolved inor-
ganic carbon to the alkalinity through processes
such as anaerobic oxidation of methane (AOM) (e.g.,
Borowski et al., 2000) are much less significant in
Units II–IV than in the shallower sediments investi-
gated in the shakedown cruise.

Given that the yields of interstitial water in the
deeper analyzed parts of Hole C0020A were limited
and leaving heavily contaminated samples out of
consideration, only a few valid pmH measurements
were carried out. At the top of Unit II, pmH values of
8.3–8.6 were found, followed by a pmH of 9.1 at the
bottom of this unit. In Unit III, pmH values range
between 7.5 and 8.2 (Fig. F26C; Table T14).

Chloride, bromide, and sulfate
Excluding the contaminated samples at the top of
Unit II, chloride concentrations of interstitial water
in Hole C0020A showed relatively little change with
depth, with average values ~600 mM (Fig. F27A; Ta-
ble T14). Positive deviations (as high as 715 mM)
were likely a result of drilling mud contamination.
In general, chloride concentrations were higher than
those observed during the Chikyu shakedown cruise,
which decreased very gradually in a linear fashion
from 542 mM at 1.4 mbsf to 525 mM at 363.1 mbsf
(Tomaru et al., 2009; Higuchi et al., 2009). The low-
est values for Hole C0020A were 488 and 459 mM
from Units III and IV, respectively. Whether these
two values represent local freshening associated with
the coalbeds or are part of the gradual decreasing
trend, presumably due to clay alteration at depth
(e.g., Tomaru et al., 2009), is uncertain.

Bromide exhibits a similar pattern, with concentra-
tions fluctuating at ~800 µM throughout the ana-
lyzed sequence (Fig. F27B; Table T14). This value
roughly coincides with the shallow pore fluid from
the Chikyu shakedown cruise, which yielded a Br
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concentration of 824 µM at 1.4 mbsf, yet is signifi-
cantly lower than Br– concentrations that are in the
deeper subsurface sediment (150–363 mbsf), which
are generally 1000–1200 µM (Tomaru et al., 2009). As
for the case of chloride, a decrease in bromide con-
centrations is observed at the bottom of Unit IV at
459 µM.

The dissolved sulfate concentrations across the ana-
lyzed sequence illustrate the extent of drilling mud
water incorporation into the sediment cores (Fig.
F27C; Table T14). In the case of highly contami-
nated samples, sulfate concentrations in the intersti-
tial water samples were as high as 9.9 to 20.2 mM at
the top of Unit II. Below these uppermost samples in
Unit II, sulfate concentrations at range from 0.97 to
2.31 mM. This is somewhat greater than the major-
ity of samples collected during the Chikyu shake-
down cruise in 2006 from below the sulfate–meth-
ane transition, which exhibited sulfate
concentrations either below detection or between
0.1 and 0.3 mM, with the exception of sampled
sandy intervals that showed contamination by mod-
ern seawater and sulfate as high as 11 mM (Tomaru
et al., 2009). The increase in sulfate in Units III and
IV to values of 1.1 to l1.35 mM corresponds to an in-
crease in sulfate in the drilling mud.

Phosphate and ammonium
The recorded phosphate and ammonium concentra-
tions of the interstitial water samples can be as-
sumed to represent values for in situ interstitial wa-
ter concentrations diluted somewhat by drilling mud
because there are only two exceptions where drilling
mud has detectable amounts of these two species.
Phosphate was not detectable throughout the major
part of the sequence, with the exception of two in-
terstitial water samples in the uppermost part of Unit
II (Table T14). These samples were characterized by
phosphate concentrations of 3.3–5.4 µM, which are
close to the detection limit of ~2.7 µM.

Ammonium was detectable throughout Hole
C0020A (Fig. F28A; Table T14). Ammonium concen-
trations were 3.3–7.8 mM in the upper, most con-
taminated samples of Unit II and decreased some-
what to between 2.0 and 2.89 mM in the lower part
of the unit and 1.3–3.2 mM in Unit III. The data pos-
sibly suggest a downhole decrease in interstitial am-
monium concentrations; however, there is no cer-
tainty regarding the actual source. The measured
concentrations might represent (1) a diluted signal
after incorporation of drilling mud water into the in-
terstitial water sample, (2) natural variation in the
interstitial water composition, or (3) variable desorp-
tion from clay minerals and organic matter exposed
to the highly alkaline drilling mud.
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Interstitial water samples were also analyzed for ni-
trate using ion chromatography. Reoccurring values
of around a few hundred micromolar (maximum =
440 µM) were found in roughly half of the pore wa-
ter samples; however, all of the values were below or
close to the method’s detection limit (350 µM). Ac-
cordingly, the nitrate results are considered to be un-
reliable and, therefore, these data were not included
in the results table.

Alkali metals and alkaline earth elements
Sodium concentrations generally paralleled those of
chloride, with relatively little change throughout the
column (Fig. F28B; Table T14). The majority of the
samples fell in the range of 515–620 mM. Several
high values in Units III and IV (630 to 667 mM) cor-
respond to high chloride values and probably are in-
fluenced by the addition of NaCl to the drilling mud
over this interval. Low values of 466 and 413 mM in
Units III and IV correspond to the lowest chloride
values, which, as discussed, may represent either
freshening through clay dewatering or the influence
of an estuarine depositional environment.

Potassium was one of the major components of the
drilling mud because of the addition of KCl and
KOH. The admixture of even minor amounts of mud
water with interstitial water has a serious impact on
the overall K+ concentrations (Fig. F28C; Table T14).
For example, a 5% mixture of mud water (Ca2+ = 5.95
mM, K+ = 847 mM) with seawater (Ca2+ = 10.55 mM,
K+ = 10.44 mM) yields a net composition of 10.3 mM
Ca2+ and 52.3 mM K+. High levels of contamination
were clearly found at the top of Unit II, where potas-
sium was as high as 448 mM. In cases where the con-
tamination was not as high, values generally ranged
from 10 to 50 mM, and in several instances within
Units III and IV, potassium was actually below seawa-
ter values (2.34–3.31 mM).

Magnesium concentrations were generally greater in
the interstitial water samples than in drilling mud at
similar depths (Fig. F29A; Table T14). The uppermost
four samples of Unit II show levels of magnesium
(31.8–47.0 mM) that exceed those of the drilling
mud water in the same unit (14.0–23.8 mM). The
least contaminated samples in Units III and IV have
concentrations of 12.4 and 7.3 mM, respectively,
compared to 2.2–5.2 mM in the drilling mud across
the same intervals. Although the interstitial water
magnesium values are significantly greater than the
mud water values, they are lower than concentra-
tions measured during the Chikyu shakedown cruise
for deep sediment interstitial water, which all exceed
70 mM at depths >200 mbsf (Higuchi et al., 2009).
The loss of magnesium in the interstitial water is
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likely due to authigenic mineralization of dolomites
between sand grains, which was observed in some of
the deeper sediment layers associated with the coal-
beds (see “Lithostratigraphy”).

Calcium concentrations in the interstitial water were
high (14.7–39.2 mM) throughout the sediment col-
umn (Fig. F29B; Table T14) and were significantly
greater than drilling mud concentrations (3.5–8.4
mM). They also exceed the interstitial water calcium
concentrations of ~4 mM observed in most samples
collected deeper than 300 mbsf during the Chikyu
shakedown cruise (Higuchi et al., 2009). High cal-
cium concentrations at Site C0020 may indicate that
the low-alkalinity water in Units II–IV is undersatu-
rated in calcite or aragonite but still saturated with
regard to dolomite. This would suggest that progres-
sive dolomitization is occurring in calcite as it is bur-
ied. Dolomites are often associated with microbial
activity and AOM in organic-rich sediments along
continental margins (e.g., Meister et al., 2007).

Strontium concentrations in the interstitial water
(93.9–719.6 µM) also greatly exceed concentrations
found in drilling mud (13.6–57.8 µM), and thus the
influence by contamination on this element is prob-
ably low (Fig. F29C; Table T14). Strontium concen-
trations uniformly exceed seawater concentrations
(~93 µM) as well as in the deeper cores from the
Chikyu shakedown cruise (~90 µM at 200 mbsf to
~80 µM at 300 mbsf) (Higuchi et al., 2009). Because
strontium is generally coprecipitated with calcium in
authigenic calcites to a much greater degree than in
authigenic dolomites (Snyder et al., 2007), the in-
crease in strontium concentration may be another
indicator of deep dolomitization.

Barium concentrations are low at the top of Unit II
(12.8–31.1 µM), are greatest in Unit III (29.25–78.76
µM), drop in Unit IV (25.1–38.9 µM) (Fig. F29D; Ta-
ble T14), and are, in general, greater than drilling
mud values (5.7–14.43 µM, with the exception of
one mud sample at 42.6 µM in Unit II). The elevated
values in the drilling mud probably represent in situ
dissolution of sedimentary barite in the pore water
under anoxic conditions (e.g., Torres et al., 1996).
Because of contamination by drilling mud and re-
sulting sulfate enrichment, the sampled interstitial
water is extremely supersaturated with respect to
barite. However, precipitation is either inhibited by
other components in the mud or the reaction kinet-
ics are such that there is not enough time for a sub-
stantial portion of the dissolved barium to precipi-
tate. In Unit IV, barium concentrations are roughly
half those of Unit III, but given the presence of drill-
ing mud sulfate, it is not possible to determine
whether this is caused by a drop in the in situ pore
water Ba concentrations or if more barium simply
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precipitated from the pore water during sediment re-
covery and squeezing.

Transition metals and metalloids
Boron concentrations are generally somewhat lower
than seawater (416 µM) in Units II–IV (Fig. F30A; Ta-
ble T14). One sample was as low as 82 µM and four
other samples were <150 µM, but generally the inter-
stitial water samples presented concentrations com-
parable to or greater than the concentrations of bo-
ron in mud water samples (166–238 µM). Two
samples in Unit II were greater than seawater at 465
and 691 µM, whereas one sample in Unit IV was sig-
nificantly enriched at 1313 µM. The enrichments
may be indicative of the diagenetic release of boron
from sedimentary organic matter (e.g., Snyder et al.,
2005; You et al., 1993). Desorption and adsorption
on clay minerals in the alkaline drilling mud likely
has an influence on the squeezed pore water, such
that the variations in observed boron concentrations
may not be representative of the actual in situ com-
position of interstitial pore water.

Lithium enrichments may be indicative of the dewa-
tering reactions in deeply buried clay (Martin et al.,
1991). Several cores from Unit III presented lithium
concentrations >300 µM, which is higher than the
drilling mud across the lower part of Unit II through
Unit III (151.8–259.8 µM); however, the most con-
taminated interstitial water sample in the upper part
of Unit II also contained lithium at 353.3 µM (Fig.
F30B; Table T14). Although all of the samples
showed significant enrichments relative to average
seawater (26 µM), the overlap with drilling mud con-
centrations makes it difficult to derive more than a
general observation that pore water does show some
degree of enrichment in Unit III.

Dissolved silica concentrations generally decrease
with depth from as high as 867 µM in Unit II to as
low as 68.9 µM at the deepest sample recovered from
Unit IV (Fig. F30C; Table T14). In contrast, dissolved
silica concentrations in the mud samples increase
with depth either because of the dissolution of silica-
bearing fossils (see “Paleontology”) or the dissolu-
tion of silica in the ASTEX-S SAS additive (Eikenberg,
1990; Southwick, 1985). The lower silica concentra-
tions in deeper interstitial water samples may be due
to lower contamination from drilling mud.

Interstitial water tends to have less iron than the
drilling mud (Fig. F30D; Table T14), and thus, the
water samples are highly sensitive to iron contami-
nation. The highest iron concentrations (5.1–25.0
µM) are in the top of Unit II, which makes the actual
interstitial water composition suspect. In contrast,
manganese concentrations in interstitial water (Fig.
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F30E; Table T14) exceed those in the drilling mud,
particularly in the coal-bearing Unit III, where the
maximum dissolved manganese concentration is
41.3 µM. However, the long squeezing times of some
samples under oxic conditions may have oxidized
both iron and manganese to their higher, less soluble
oxidation states (Stumm and Lee, 1961) so that ac-
tual concentrations may have been higher within
the formation than the observed values of squeezed
pore water. The increase in Mn across Unit III
roughly parallels the enrichments observed in Li.

Formation water samples
This is the first IODP expedition in which a down-
hole Quicksilver In Situ Fluid Analyzer (IFA) was de-
ployed to select and retrieve fluids directly from the
walls of the borehole, collecting them in a single-
phase multisample chamber (SPMC) and then trans-
ferring them shipboard into Single-Phase Sample
Bottles (SSB) (see “Wireline logging” in the “Meth-
ods” chapter [Expedition 337 Scientists, 2013b]). In
preparation for IFA sampling, a decision was made to
seek out the sandy layers that were in close associa-
tion with the coalbeds for sampling. The rationale
behind this decision was that the high permeability
of the sand would allow the fluid flowline of the IFA
to more effectively draw fluids from deeper within
the target sediment in a reasonable amount of time.
During sampling, the guard flowline would allow
any surficial fluids that are contaminated by drilling
mud to be effectively drawn away from the point of
contact between the sediment formation and the
fluid flowline (Mullins, 2008).

Deployment of the IFA was successful in precisely
identifying potential sampling sites down the bore-
hole, and Downhole Fluid Analysis (DFA) provided a
preliminary assessment of the permeability and flow
of formation fluid into the probe. Six samples were
collected in the SPMC from Units II and III (see
“Wireline logging” in the “Methods” chapter [Expe-
dition 337 Scientists, 2013b]) and transferred to SSBs
for gas and water analysis. Unfortunately, the forma-
tion water samples all showed drilling mud contami-
nation, including high salinity and high chloride
(Table T15). Sulfate concentrations in the formation
water ranged from 7.9 to 23.9 mM, which was less
than drilling mud water across Units II and III
(20.52–55.96 mM) but only slightly lower than
highly contaminated drilling cuttings across these
intervals (18.6–23.3 mM) and greater than the pore
water of lower part of Unit II and all of Unit III
(0.97–10.5 mM). Potassium in the SSBs also showed
significant drilling mud contamination, with con-
centrations ranging from 76.5 to 375.5 mM, which is
less than mud water samples across these units
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(643.0–732.9 mM) and less than water extracted
from drilling cuttings in Unit II (648.4–781.5 mM)
but is comparable to the highly contaminated pore
water samples at the top of Unit II (65.2–448.5 mM)
and is significantly more contaminated than the
samples from the lower part of Unit II and Unit III
(3.3–57.1 mM).

Despite these results, a number of interesting conclu-
sions can be made that will be of some use in the fu-
ture design and deployment of in situ sampling de-
vices. In some respects, formation water shows a
change in composition between Units II and III. So-
dium increases from 550–567 mM in Unit II to 641–
861 mM in Unit III (Fig. F31A). Sulfate concentra-
tions are between 5.1 and 7.9 mM in Unit II and
more enriched in Unit III, with values from 11.4 to
23.8 mM (Fig. F31B). Chloride increases from 670–
777 mM in Unit II to 769–1125 mM in Unit III (Fig.
F31C). This change is likely due to the change in the
formulation of the drilling mud between Units II
and III to include ASTEX-S SAS as well an increase in
both sodium chloride and potassium chloride. De-
spite the high sulfate concentrations, dissolved bar-
ium is present in the formation water (12.1–52.7
µM) in concentrations similar to the pore water over
the lower parts of Unit II and Unit III (9.0–78.8 µM)
and greater than the mud cuttings in Unit II (4.6–
11.7 µM), suggesting that either the drilling mud
contamination occurred at the time of sampling and
the samples did not have time to precipitate barite,
or barite precipitation was inhibited by other ions in
solution.

Contamination assessment
The degree to which the sediment pore water has
been contaminated by drilling mud may be deter-
mined quantitatively if a number of working as-
sumptions are made. An estimate of the fraction of
mud water contamination in the pore water may be
determined by assuming binary mixing between
mud fluid and interstitial water. In order to deter-
mine this fraction, a single ionic species whose com-
position is distinct between the mud end-member
and a pore water end-member must be selected,
where the change in composition in the uncontami-
nated pore water is assumed to be negligible with
depth. Finally, it is assumed that the mixing process
is essentially nonreactive. The degree to which these
assumptions are considered valid or not is evaluated
by using several different ionic species and compar-
ing the calculated fraction of mud water contamina-
tion. In this particular case,

XDML = ([A]meas – [A]FW)/([A]DML – [A]FW),
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where

XDML = fraction of drilling mud liquid mixed into
the sampled water,

[A]meas = measured concentration of species A,
[A]FW = assumed concentration of species A in the

formation water, and
[A]DML = concentration of species A in the drilling

mud.

In the case of interstitial water, drilling cuttings, and
formation water, XDML was determined using three
different parameters: sulfate, potassium, and salinity
because within the Chikyu shakedown cruise Hole
C9001C (Tomaru et al., 2009; Higuchi et al., 2009)
the formation water concentrations ([A]FW) of these
three parameters did not appear to change apprecia-
bly below 200 mbsf. The assumption is made that
[SO4

2–]FW is 0 mM because samples were collected
well below the sulfate–methane transition (4.5
mbsf). Based on the deepest sample (363 mbsf) from
this previous cruise, [K+]FW is 12.2 mM and [salin-
ity]FW is 38‰. Measured interstitial water concentra-
tions ([SO4

2–]meas, [K+]meas, and [salinity]meas) from Ta-
ble T14 were matched with the mud composition
from the nearest depth within the same unit in order
to select the appropriate values of [SO4

2–]DML, [K+]DML,
and [salinity]DML from Table T12. Using this ap-
proach, the mud fraction was calculated and plotted
with depth (Fig. F32). The average and standard de-
viation between the three derived mud fractions are
also shown in the plot for the formation water.

The mud fraction in the interstitial water, based on
sulfate in the most contaminated upper part of Unit
II, ranged from 0.43 to 0.88 and then generally de-
creased to below 0.1. The mud fraction based on po-
tassium was 0.32–0.69 in the contaminated samples
in the upper part of Unit II and was generally <0.05
throughout the rest of Unit II and all of Units III and
IV. Based on salinity, the contaminated upper sam-
ples had mud fractions between 0.50 and 0.65,
whereas the deeper samples generally had mud frac-
tions of 0.05 or less. When calculating the mud frac-
tion from potassium and salinity, a few values were
<0, suggesting actual shifts in the formation water
potassium and salinity that make the estimated [A]FW

value larger than it should be.

Using this approach for the cuttings water, showed
even higher degrees of contamination based on sul-
fate concentrations, with mud fractions ranging
from 0.76 to 0.90 in Unit II and 0.81 to 1.00 in Unit
III. The mud fraction based on potassium could not
be used because potassium concentrations in the
cuttings were greater than both those in the pore wa-
ter and those in the drilling mud, presumably caused
by clay dissolution by the alkaline mud. The mud
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fraction in the cuttings based on salinity was 0.690–
0.75 in Unit II and 0.81–1.00 in Unit III.

The mud fraction in the formation water collected in
the SSBs was 0.25–0.35 in Unit II and 0.20–0.43 in
Unit III, based on the presence of sulfate. Based on
potassium concentrations, the fraction of mud was
0.10–0.32 in Unit II and 0.17–0.51 in Unit III. Fi-
nally, the salinity of the formation water suggests a
range of mud fractions of 0.03–0.24 in Unit II and
0.09–0.33 in Unit III. (Fig. F32). With the exception
of the shallowest SSB in Unit I, all other samples
show greater fractions of mud water contamination
than are observed in the squeezed pore water sam-
ples. Using the mud fractions derived from sulfate,
potassium, and salinity and the concentrations of
the other dissolved species for each sample in Table
T14, corrections in the pore water concentrations
could be carried out using

[A]corr = ([A]meas – XDML[A]DML)/XIW,

where

[A]corr = corrected in situ concentration of the ana-
lyte,

[A]meas = measured concentration of the analyte,
[A]DML = element concentration in the drilling mud

water,
XDML = molar fraction of drilling mud liquid in-

troduced into the sample during drilling,
and

XIW = fraction of in situ interstitial water in the
sample, and where XDML + XIW = 1.

No attempt was made to carry out corrections where
XDML > 0.2.

The approach was taken of averaging the three cor-
rections (sulfate, potassium, and salinity) and taking
the error between the three to be 1 standard devia-
tion from the mean. Results are shown in Figure F33
for alkalinity, Ca, Mg, and Sr. Note that error bars for
alkalinity are much larger than for Ca, Mg, and Sr be-
cause the mud has an alkalinity similar to the inter-
stitial water samples. In contrast, errors for the alka-
line earth elements are relatively small because the
mud concentrations for these elements are signifi-
cantly lower than those of the interstitial water. The
increase in alkalinity, Ca, Mg, and Sr in the corrected
profiles of Figure F33 becomes much more discern-
ible in the corrected profiles than in Figures F26 and
F29.

Organic geochemistry
During Expedition 337, organic geochemists investi-
gated gas and solid-phase samples on board the ship
and took gas, solid-phase, and interstitial water sam-
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ples for postcruise research. The shipboard gas pro-
gram included continuous on-line monitoring of
mud gas that was extracted from the drilling mud in
a separator unit and transferred to a mud-gas moni-
toring laboratory unit next to the rig floor, as well as
the analysis of gases in samples taken from cuttings,
sediment cores, and formation fluid. The formation
fluid samples were retrieved under in situ pressure by
Downhole Fluid Analysis (DFA). Together with hy-
drocarbon gases and their stable carbon isotopic
composition, hydrogen, carbon monoxide, and no-
ble gases were the most important target com-
pounds, and O2 and Ar were monitored to account
for the introduction of air and for corrosive processes
during drilling operations. In addition, radon was re-
corded by a third-party tool provided by the Japan
Agency for Marine-Earth Science and Technology
(JAMSTEC) Institute for Research on Earth Evolution
(IFREE).

For shipboard solid-phase analysis, samples were col-
lected from cuttings and sediment cores and cuttings
for elemental analysis (C in organic and inorganic
form, N, and S) and characterization of the kerogen
type via Rock-Eval pyrolysis. In addition, lipids (in-
cluding fossil hydrocarbons, phospholipid fatty ac-
ids, and intact polar lipids) were extracted from cut-
tings and sediment cores by accelerated solvent
extraction for both shipboard and shore-based analy-
sis. The different types of biomarkers will help to
characterize the deep coalbed biosphere and con-
strain the thermal history of the hole.

Fresh sediment samples were taken for shipboard
and shore-based incubation experiments to study
microbial life. On board the ship, a total of 43 exper-
iments were started and will be continued post-
cruise: 34 WRCs from selected typical lithologies
were processed in 14C-radiotracer experiments to de-
termine rates of microbial metabolic activities such
as methanogenesis and acetogenesis. In addition,
nine WRCs were used for a series of stable isotope
probing (SIP) experiments in which compounds la-
beled with either 13C or deuterium (D) will serve to
track substrate utilization and uptake into cellular
biomass. The analysis of gas, solid-phase, and fluid
samples together with radiotracer and SIP experi-
ments will allow us to track the carbon flow in the
deep subseafloor biosphere within, above, and below
the Shimokita coalbeds and will help us test the hy-
pothesis that biogenic methane is formed in situ
within coal seams.

Gases
On-line monitoring and sampling of mud gas
The goal of mud-gas monitoring was the real-time
characterization of formation gases as they were re-
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covered from the borehole and brought to the sur-
face with the circulating drilling mud. On-line analy-
ses were conducted using a methane carbon isotope
analyzer (MCIA), a gas chromatograph (GC)–natural
gas analyzer (NGA), and a process gas mass spec-
trometer (PGMS) while drilling operations were
monitored and recorded via the SSX database. The
on-line mud-gas analysis of hydrocarbon gases was
complemented by dissolved hydrocarbon gas analy-
sis in 48 samples of unwashed cuttings and 65 sam-
ples of sediment cores using the headspace tech-
nique.

During operations in Hole C0020A, gas monitoring
data were recorded nonstop, including periods dur-
ing which drilling was intermittent, such as when
periodic “tripping” or emplacement of new pipe
stopped progress, as well as periods of flushing to
clean the hole. Because a round trip of drilling mud
through the borehole took ~1–2 h (depending on
hole depth and mud flow rate), interruptions in drill-
ing operations affected the recovered mud gas after a
lag time of 1–2 h. Figure F34 shows the depth from
which mud gas was recovered at a certain day and
time (note that all activities were recorded in ship
time [UTC + 8 h]). We observed that on-line data
started to scatter widely when drilling paused and
mud gas was recovered from the same depth for >5
min. Therefore, we strictly limited our data interpre-
tation and sampling activities to mud gas that re-
sulted from periods in which drilling advanced into
the geological formation and mud flow allowed for
sufficient mud-gas recovery. Furthermore, the drill-
ing rate in combination with the mud circulation
rate, mud weight, and mud to headspace ratio in the
separator impacts the recovery of gas from the for-
mation (Erzinger et al., 2006). Because the conver-
sion of mud-gas contents into absolute gas concen-
trations in the drilled rock is not straightforward, we
limit our presentation of results here to the discus-
sion of the relative ratios of gas species in the mud
gas.

For the deepening of Hole C0020A from 647 to 2466
mbsf, we identified 96 discrete time intervals in
which drilling actively advanced into the formation
(Table T16), totaling 68 h of drilling time during
which more than a million discrete data points were
recorded for the characterization of mud gas. Mud-
gas monitoring yielded an almost continuous depth
profile of the various target compounds from 647 to
2466 m MSF. A few data gaps exist, however. They
correspond to periods in which no or not enough
mud gas could be recovered, either because of low
mud flow rates, or because of exceptional events like
the complete loss of drilling mud at 1110 m MSF and
the clogging of the mud-gas line when drilling mud
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was arriving from sediment horizons at ~750 and
960 m MSF.

Hydrocarbon gases
The primary and novel continuous monitoring in-
strument used to measure mud gas was the MCIA. It
provides information on the content and carbon iso-
topic composition of methane in mud gas that is
continuously flowing through the instrument with-
out separation of compounds or further addition of
carrier gas. In scientific ocean drilling, Expedition
337 provided the first opportunity to test the MCIA
in the field, and the accuracy of the recorded data
will be carefully evaluated on shore using selected
mud-gas samples and isotope-ratio-monitoring gas
chromatography/mass spectrometry as a well-estab-
lished standard method for carbon isotopic analysis
of hydrocarbon gases (e.g., Ertefai et al., 2010). By si-
multaneous monitoring of drilling parameters and
MCIA data, we observed that operational changes
strongly affected the methane content of the recov-
ered mud gas but did not have an obvious effect on
the δ13C values of methane. Nevertheless, the poten-
tial effect of drilling on the carbon isotopic composi-
tion of methane recovered with mud gas deserves
careful postcruise evaluation. 

The MCIA was operated at a frequency of one mea-
surement per second. During the 68 h active drilling
period (Table T16), >186,000 data points were re-
corded for both the content and isotopic composi-
tion of methane in the mud gas continuously flow-
ing through the MCIA. In general, 100–200 data
points were obtained per drilled meter of sediment,
depending on drilling parameters (i.e., ROP). Depth-
based averages were compiled for these data to gen-
erate discrete data for corresponding depths (Table
T17). 

In the drilled depth interval between 647 and 2466
m MSF, methane is relatively depleted in 13C, with
δ13C values ranging from –76.5‰ to –58.8‰ (versus
Vienna Peedee belemnite [VPDB]) and averaging
around –65.6‰ vs. VPDB. According to the well-es-
tablished carbon isotopic systematics of methane
(e.g., Whiticar, 1999), the carbon isotopic composi-
tion of mud-gas methane suggests biogenic methane
sources to a depth of 2466 m MSF. Figure F35 illus-
trates that the carbon isotopic composition of meth-
ane varies distinctly with sediment depth. At the
shallowest drilled depth of ~640 m MSF, δ13C values
are around –65‰ vs. VPDB and closely match δ13C
values of methane that were observed at this site in
sediment cores recovered from ~358 mbsf during the
Chikyu shakedown cruise (Expedition CK06-06)
(F. Inagaki et al., unpubl. data). Below ~1100 m MSF,
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δ13C values decrease with respect to depth and reach
a local minimum of around –75‰ vs. VPDB at
~1400 m MSF. With further increasing depth, δ13C
values first increase to about –62‰ vs. VPDB at 1800
m MSF, remain more or less constant between 1800
and 2050 m MSF, and finally show a slight trend to-
ward more negative values between 2050 m MSF and
the bottom of the hole at 2466 m MSF. The corre-
spondence of these isotopic variations with depth to
microbial communities and availability of substrates
will be further investigated in postcruise studies.

On-line monitoring of methane by the MCIA was
supplemented by on-line GC-NGA analysis of meth-
ane and higher hydrocarbon gases with a frequency
of roughly three analytical runs per hour, which
yielded a total of 189 analyses (Table T18) during ac-
tive drilling times (Table T16). Although the inter-
pretation of methane content alone is not straight-
forward, as it cannot be directly related to methane
concentration in the formation (see above), simulta-
neous analysis of methane and higher hydrocarbon
gases allows calculation of C1/C2+ ratios. The C1/C2+

ratio is a valuable parameter to distinguish between
hydrocarbon gases from biogenic and thermogenic
sources (e.g., Whiticar, 1999). C1/C2 ratios were ob-
tained not only during on-line mud-gas monitoring
(Table T18) but also for dissolved gases in cuttings
(Table T19) and sediment cores (Table T20) using
headspace analysis. The results of the three different
methods are depicted together in Figure F36.

Overall, on-line mud-gas monitoring resulted in sys-
tematically higher C1/C2 ratios than headspace anal-
ysis of cuttings, and C1/C2 ratios in core samples plot
intermediate between the two (Fig. F36A). Methane
degasses more easily than ethane, and the distinctly
lower C1/C2 ratios in cuttings compared to mud gas
might result from preferential degassing of methane
during sample retrieval. Nevertheless, gas analyses
from cuttings, cores, and mud gas altogether point
to a biogenic source of the methane observed in
Hole C0020A.

Because the occurrence of major amounts of C2 (to
C5) is associated with thermogenic hydrocarbon gen-
eration, high C1/C2 ratios indicate biogenic methane
formation when methane concentration exceeds
10,000 parts per million (ppm). However, for the in-
terpretation of C1/C2 ratios one has to consider that
minor amounts of C2 (and C3, C4, and C5) can also be
generated in situ during early diagenesis of organic
matter. The importance of this process increases with
increasing burial depth, resulting in a consistent
(“normal”) decrease in C1/C2 with increasing tem-
perature (Pimmel and Claypool, 2001; Ocean Drill-
ing Program, 1992). The plot of C1/C2 ratios obtained
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from on-line mud-gas monitoring versus in situ tem-
perature (assuming a geothermal gradient of 24°C/km
and a bottom water temperature of 6°C) shows a nor-
mal increase with depth and suggests that the gases
formed in situ, rather than having been transported
from greater depth (Fig. F36B).

Although C1/C2 ratios of mud gas generally decrease
with increasing depth as expected, they show a dis-
tinct excursion toward higher values between 1840
and 2054 m MSF (i.e., the depth interval in which 12
coal layers were observed in sediment cores and dur-
ing downhole logging). At greater depth, C1/C2 ratios
decrease again. The excursion of the C1/C2 ratio
points to the enhanced activity of biogenic metha-
nogenesis in or between the coal layers relative to
under- and overlying sediments.

In contrast to on-line mud-gas monitoring, analysis
of dissolved gases in cuttings and cores by headspace
sampling provides some clues on the concentration
of hydrocarbon gases, though most of the gas dis-
solved in pore fluid may have escaped prior to sam-
pling because of depressurization of the core during
recovery. We collected 48 cuttings samples as well as
65 headspace samples from sediment cores, includ-
ing four that we took directly from the coal layers.
For better comparability, all concentrations are re-
ported in moles hydrocarbon per liter interstitial wa-
ter, based on concentration measurements in vials
and the mass and porosity of sediment sampled. In
several samples, the hydrocarbon concentration was
greater than the calculated values for in situ satura-
tion of interstitial water despite some degassing dur-
ing core recovery. This suggests that substantial free
or sorbed gas existed in the sediments at depth. In
cuttings, methane was still present in concentrations
ranging from 3 µM to ~1.4 mM. Methane concentra-
tions reached particularly high values at ~1820 and
1920 m MSF (Table T19), suggesting a methane
source in the coal layers found at this depth. This
trend is even more obvious in headspace samples
taken from cores. For samples taken from the sedi-
ment cores without coal layers, methane concentra-
tions were usually <5 mM (Table T20), but in sam-
ples taken from coal layers or adjacent sediments,
methane concentrations were distinctly elevated, ex-
ceeded 50 mM in several cases, and reached a maxi-
mum of ~270 mM at 1920 m CSF-B. The latter con-
centration exceeds the in situ solubility of methane
and points to the presence of coalbed methane,
which is typically sorbed in micropores of organic
matter. We noted bubbling of free gas from adjacent
sediments in the coal-bearing cores and took four
void gas samples from Core 337-C0020A-22R, in
which the methane content exceeded 80%.
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In the process of riser drilling, drilling mud is recy-
cled (the mud is pumped through the hole, returned
to the ship, and used again). In order to ensure that
the gases measured during mud-gas logging were de-
rived from the formation, it was necessary to deter-
mine if carryover of gases existed in the mud gas that
was to be reused. Over the course of 10 days, 14 sam-
ples were taken from the drilling mud tank. Over
this period, the drilling mud had an average concen-
tration of 25 ppm methane and traces of higher hy-
drocarbons (<12 ppm; Table T21) in the gas phase of
headspace vials. These levels are insufficient to
strongly impact concentration measurements in for-
mation-derived samples, which sometimes released
several thousand parts per million methane in the
headspace of vials using the same sample/headspace
ratio.

Oxygen, argon, and nitrogen
A major impetus for the use of a PGMS for on-line
mud-gas monitoring was the determination of ratios
of oxygen/argon and nitrogen/argon to detect the
presence of corrosive processes occurring at the drill
bit. Atmospheric concentrations of nitrogen, oxy-
gen, argon, and hydrogen are 78%, 20%, 0.93%, and
550 ppb (v/v), respectively. These concentrations
yield an atmospheric signature of nitrogen/argon
and oxygen/argon ratios of 83 and 21, respectively.
The nitrogen/argon and oxygen/argon ratios
throughout the drilling procedure averaged 84 and
22, respectively, and point to the absence of oxida-
tive processes (Table T22). Nitrogen, oxygen, and ar-
gon concentrations were 78.2% ± 3.7%, 20.7% ±
0.6%, and 0.9% ± 0.03%, respectively, and showed
little variation with depth throughout Hole C0020A
(Fig. F37). These concentrations are similar to those
in air and indicate that a major portion of the mud
gas was air originally contained in drilling mud or
intruding from the degasser system. Concentrations
of xenon and helium were below the detection limit
of the PGMS. Note that on-line mud-gas monitoring
by the PGMS only started at 1005 m MSF because of
insufficient gas flow to the instrument during the
first day of mud-gas monitoring (15 August 2012).

Continuous on-line monitoring of oxygen, argon,
and nitrogen by the PGMS was complemented by
sporadic mud-gas analysis using the GC-NGA (with a
thermal conductivity detector [TCD]) (Table T23). In
general, oxygen, argon, and nitrogen concentrations
were typical of atmospheric concentrations.

Hydrogen and carbon monoxide
During mud-gas monitoring, volumetric hydrogen
concentrations as determined by the PGMS were typ-
ically 2 orders of magnitude higher in the mud gas
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than in ambient air (Fig. F37). The average hydrogen
concentration in the mud gas was 2.4% (Table T22).
Although oxygen concentrations were not suggestive
of corrosion, elevated hydrogen concentrations in
the mud gas point to the formation or release of hy-
drogen during the drilling process. Sporadic analysis
of the mud gas by the GC-NGA (using a TCD)
showed carbon monoxide concentrations exceeding
atmospheric levels (Table T23).

For determining the concentrations of dissolved hy-
drogen and carbon monoxide, the investigation of
dedicated samples taken from sediment cores is more
informative than continuous on-line mud-gas analy-
sis by the PGMS and GC-NGA. A combination of two
methods was used for this purpose (i.e., the extrac-
tion and incubation methods). The extraction
method is based on the direct extraction of dissolved
hydrogen and carbon monoxide into the helium
headspace of a sample vial and is conducted immedi-
ately after sample recovery. This method was used
not only to analyze samples taken from sediment
cores, but also to check the hydrogen and carbon
monoxide background in drilling mud that was
caught between the sediment and the core liner. We
collected a total of 63 samples for hydrogen and car-
bon monoxide analysis from the sediment cores (~2
samples per core) and 25 corresponding samples of
drilling mud from the core liners (Table T24).

The depth profile of hydrogen concentration dis-
plays no systematic trends, and within one single
core, hydrogen concentration often varies substan-
tially (Fig. F38). The dissolved hydrogen concentra-
tions span a range of 0.398–562 µM and average ~48
µM. Carbon monoxide concentrations vary through-
out the drilled sediment interval. Carbon monoxide
concentrations in sediment samples and drilling
fluid recovered from above 1821 m CSF-B were <400
nM, but below 1920 m CSF-B, concentrations were
higher than in the shallower sediment and drilling
fluid and reached a maximum of ~100 µM within
the coal layer at 1920 m CSF-B. The depths of the
carbon monoxide pulses seem to correspond to coal-
beds.

Drilling mud contained high hydrogen concentra-
tions (333 nM to 74 µM) but carbon monoxide con-
tents were low (<0.5 µM), except for a few cases in
the coalbeds, in which shreds of coaly sediment had
been blended into the drilling mud (1–1.4 mM) (Ta-
ble T25). Overall, there was no obvious relationship
between hydrogen concentrations in sediment sam-
ples and associated drilling mud. Although it seems
likely that high hydrogen concentrations in the drill-
ing mud would lead to the contamination of the sed-
iment cores, hydrogen concentrations in sediment
samples were, in some cases, orders of magnitude
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higher than in the corresponding drilling mud (e.g.,
Cores 337-C0020A-6R and 11R). In particular within
the coal-containing intervals, hydrogen concentra-
tion in sediment was distinctly higher than in drill-
ing mud. This suggests the release of hydrogen from
the coaly sediment.

The observation of high hydrogen concentrations in
the drilling mud is in agreement with the observa-
tion of hydrogen contents above atmospheric levels
during PGMS analysis of mud gas and underlines
that the analysis of hydrogen in interstitial water
with the extraction method might be impacted by
hydrogen formation during the drilling process.

In contrast to the extraction method, the determina-
tion of hydrogen concentrations with the incuba-
tion method is likely to be less impacted by the pres-
ence of hydrogen in the drilling fluid. This is because
hydrogen that might initially be present in the sam-
ple is flushed out before experiments are initiated to
monitor the evolution of hydrogen in the incubated
samples over time. The observation of hydrogen
concentrations over time aims to identify the estab-
lishment point at which a steady state is reached be-
tween biogenic processes that produce and consume
hydrogen. We collected 64 sediment samples, ap-
proximately two per core, for determining the hy-
drogen concentration by the hydrogen incubation
method (Table T26). We analyzed a total of three
time points from all vials between sampling and the
end of the expedition, including the initial time zero
measurement. Time Point 1 was sampled after ~1
week of incubation, followed by a second time point
1 week later. The blank or initial hydrogen values
were typically 1.5 ppm or less. Within 1 week of in-
cubation, hydrogen contents increased on average
by 54 ppm (n = 64) but varied largely from 1.5 to
>2500 ppm in the individual samples. To test the ex-
ceedingly high increase in hydrogen concentrations
observed in some samples, we performed a test of
hydrogen increases in paired samples with one con-
trol sample killed by three cycles of deep freezing at
–80°C (samples from Sections 337-C0020A-32R-1
and 32R-6). Control samples had similar or higher
hydrogen concentrations after a 4 day incubation
with 2199 and 70 ppm in live samples versus 1517
and 259 ppm in killed samples, respectively. This re-
sult is consistent with hydrogen being released abi-
otically from the sediments rather than being
produced by biological processes. Hydrogen concen-
trations did not systematically vary over depth.

Carbon monoxide analysis was completed concur-
rently with hydrogen analysis on the reduced gas an-
alyzer provided as a third-party tool by JAMSTEC In-
stitute of Kochi Core Sample Research. Though vials
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were purged, a substantial accumulation of carbon
monoxide (95 ppm) was observed in coal-associated
lithologies at ~2001 m CSF-B. These data suggest that
carbon monoxide might play an important role in
carbon cycling in coalbeds.

On-line analysis of radon
Radon (Rn) is an inert radioactive gas of the daugh-
ter nuclei of uranium and thorium with rather short
half-lives. Among Rn isotopes, 222Rn has the longest
half-life of 3.82 days, followed by 220Rn with a half-
life of only 55.3 s. Rn has widely been monitored to
detect microcracking prior to seismic activities (e.g.,
Igarashi et al., 1995). In scientific drilling, concentra-
tions of Rn dissolved into the circulation mud are
anticipated to reflect the lithologic units of the for-
mation; its parental elements, uranium and thorium,
are generally rich in the terrigenous sediments and
felsic rocks. In addition, some coalbeds contain
abundant uranium up to 200 ppm (Takeda, 1981).
The typical environmental background of Rn on the
Chikyu was on an order of several Bq/m3. During on-
line mud-gas monitoring, Rn concentrations were
distinctly higher than this background and reached
as high as 120 Bq/m3. Data are reported in Table T27.

Gases in fluids retrieved by DFA
A total of six formation water samples were sampled
from 1279 to 1978 m WMSF by DFA and analyzed
for methane, ethane, propane, and n-butane as well
as molecular hydrogen and carbon monoxide (Table
T28). Because samples were recovered under in situ
pressure and did not suffer loss of gases during re-
trieval, the resulting concentration data are likely to
be the most representative data for in situ concentra-
tions obtained during Expedition 337. Methane con-
centrations ranged from 17.3 to 39.6 mM. The con-
centrations were significantly higher than those in
headspace samples from sediment cores (<5 mM) but
lower than the in situ solubility of methane and in-
dicate the absence of free gas in the sampling inter-
vals. Methane was the dominant hydrocarbon gas.
Ethane concentrations were 1 order of magnitude
lower and ranged from 1.3 to 4.1 µM, whereas con-
centrations of ethane and n-butane were in the
nanomolar range. The corresponding C1/C2+ ratios
ranged from 1629 to 2995 and point clearly to bio-
genic methane sources (Whiticar, 1999). Although
the ratios in DFA samples from 1808 to 1978 m
WMSF were higher than those from on-line mud-gas
monitoring, the depth profile of DFA samples is con-
sistent with those from mud-gas monitoring, show-
ing a distinct excursion toward higher values be-
tween 1840 and 2045 m WMSF.
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Hydrogen concentrations ranged from 10.7 to 492
µM (Table T28). Hydrogen concentrations from
1279.5 to 1844 m WMSF were higher than those
from the sediment core samples retrieved from
roughly corresponding m WMSF. Hydrogen concen-
trations from 1901.5 to 1978 mbsf were similar to
those from the sediment core samples. The high hy-
drogen concentrations compared to the sediment
samples suggest that concentrations in the DFA sam-
ple are in situ concentrations. We cannot, however,
eliminate the possibility of contamination from
drilling mud because the drilling mud inside the
borehole was not sampled by DFA. Therefore, the in
situ hydrogen background in drilling mud remains
unknown.

Carbon monoxide concentrations ranged from 0.857
to 6.70 µM (Table T28). Carbon monoxide concen-
trations from 1279.5 to 1844 m WMSF were 1 order
of magnitude higher than those from sediment sam-
ples. Carbon monoxide concentrations from 1901.5
to 1978 m WMSF were similar to those from the sed-
iment samples.

Solid phase
Total carbon, nitrogen, and sulfur 
contents, inorganic carbon, organic carbon, 
and carbonate content of the solid phase
Carbonate and elemental analyses have been carried
out on 51 core samples from Units II to IV (Table
T29), and 34 selected cuttings samples from the four
stratigraphic units (Table T30) and are summarized
in Figure F39. Inorganic carbon contents were rela-
tively uniform and generally <0.5 wt% for both core
and cuttings samples throughout the hole. Several
relatively high inorganic carbon values (1.6–6.3
wt%) were observed for the core samples, two of
which were cemented sandstones from Unit III. Inor-
ganic carbon values from the cuttings samples were
higher than those from the corresponding core sam-
ples by factors of 1.1–74. Total organic carbon (TOC)
contents of the core samples showed strong litho-
logic control: coal had the highest average TOC con-
tents (40.9 ± 9.9 wt%), followed by mudrocks (clay-
rich lithologies and shales) (1.4 ± 1.0 wt%), silty
(0.43 ± 0.29 wt%), and sandy (0.26 ± 0.18 wt%) li-
thologies. Therefore, Unit III, with its heterogeneous
lithologic composition, showed a large downcore
variation in TOC contents. Most of the cuttings sam-
ples from Units II to IV, except for those taken near
the coal layers, had TOC contents higher than the
corresponding core samples. These high values are
the combined effects of depth averaging of low-TOC
strata with organic-rich strata (such as clasts of coal)
and input from the drilling mud, which contains or-
ganic additives. Accordingly, TOC values in Unit I,
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represented only by cuttings samples, might be over-
estimates of the actual values in individual strata. To-
tal nitrogen (TN) contents of core samples of differ-
ent lithologies followed a similar pattern to that of
TOC: coal = 0.84 ± 0.26 wt%, shale = 0.07 ± 0.02
wt%, siltstone = 0.04 ± 0.02 wt%, and sandy litholo-
gies = 0.03 ± 0.02 wt%. However, unlike the TOC re-
cord, 70% of the cuttings samples from Units II to IV
had TN values lower than the corresponding core
samples. TN contents of cuttings from Unit I had an
average value (0.07 ± 0.02 wt%) close to that of
shale. Both depth averaging and the drilling mud
may have affected the TN record of cuttings. The
molar TOC/TN ratios of the core samples ranged
from 3 to 65 (Fig. F39). The samples with low TOC/
TN values (<5) usually had a TOC content <0.1 wt%;
accordingly, the values are more strongly impacted
by imprecise analysis as well as inorganic N contri-
butions. For samples with TOC content >0.1 wt%,
both the sandy and silty lithologies had an average
TOC/TN ratio of ~13, whereas for the clayey sedi-
ment and coal, the average went up to 22 and 58, re-
spectively. However, the clastic sediment had a large
within-group variation in the TOC/TN ratio (1σ = 7–
10), making it difficult to link the origin of organic
matter (terrestrial or marine) to lithologic composi-
tions. The TOC/TN ratios from cuttings samples in
Units II–IV were generally higher than the corre-
sponding core samples because of the overestimation
of TOC and underestimation of TN. Total sulfur (TS)
values in the hole were generally low (from below
detection to 1.4 wt%) and showed no clear associa-
tion with lithology or specific trends with depth.
The cluster of samples with low TS contents in Unit
III were from a variety of different lithologies, in-
cluding coal.

Characterization of the type and maturity 
of organic matter by Rock-Eval pyrolysis
Rock-Eval pyrolysis was carried out on cuttings sam-
ples from Unit I (Table T31) and core samples from
Units II–IV (Table T32). The data are displayed in Fig-
ure F40. Compared to the core samples, the cuttings
samples yielded lower peak temperature maxima
(Tmax) values (319° ± 47°C), larger amounts of free
hydrocarbons (S1: 0.86 ± 0.40 mg hydrocarbon
[HC]/g sediment), and higher hydrogen index (HI)
values (227 ± 83 mg HC/g TOC). Tmax values from the
cuttings samples were lower than those reported for
shallower, young shelf sediment (e.g., D’Hondt, Jør-
gensen, Miller, et al., 2003) and were regarded as sig-
nals of incompletely removed organic contaminants
from the drilling mud. Four of the 51 core samples
yielded poorly resolved S2 peaks with Tmax values be-
tween 496° and 604°C and were excluded from the
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data set presented in this report. In Units II–IV, most
of the core samples yielded Tmax values in the range
of 400°–440°C, indicating organic matter in a ther-
mally immature to early mature state. Some of the
sandy samples had lower Tmax values, probably as a
consequence of contamination from drilling mud.

Most of the core samples had no detectable S1 peak.
The four samples in Units II and III with S1 yields of
0.1–0.6 mg HC/g sediment had low Tmax values
(<400°C) and were considered contaminated. There
is a large variation in the S1 yield among different
coal samples: although the shallower coal had barely
detectable S1 peaks consistent with a relatively low
coal rank (e.g., less than that of bituminous coal),
the deepest coal bore a S1 content of 2.2 mg HC/g
sediment. The very high production index (PI) val-
ues (and relatively high S1 values) observed within
drilling cuttings (Table T31) could reasonably repre-
sent (1) the presence of low molecular weight humic
and fulvic acids, (2) instances of drilling mud infil-
tration, or (3) nonindigenous bituminous organic
matter (Peters, 1986). For data acquired from core
samples (Table T32), except for a few samples, the PI
values >0.001 all correspond to sandstones—a per-
meable lithology that when poorly cemented is eas-
ily contaminated. Thus, as for drill cuttings, these
high values do not represent thermally driven con-
version of kerogen to bitumen but either thermally
immature organic matter or infiltration of drilling
fluid.

For the other Rock-Eval parameters presented in Fig-
ure F40, a link to lithology was observed. The aver-
age values of S2, S3, and HI decreased in the order of
coal > mudrocks (shales and other clayey lithologies)
> silty or sandy lithologies, suggesting higher con-
tents of hydrogen-rich organic matter in fine-grained
sediment and coal. The high yields of S3 compo-
nents (15.2 ± 2.8 mg CO2/g sediment) in coal are
consistent with the expectation of abundant ligno-
cellulosic materials, which are found to contribute
substantially to S3 signals (Carrie et al., 2012). The
opposite order applies to the average oxygen index
(OI) values, with 85% of the sandy and silty litholo-
gies having OI values >100. Because of the high val-
ues contributed by the coal samples, the downcore
profiles of S2 and S3 appeared rather uniform except
for the few excursions from coal, whereas the distri-
butions of HI and OI values were highly scattered as
a reflection of the lithologic changes. The summed
values of pyrolyzable carbon and residual organic
carbon generally correlate well with TOC values,
with the high proportion of residual organic carbon
found in many samples indicating the presence of
recalcitrant organic materials, not readily amenable
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to pyrolysis or even combustion, which can be par-
ticularly abundant in coals.

Lipid analysis
Shipboard lipid analysis focused on fossil hydrocar-
bon markers to characterize the sources of sedimen-
tary organic matter and to construct a thermal his-
tory of Site C0020. Shipboard work included
measurement and limited exploratory investigation
of data. From this, it can be seen that in many cases
biomarker characteristics vary more by lithology
than by the depth interval. Data are presented by
compound type for coal, siltstone, and mudstone li-
thologies; rock types that are typically associated
with high concentrations of organic matter and con-
sidered the most resistant to contamination by drill-
ing fluid infiltration (Peters et al., 2005). Biomarker
data derived from cuttings have been included in a
preliminary exploration of data but are presented
separately.

n-Alkanes

n-Alkanes were detected in all lithotypes with sam-
ples of coal, mudstone, and siltstone always exhibit-
ing an odd-over-even predominance (Fig. F41). In all
cases, except where petroleum biomarkers (biomark-
ers associated with processes or conditions that gen-
erate petroleum) are present, carbon number distri-
butions show a strong odd-over-even preference and
were skewed toward high carbon numbers (e.g.,
>C25). This distribution preference is consistent with
the sedimentary organic matter being derived from
higher plants (Meyers and Ishiwatari, 1993). How-
ever, land plant–derived organic matter is not the
only source of high carbon number n-alkanes, and
the solvent extracts of many phytoplankton species
also yield n-alkanes in the higher carbon number
range (Volkman et al., 1998). Additionally, the rapid
solvent evaporation procedure used to facilitate ship-
board work also has the potential to remove low car-
bon numbered compounds of relatively high volatil-
ity and may have enhanced any skew toward higher
carbon numbers.

The carbon preference index (CPI) for n-alkanes (Ta-
ble T33) varies downhole, with slightly lower values
measured in samples for the deepest cores. This is
consistent with a higher thermal maturity for these
deeper samples but still indicates a very low level of
thermal maturation. Where pristane/phytane ratios
can be reliably measured, pristane typically predomi-
nates in siltstone and coal, indicating greater inputs
of tocopherol precursors that contain C19 isopren-
oids (these compounds are abundant in woody or-
ganic matter and lignocelluosic organic matter) and/
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or higher oxidation rates of potential phytane pre-
cursors (Peters et al., 2005). Slightly lower values in
mudstone may represent reduced inputs of woody
organic matter and less oxidizing conditions in the
depositional environment.

Polycyclic aromatic hydrocarbons

Shipboard biomarker work focused on three- and
four-ring polycyclic aromatic hydrocarbons (PAHs).
These compounds are common in most coals at even
low thermal maturities (Radke et al., 1980), although
when present at very low thermal maturities (e.g., Ro

values of 0.25% or less), their interpretation as indi-
cators of thermal maturity is not possible. Within all
samples PAH abundance varies, with phenanthrene
being variably prominent in mass chromatograms of
diagnostic ions (Fig. F42). Unlike in cuttings, the an-
thracene isomer is not seen in core samples and nei-
ther is the 4-methylphenanthrene (MP) isomer ob-
served. This indicates that these compounds may
have been introduced into cuttings samples during
drilling operations. The variable prominence of
phenanthrene makes it difficult to apply for geo-
chemical purposes, and, as was the case for low car-
bon number n-alkanes, this may result from the sol-
vent concentrating procedure used to facilitate
shipboard work that has the potential to remove rel-
atively volatile compounds.

The tetracyclic PAHs are more abundant, and
summed ion chromatograms are provided in Figure
F43. Pyrene and fluoranthenes (a nonalternant PAH
associated with low-temperature combustion)
(Killops and Killops, 2005) are present in all litholo-
gies and noticeably more abundant in coal. Within
some sections, a trend to higher proportions of fluor-
anthene relative to pyrene with higher HI values is
observed, likely reflecting increased proportions of
oxidized (Type IV) organic matter in these sections.

n-Alkanoic acids and n-alkanols

Given the strong odd-over-even predominance seen
for n-alkanes and the presence of wood fragments in
many samples, the even-over-odd predominance for
high carbon number n-alkanoic acids (>C24) evi-
denced in mass chromatograms in Figure F44 is to be
expected (Meyers and Ishiwatari, 1993; Killops and
Killops, 2005) (Table T34). As for n-alkanes, there is a
skew toward higher carbon numbered n-alkanoic ac-
ids in many but not all coal, mudstone, and siltstone
samples. Variation in the even-over-odd predomi-
nance of n-alkanoic acids with depth may represent
both variation in the source of organic matter (re-
duced inputs of terrestrial organic matter) and in-
creased levels of thermal maturation. However, the
sudden drop toward the bottom of Unit III (~2000 m
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CSF-B) is unlikely to be solely the result of thermal
maturity (Fig. F45).

n-Alkanols are visible but less prominent on ion
chromatograms, with the C18 homolog being the
most abundant, except in a clast of coal taken from
coal-bearing breccias in Unit II (interval 337-
C0020A-2R-2, 0–15 cm). Of the higher carbon n-al-
kanols with the C24, C26, and C28 alkanols are typi-
cally the most abundant, making their carbon num-
ber distribution similar to that of the n-alkanoic
acids.

Alkenoic acids were detected in some samples at very
low concentrations, but are likely to have been intro-
duced during drilling operations (e.g., they were not
common in laboratory blanks). Thus, as laboratory
contamination can be ruled out, the two remaining
possible origins are infiltrated drilling fluid or a sedi-
mentary origin (e.g., they could be indigenous to the
formation).

Some siltstone samples evidence a series of broad
peaks (marked by an asterisk in Fig. F44) that are also
seen in control samples that contain drilling mud
(see “Cuttings” below). These compounds dominate
the chromatograms of loosely consolidated sand-
stones and the solvent-soluble components of drill-
ing mud washed from the surface of cuttings sam-
ples. This indicates that some siltstone samples have
been contaminated, albeit to a far lesser degree than
sandy lithologies.

High relative abundances of C15 and C16 iso- and an-
teiso-alkenoic acids and also C16 and C18 n-alkenoic
acids are found at ~2000 m CSF-B (Fig. F46). Iso- and
anteiso-fatty acids were not found or are not as abun-
dant in coal and samples from the deepest sections
of Core 337-C0020A-25R, nor are they as abundant
in overlying mudstone units or clasts of coal from
coal-bearing breccias in Unit II. Methyl-branched
fatty acids are common biosynthetic products pro-
duced by bacteria (Kaneda, 1991), and their presence
presumably indicates a bacterial contribution to the
fatty acid pool in this interval. Because only free
fatty acids were considered, it is not possible to di-
rectly infer the presence of an active deep biosphere
from this observation alone, but this observation in-
dicates a localized input of bacterial organic matter
to these intervals that is not as prominent in other
samples.

Steroids

Steroidal biomarkers are known to undergo signifi-
cant changes in the subsurface in the 40°–60°C tem-
perature range (Mackenzie et al., 1982) and have re-
cently been applied to elucidating subsurface
thermal regimes in Northern Hokkaido (Amo et al.,
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2007) (Table T35). The C27 to C29 homologs of the Δ4

and Δ5 sterenes and Δ4,22 and Δ5,22 steradienes are
identified in Figure F47 (tabulated parameters and
abundances are in Table T36). Although steradienes
are encountered throughout Hole C0020A, they are
hard to interpret because of coelution of other com-
pounds and were not interpreted further during
shipboard work. Neither stenols nor stanols were de-
tected in core samples, a finding that is similar to
that from previous studies in Hokkaido (Amo et al.,
2007) that investigated organic matter of similar
thermal maturity.

The abundance of a given sterene homolog varies
considerably with lithology and also with depth at
Site C0020. Coals contain the greatest proportion of
C29 sterene homologs, representing a higher propor-
tion of terrestrially derived plant material in sedi-
mentary organic matter (C29 sterols such as β-sitos-
terol and stigmasterol are proportionally more
abundant in plants). By comparison, some of the
mudstone samples (Fig. F48) contain greater propor-
tions of sterenes that derive from C27 and C28 sterol
homologs, probably representing a greater input
from aquatic organisms, particularly algae (Volkman,
1986).

Steranes, by comparison, are far less abundant than
sterenes but show similar preferences with regard to
carbon number at Site C0020. The thermally imma-
ture 5β,14α,17α(H) and 5α,14α,17α(H)20(R) isomers
generally predominate. In some instances, sterane
isomers that are characteristic of higher thermal ma-
turities are present and are found with triaromatic
steroids and thermally mature hopanes—biomarkers
found in oils (see Fig. F49). These oil-window bio-
markers could indicate migrated petroleum or the
erosion and redeposition of an older geological for-
mation that contained thermally mature organic
matter including hydrocarbon biomarkers (e.g., Par-
nell et al., 2007). Drilling during Expedition 337 did
not encounter source rocks sufficiently thermally
mature to have generated oil; thus, a sedimentary or-
igin seems more feasible until evidence of oil-prone
source rocks can be proven.

The conversion of sterenes to steranes is thermally
driven and occurs at geologically mild temperatures
(40°–60°C) and completes prior to the onset of cata-
genesis and petroleum formation (Mackenzie et al.,
1982). Pathways for the thermal evolution of the
sterane/sterene parameter shown in Figure F50 were
calculated for Hole C0020A using geothermal gradi-
ents of 22°C/km, 24°C/km, and 26°C/km and vali-
date other studies on temperature controls in Amo et
al. (2007). It is important to note the considerable
scatter evident in sterene data is because of the com-
parison of data from different lithologies and be-
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cause this situation did not apply for the data ac-
quired at Hokkaido, shown in the inset of Figure
F50. Different mineral surfaces are known to variably
catalyze and promote the conversion of sterenes to
steranes, and the coal-rich lithologies seem to differ
considerably from other lithotypes in both the rate
of sterane formation and the relative proportion of
the Δ4 and Δ5 isomers. Despite this, the point at
which pre-oil-window biomarkers begin to form is
denoted by a pronounced increase in the parameter
between 1800 and 2000 m MSF.

The proportion of the C29 sterene homolog is plotted
in Figure F51 and compared to the proportion of
sediment (sand, mud, and silt) lithologies logged
from cuttings samples, which yielded a continuous
record over the drilled interval. The highest propor-
tion of mudstone corresponds to a minimum in the
proportion of C29 sterenes. Key decreases in the pa-
rameter occur at ~1200, 1600, and 2000 m CSF-B,
where the proportion of mud also drops. Presumably
this is consistent with decreased proportions of ter-
restrially derived sedimentary organic matter that
contains C29 sterols, which are the chemical precur-
sors of the C29 sterenes (Volkman, 1986).

Hopanoids

Time did not permit the satisfactory elucidation of
all major peaks in the time range over which
hopanes and other pentacyclic terpanoids and terpe-
noids elute on a m/z 191 ion chromatogram (Fig.
F49). Diploptene was only detected in cuttings sam-
ples from the shallowest interval. The C30 and C31

homologs of the Δ13 and Δ17 hopenes are generally
the most abundant hydrocarbon terpenoids in
deeper intervals. The 14β,17β(H) isomer configura-
tion dominates in most intervals, except where there
is evidence of a fossil fuel contribution to samples.
This is the case for Sample 337-C0020A-1R-2, 65–81
cm, in which the 14α,17β(H) hopane isomers are
dominant. Sample 337-C0020A-1R-2, 65–81 cm, also
has a high proportion of lower carbon n-alkanes, as
does Sample 2R-3, 60–81 cm, for example, which
also possesses an unresolved complex mixture and is
dominated by 14α,17β(H) hopane isomers. Note that
the distribution of hopane carbon numbers in these
samples is different to that seen in drilling mud com-
ponents; ASTEX-S SAS had not been added to drill-
ing mud at this stage and in any case has higher pro-
portions of the C35 14α,17β(H) 22 S and R homologs
(see Fig. F52). Visual core description did not note
the presence of oil in this interval, but headspace gas
monitoring detected notably high proportions of bu-
tane in Core 2R. These latter observations, in combi-
nation with the high proportions of lower carbon n-
alkanes, may suggest a lighter oil. A light oil would
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be difficult to identify during visual core description
without recourse to an ultraviolet (UV) light source
to induce fluorescence.

Cuttings

Chromatograms for extracts obtained from cuttings
are presented together with core samples in Figures
F51 and F53. The distribution of C27 to C29 Δ4 and Δ5

sterenes for Samples 337-C0020A-25-SMW (646.5–
656.5 m MSF) and 81-SMW (1096.5–1106.5 m MSF)
and a total ion chromatogram for Sample 25-SMW
(646.5–656.5 m MSF) are given in Figure F53. Data
for parameters derived from cuttings are presented in
Table T36. Extract yields for n-alkanes and sterenes
are equitable to those reported for mudstone and
siltstone sampled from core, indicating that data for
these compounds are reliable. An additional level of
quality control is outlined in the following para-
graph.

Assessment of the effect of drilling operations 
on hydrocarbon biomarkers

To gauge the impact of the immersion of cuttings
within drilling mud, cuttings samples were subjected
to sequential extraction. The solvent-soluble prod-
ucts obtained by sonicating samples in solvents were
stored and subjected to analysis. The surface of the
samples was then rinsed by sonicating samples prior
to collecting the solvent to obtain a second extract.
Cuttings samples thus cleaned were then crushed
and solvent extracted, yielding a third extract. Chro-
matograms of the products from each stage are dis-
played in Figure F53. The first extraction stage
yielded broad, late-eluting peaks that interfere with
both chromatography and mass spectrometry. The
second stage products are far cleaner, indicating that
the cuttings surfaces have been cleaned. The final ex-
traction stage yields thermally immature biomarkers
similar to those found in coal and mudstone sam-
ples, suggesting that relatively uncontaminated sig-
nals can be produced from cuttings that have been
aggressively cleaned. Such an approach, where sam-
ples are aggressively preextracted, although possibly
losing some analyte, has undoubtedly been used be-
fore but differs from that presented in literature for
petroleum exploration and production, which places
an emphasis on either not losing analyte or disrupt-
ing samples by cleaning with solvent (Peters et al.,
2005). This latter approach is no doubt intended to
preserve analyte in porous samples (e.g., reservoir
rock), but for scientific, riser-equipped drilling, the
loss of analyte for an increase in sample fidelity by
the removal of contamination is perhaps preferable.

SAS is a commercially traded drilling additive used to
reduce instances of downhole sticking. It comprises a
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mixture of asphalt (Gilsonite) and mineral phases.
GC-mass spectrometer analysis of its content re-
vealed a series of thermally mature components such
as hopanes with an 14α,17β(H) configuration. Dis-
tinctive features of this hopane fingerprint include
high proportions of the C35 homologs (Fig. F52) and
an absence of bisnorhopane (a norhopane that is en-
riched in many biodegraded petroleum residues).
This hopane fingerprint is distinct from both the oil
shown in interval 337-C0020A-2R-3, 60–81 cm, and
typical samples encountered during Expedition 337
(Fig. F49) and made co-mingling of SAS with
hopanes indigenous to the hole relatively simple to
spot during Expedition 337. An example of a sand-
stone sample infiltrated by SAS is shown in Figure
F52.

Procedural blanks

Analysis of procedural blanks indicated that little hy-
drocarbon biomarker contamination was intro-
duced to samples during laboratory handling. Some
peaks occur prior to 25 min, but they were present at
too low a concentration to identify by analysis in
scan mode (Fig. F54).

Microbiology
Expedition 337 was the first riser drilling IODP expe-
dition to incorporate extensive shipboard microbio-
logical and molecular biological analyses. Microbio-
logical samples obtained provided a unique and
unprecedented opportunity to not only expand the
known depth limits of microbial life in the subsea-
floor, but also—using chemical and molecular trac-
ers—to assess the degree to which contamination in-
troduced by riser drilling operations affects sample
quality. In the designated microbiology laboratory
on the Chikyu, cell separation and enumeration,
DNA extraction, PCR assays on key phylogenetic and
metabolic marker genes, molecular fingerprinting
analyses, and microscopic observations were all ac-
complished during the expedition. A wide range of
incubations with stable isotope-labeled substrates
was initiated to study stable isotope incorporation
into nucleic acids and whole cells (for incorporation
into lipids and metabolic compounds, see “Organic
geochemistry”). Radioactive tracer experiments,
which involved 35S-labeled sulfate for determination
of potential sulfate reduction rates (pSRRs) and a
broad set of 14C-labeled substrates to study potential
rates of microbial C-cycling reactions (see “Organic
geochemistry” for 14C-experiments), were carried
out in a designated radioisotope van. A large number
of samples were, moreover, inoculated with media
selecting for a wide range of microbial metabolisms,
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including iron reduction, methanogenesis, and ace-
togenesis.

The sampling scheme for WRCs and experimental
procedures for shipboard and shore-based analyses
are illustrated in Figure F55. In total, nearly 300
WRCs out of 32 drill cores were sampled for microbi-
ological investigations (for details, see
MBIO_SAMPLE_LIST.XLSX in MBIO in “Supplemen-
tary material”). Contaminated outer core layers
containing potential drilling mud contamination
were removed from all WRCs by sterile spatulas or
ceramic knives prior to sampling.

Contamination tests
Chemical tracer
Measured perfluorocarbon (PFC) tracer concentra-
tions fluctuated greatly over time and remained un-
der the target concentration of 1 mg/L for most of
the expedition (Fig. F56). During the initial days of
the expedition, PFC concentrations in mud tank
samples remained remarkably low, despite daily ad-
ditions of 100 mL of PFC tracer (Table T37), which
were, in principle, sufficient to produce PFC tracer
saturation (~2 mg/L) (Colwell et al., 1992). The low
initial concentration turned out to be, in part, a
problem of the extraction method used. Without
further PFC tracer addition, measured PFC values in-
creased drastically when a 1 h preincubation step at
80°C with active sample mixing was included prior
to the 30 min preincubation without mixing in the
autosampler (also see “Microbiology” in the “Meth-
ods” chapter [Expedition 337 Scientists, 2013b]). Be-
fore coring began, this new preincubation period
was increased to 2 h (starting 17 September) to en-
sure maximum PFC tracer recovery and thus as accu-
rate as possible quantification of drilling mud con-
tamination.

Despite daily PFC additions to active tanks and
methodological improvements, PFC concentrations
in drilling mud were found to fluctuate considerably
on a day-to-day basis. The good agreement between
measurements in the physically separated active
Tanks 4 and 5, from which we obtained drilling mud
samples at the same time of day, indicates that this
was not a matter of insufficient homogenization. In-
stead, these fluctuations are probably to a large ex-
tent explained by day-to-day variations in drilling
mud production and hence PFC dilution. Because of
these fluctuations and the limited sampling fre-
quency of one time per day, the exact PFC concen-
tration in drilling mud at the time of coring was un-
known. Fortunately, PFC concentration in active
tanks, core liner fluid, and upon recovery in the mud
ditch typically exceeded 100 µg/L, allowing calcula-
tions of drilling mud intrusion using an assumed
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constant PFC concentration of 100 µg/L. Because
this concentration is lower than most of the mea-
sured PFC concentrations, contamination estimates
based on this value should be considered conserva-
tive.

On average, PFC concentrations in mud fluid from
the active tanks, core liner, and upon recovery from
the mud ditch show good agreement (typically
within a factor of 2), indicating that PFC losses (e.g.,
because of volatilization during core processing and
mud recovery) are minor. The on average slightly
lower measured values in the core liner and mud
ditch compared to the active tanks might at least in
part be due to dilution with core samples during
drilling operations.

Using the same preincubation method as for drilling
mud, PFC concentrations were determined in cut-
tings and cores. Volumes of drilling mud intrusion
and numbers of contaminant cells introduced were
subsequently calculated using an assumed PFC con-
centration of 100 µg/L (0.1 µg PFC/mL) drilling mud
and cell concentration of 2.66 × 108 cells/mL drilling
mud (mean value of microscopic direct counts) (Ta-
ble T38, also see “Cell counts,” as well as Smith et
al., 2000, for details on calculation method). Cut-
tings were highly contaminated with drilling mud,
with all values except one (Sample 337-C0020A-267-
SMW) exceeding 1% (v/v) contamination of pore
fluid, and contamination in many samples exceed-
ing 100 µL/g sample (Table T39). Although the out-
side and exterior of cores typically showed high lev-
els of contamination, the inner portions in most
cases showed much lower contamination (Table
T40). In many samples obtained from the innermost
portions of cores, PFC tracers were even below detec-
tion. To estimate the maximum drilling mud con-
tamination and number of contaminant cells that
could still be present in samples where PFC was be-
low detection, we inferred the PFC detection limit
based on the data distribution of PFC values mea-
sured on cores (Fig. F57). Drilling mud contamina-
tion of samples, in which PFC was below detection,
was conservatively calculated substituting the detec-
tion limit value of 8 pg. We then calculated the max-
imal amount of drilling mud, and hence contami-
nant cells, within core samples where PFC was below
detection (bracketed values in Table T40) based on

• A detection limit of 8 pg, 

• An assumed concentration of 100 µg PFC/mL
drilling mud, 

• The volume of headspace injected into the gas
chromatograph with electron capture detector
(GC-ECD; 0.5 cm3), 

• The total sample amount (g), 
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• The total sample volume (g sample × sample bulk
density), 

• The total headspace volume (20 cm3 – total vol-
ume of sample), and 

• An average cell concentration of 2.66 × 108 cells/mL
drilling mud.

To examine the relationship between drilling mud
contamination and environmental variables, we plot-
ted drilling mud contamination versus depth (Fig.
F58). Apart from the expected trend of higher contam-
ination in exterior compared to interior parts of cores,
the critical importance of vertically resolved contami-
nation measurements was underscored; several cores,
from depths spanning almost the entire interval
cored, harbored very high drilling mud contamination
all the way to the core center. We also examined the
relationship between contamination within core inte-
riors and lithology (Fig. F59). Perhaps surprisingly, no
clear contamination trends could be attributed to li-
thology. PFC results for core, drilling mud, and cut-
tings are summarized in PFC-CORE.XLSX, PFC-CUT-
TINGS.XLSX, and PFC-DRILLING MUD.XLSX in
MBIO in “Supplementary material.”

Cell counts
Cell counts in drilling mud and cuttings
Cell concentrations in drilling mud were enumer-
ated daily. Cell counts ranged from 1.10 × 108 to
~8.37 × 108 microbial cells/mL drilling mud before
drilling started and did not change markedly
throughout drilling operations. We also observed 1.6
× 107 to 9.8 × 107 cells/mL in cuttings samples from
646 to 1046 m MSF (Table T39). These cell counts are
close to or higher than the cell counts observed in
the shallower (100~346 mbsf) part of this site ob-
tained during the Chikyu shakedown cruise (Expedi-
tion CK06-06). Simple extrapolation from the cell
abundance curve from shallower depths predicts
that the number of the cells in the formation is <106

cells/cm3. Combined with the fact that high PFC
concentrations were detected in cuttings, we attri-
bute these high cell numbers predominantly to con-
tamination with drilling mud. Calculations based on
cell numbers in drilling mud samples indicate that
roughly 6%–38% of the volume of cuttings consists
of drilling mud.

Cell counts in core samples
From the microbiology community WRCs, 2 cm3

was aseptically taken from the innermost parts, im-
mediately fixed, and processed using the cell separa-
tion method described in “Microbiology” in the
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“Methods” chapter (Expedition 337 Scientists,
2013b). In total, 94 samples were taken for cell enu-
meration (Fig. F55; also see MBIO_SAMPLE_LIST.XLSX
in MBIO in “Supplementary material”). Cell separa-
tion was done under a clean air-flow safety cabinet
with daily intensive cleaning prior to separation. To
minimize the contamination risk from stock solu-
tions, small aliquots of these solutions were stored
after filtration and underwent cell separation. After
cell separation, these solutions were again passed
through a 0.22 µm pore cartridge filter and poured
directly into sample tubes. The initial attempts to de-
termine cell abundance in core samples during Expe-
dition 337 were performed using an image-based au-
tomatic cell enumeration system (Morono et al.,
2009; Morono and Inagaki, 2010). However, because
of very low cell abundances, entire filter membranes
had to be counted, resulting in long processing peri-
ods. Therefore, we decided to count microbial cells
from core samples using visual direct counts and
flow cytometry (FCM). For direct counts, we selec-
tively counted green fluorescent cells under the mi-
croscope. Particles that emitted other colors were not
counted.

Although cell abundance was generally low (Fig.
F60), cell numbers were above the minimum quanti-
fication limit (MQL) even in deeper layers. The cell
counts as well as the MQL obtained by FCM are gen-
erally higher than the microscopic counts. This is
mainly due to the existence of noncellular particles
that fluoresce in green color. There was no problem
avoiding these particles during counting under a mi-
croscope. However, these unspecific signals were dif-
ficult to eliminate from the FCM data. In addition,
we saw these noncellular particles in blank samples,
suggesting that these particles might be generated
through the sample preparation protocol. Although
we could not solve this problem on board the ship,
we will try to eliminate it in shore-based work. Seven
and five blanks were counted by microscope and
FCM, respectively, and resulted in MQLs of 115 and
6350 cells/cm3, respectively.

In core samples from intervals 337-C0020A-25R-3,
140–141 cm (1999 m CSF-B); 32R-1, 144–145 cm
(2457 m CSF-B); and 32R-2, 43–65 cm (2458 m CSF-B),
we found microbial cells attached to surfaces of min-
eral particles (Fig. F61). By comparison, we did not see
any particles with attached cells in blank samples.
Considering the size of these particles (i.e., 10~20 µm
in diameter), it seems unlikely that they were intro-
duced via drilling mud intrusion. Instead, because
these samples were all from sandy silt or sandstone,
they could be evidence of indigenous microbes resid-
ing on mineral surfaces.
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DNA extraction
Hot alkaline lysis protocol
Thirty-eight out of 47 microbiology community
WRCs (MBIO, Fig. F55) were used for DNA extrac-
tion using the hot alkaline lysis protocol. For each
extraction, 2–5 cm3 of sample was used. Apart from
the extract from the coal layer at Section 337-
C0020A-24R-5, which had a black color, crude ex-
tracts generally had a brown color. To prevent PCR
inhibition, we purified all extracted DNA with an
Aurora system (Boreal genomics, Vancouver, Can-
ada). For this purpose, the Aurora low molecular
weight soil protocol (without the wash block) was
used according to the manufacturer’s instructions.
For samples with dense black color, the Aurora 0.7-
53kb DNA from soil with enhanced contaminant re-
jection protocol was used. The final volume of puri-
fied DNA solution was ~60 µL and was used for sub-
sequent quantitative polymerase chain reaction
(qPCR) and terminal restriction fragment length
polymorphism (T-RFLP) analyses.

Chemical lysis protocol
DNA extractions using the chemical lysis protocol
were performed on 13 drilling mud samples from ac-
tive Tank 4, 12 unwashed cuttings samples, 4 washed
cuttings samples, and 11 of the 47 microbiology
community WRCs (MBIO, Fig. F55). Drilling mud
samples were chosen at time points spanning the en-
tire expedition to monitor changes in microbial
communities and DNA signatures within drilling
mud as background controls for DNA detected in
cores. DNA was also extracted from unwashed cut-
tings obtained throughout the expedition, both as
additional background controls for DNA contamina-
tion in cores and to examine the potential for cut-
tings to provide information on indigenous deep
subseafloor microorganisms. It was anticipated that
DNA of strictly anaerobic microorganisms, which
might be below detection in drilling mud, could per-
haps be detected in cuttings. Under this scenario,
useful phylogenetic and/or metabolic information
on in situ communities could be obtained from cut-
tings originating from drilling intervals without
WRC sampling, such as the depth interval from 646
to 1046 m MSF (i.e., Unit I). For comparison to un-
washed cuttings, DNA was also extracted from four
samples of washed cuttings obtained during the
early stage of the expedition.

DNA extractions were performed in parallel on the
contaminated exterior and the typically cleaner in-
ner core portions, resulting in a total of 22 DNA ex-
tractions from cores. Samples were chosen based on
depth, lithology, and contamination of the core inte-
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rior, with the aim of extracting DNA from samples
spanning the entire depth interval sampled, from all
main lithologies, and from samples with minimal
drilling mud intrusion. Two cores were dominated
by fine to medium sandstone (Sections 337-C0020A-
10R-2 and 16R-2), two by fine sandstone (Sections
28R-6 and 30R-4), two by siltstone (Sections 3R-3
and, 20R-3), two by coal (Sections 15R-2 and 24R-3),
and three by shale (Sections 7R-1, 15R-5, and 26R-7).
Drilling mud contamination was below detection in
the inner portion of seven of these samples (Sections
7R-1, 10R-2, 15R-5, 20R-3, 26R-7, 28R-6, and 30R-4)
but was always detectable in the exterior portion (Ta-
bles T40, T41), with estimated contaminant cells in
the exterior exceeding 105 cells in all except Section
28R-6, with 5.6 × 103 cells/cm3.

Extracellular DNA extraction
Samples for shipboard extracellular DNA extraction
(MLWR, Fig. F55) were obtained from 22 WRCs. Of
these, all but one highly contaminated sample from
Section 32R-2 were processed, typically within 24 h
of sampling. Several core samples consisting of un-
consolidated sand, fine sandstone, and shale were
observed to contain intact snail and clam shells, in-
filled fossilized worm burrows, and terrestrial plant
debris, making them promising samples for the
planned exploration of extracellular DNA pools as
genetic archives of ancient biological communities.

PCR

Sources of DNA in drilling mud
Most probable number PCR assays were performed
on DNA extracts from drilling mud, cuttings, and
cores using PCR primer pairs targeting phylogenetic
clusters ubiquitously detected in surface seawater
(SAR11 and Marine Group I [MGI] Archaea), viscosi-
fiers used during riser drilling (Xanthomonas and
Halomonas), and anthropogenic wastewater (Bifido-
bacterium, Blautia, and Methanobrevibacter) (Table
T41). All three indicator organism groups yielded
successful PCR amplification; however, the fre-
quency of detection and abundance varied tremen-
dously. Xanthomonas and Halomonas were detected
in the vast majority of drilling mud and cuttings
samples, two of 11 core interiors, and six of 11 core
exteriors. SAR11 was found in all the initial samples
but not later on during the expedition. The MGI Ar-
chaea, Bifidobacterium, Blautia, and Methanobrevi-
bacter were only detected a few isolated times and at
low abundances. These results clearly suggest that
the biggest risk of core DNA contamination obtained
by riser drilling during Expedition 337 was from mi-
crobes that have been linked to mud viscosifiers used
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to prepare drilling mud (Masui et al., 2008). Mi-
crobes from surface seawater represented a signifi-
cant source of contamination in the initial phase but
less so later on, whereas the risk of contamination
with human sewage–derived DNA was low.

Open questions remain regarding the variables ex-
plaining the observed DNA contamination trends.
Considering the chemically harsh environment of
drilling mud, with highly alkaline pH (9–11.5) and
hypersaline (578–847 mM K+ to 1150 mM Na+) con-
ditions, one might expect seawater- and human sew-
age–derived microorganisms to die and their DNA to
disappear (e.g., due to hydrolysis by DNAses or up-
take by surviving organisms) within a short time af-
ter drilling mud preparation. The observed disap-
pearance of DNA indicative of these organisms
within the initial drilling period is consistent with
this interpretation. Yet, fresh drilling mud was also
prepared later during the expedition and hence one
would expect a reemergence of DNA indicative of
seawater microbes during this later stage of the expe-
dition. Since the mud in the initial drilling period of
operations was prepared prior to Expedition 337, the
seawater in the tank was taken from a different geo-
graphic location, possibly influencing the variability
of contaminant cell abundance in the mud over the
course of drilling operations.

Whether the observed high abundances of Xan-
thomonas and Halomonas DNA can be attributed to
living organisms or high inputs of DNA included in
viscosifiers is also not clear. Xanthomonads are used
industrially in the synthesis of xanthan gum, a com-
ponent of the drilling mud gelling agent bentonite,
and could potentially grow within drilling mud us-
ing organic compounds supplied as gelling agents as
an energy source. However, past efforts to grow Xan-
thomonads from drilling mud using standard Xan-
thomonas enrichment assays have failed (Masui et al.,
2008), suggesting that alive xanthomonads are ab-
sent and that Xanthomonas DNA detected may be left
over from the production process of bentonite. The
presence of Halomonas is perhaps easier to explain:
members of this versatile group are widely distrib-
uted in seawater, can tolerate high salinities and pH,
grow aerobically and anaerobically, and utilize a
wide range of organic carbon compounds as energy
sources. Thus, though it remains to be shown, it is
possible that the broadly adapted and opportunistic
Halomonas can grow within drilling mud and ac-
count for a significant fraction of the high cell densi-
ties observed there.

qPCR
Quantifications of bacterial and archaeal 16S rRNA
genes were performed on DNA extracts obtained
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from cores using the alkaline lysis and chemical lysis
methods (Fig. F62). Negative controls, in which mo-
lecular-grade water had been substituted for sample
material during extractions, were also examined.

Because of background bacterial contamination from
extraction and PCR reagents, amplification of bacte-
rial DNA was also observed in negative controls for
the DNA extraction. Therefore, we set the detection
limit for bacterial gene detection in DNA extracted
from cores to 2× the copy number obtained in nega-
tive controls (1.5 × 104 copies/cm3). Archaeal qPCR
did not show any amplification from negative con-
trols and could thus detect as few as 1 copy of rRNA
genes per reaction.

For both extraction methods, we observed that bac-
terial DNA from cores amplified at a lower PCR am-
plification rate than bacterial DNA from extraction
negative controls or PCR negative controls, indicat-
ing PCR inhibition by co-extracted substances for
both the hot alkaline lysis and chemical lysis meth-
ods—despite purification by the Aurora system and
Norgen Cleanup kit, respectively. Thus, estimated
copy numbers most likely underestimate actual copy
numbers in cores. More accurate quantifications will
be attempted on shore by further improvements to
the DNA extraction and purification methods, as
well as a newly developed digital PCR technique that
is less affected by PCR inhibitors, such as humic ac-
ids (Hoshino and Inagaki, 2012).

Overall, our qPCR data confirm the very low in situ
cell abundances of microorganisms determined by
cell counts (Fig. F62). Highly elevated bacterial gene
copy numbers of >106 cm–3 were only found in Sec-
tions 337-C0020A-1R-2, 2R-3, and 5R-3 (Table T41),
which were highly contaminated with drilling mud
all the way to the innermost parts according to PFC
analyses (Table T40). All other cores harbored esti-
mated bacterial gene copy numbers between 103–106

cm–3 of sample. Archaeal 16S rRNA gene copy num-
bers were consistently lower than bacterial copy
numbers by two or more orders of magnitude. Sev-
eral of the core samples with bacterial 16S rRNA
genes detected by general bacterial primers also
tested positive for 16S rRNA genes of Xanthomonas
and Halomonas, indicating drilling mud contamina-
tion. The degree of contamination (i.e., whether
contaminant DNA dominates or is only a minor frac-
tion of total DNA in these samples) will be evaluated
by next-generation DNA sequencing on shore.

Bacterial and archaeal gene copy numbers were con-
verted to cell numbers using standard conversion
factors, in which 4.07 and 1.76 copies of 16S rRNA
genes were assumed per bacterial and archaeal cell,
respectively (values from Ribosomal Database Proj-
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ect, rdp.cme.msu.edu/; Fig. F62). Both DNA extrac-
tion methods showed good agreement in estimates
of bacterial and archaeal cell numbers, in spite of us-
ing different primer pairs. Interestingly, our data sug-
gest that archaeal abundance showed no clear depth-
related trend, whereas an overall decrease in bacte-
rial abundance occurred with depth. The fact that
Archaea were detectable to greater depths than Bac-
teria is attributable to the much higher detection
limit of Bacteria that resulted from the higher level
of bacterial background DNA in both PCR reaction
and DNA extraction negative controls. In addition to
digital PCR quantification, the use of larger core vol-
umes for DNA extractions and improvements to the
DNA purification procedure in shore-based investi-
gations will hopefully enable us to reliably quantify
Bacteria to greater depths than during the expedi-
tion.

DNA fingerprinting techniques
T-RFLP, which is a molecular fingerprinting tech-
nique to monitor differences in microbial commu-
nity structures across different habitats, was per-
formed on 37 microbiology community samples, 10
drilling mud samples, and 3 extraction negative con-
trols. Full 16S rRNA gene amplification was tested by
PCR using bacterial and archaeal domain-specific
primers. Full archaeal 16S rRNA genes were not am-
plifiable from any of the samples, but we were able
to amplify bacterial 16S rRNA genes. Yet, checks with
gel electrophoresis revealed only faint bands of am-
plified DNA in DNA extracts from below Core 337-
C0020A-20R (1962 m CSF-B).

The bacterial community structure of drilling mud
samples showed consistent peak locations, suggest-
ing that the microbial community composition of
drilling mud was stable throughout the entire drill-
ing period. Terminal restriction fragments (T-RFs) of
181, 553, and 572 base pairs (bp) were observed in all
drilling mud samples (Fig. F63) and could thus be
used to assess drilling mud contamination in cores.
We also obtained bacterial PCR products from nega-
tive controls of the DNA extraction. These negative
controls provided 200, 666, and 780 bp T-RFs in T-
RFLP profiles. Moreover, a T-RF of 233 bp was de-
tected within PCR negative controls, though this
amplicon was not detected by agarose gel electro-
phoresis.

T-RFLP results from cores show only a few peaks, in-
dicating low diversity of indigenous bacterial com-
munities and/or very low copy numbers of amplifi-
able template DNA in the initial PCR (Fig. F64). T-
RFLP profiles also indicate that contamination dur-
ing drilling, DNA extraction, and from PCR reagents
was significant because T-RFs characteristic of drill-
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ing mud and DNA extraction negative controls were
observed in most core samples. Certain samples con-
tained T-RFs that could not be attributed to contami-
nation, however; for example, a T-RF of 566 bp was
unique to DNA extracts from Samples 13R-2, 105–
120 cm, to 32R-2, 43–65 cm. Additional T-RFs of 99
and 763 bp appeared only from Samples 19R-8, 60–
77 cm, 20R-3, 13–23 cm, and 20R-7, 62–76 cm. Our
results from T-RFLP thus demonstrate that, despite
low yields, DNA of indigenous bacterial cells was ob-
tained by the shipboard molecular biology program.

Functional genes
We performed PCR assays targeting functional
marker genes of methanogenesis and anaerobic
methanotrophy (methyl coenzyme M reductase
[mcrA]), dissimilatory sulfate reduction (dissimila-
tory sulfate reductase [dsrB]), and acetogenesis (for-
myl tetrahydrofolate synthetase [fhs]) on DNA ex-
tracts from drilling mud, cuttings, and, in the case of
mcrA, cores (Table T41). Because of time constraints,
we were unable to check for dsrB and fhs presence in
cores during the expedition, but we plan to do this
soon after returning to our home laboratories.

Although mcrA was consistently below detection in
DNA extracts from drilling mud, we were able to am-
plify PCR product of the right amplicon size for mcrA
in two cuttings samples (Samples 337-C0020A-30-
SMW and 61-SMW) and the interiors of two cores
(Sections 16R-2 and 20R-3; Table T41). dsrB was not
detectable in any drilling mud or cutting samples.
fhs was detectable in most cuttings but below detec-
tion in drilling mud after 50 cycles of PCR amplifica-
tion. After an additional 50 PCR cycles, however,
amplicons of the right fragment size were also found
in DNA extracts from drilling mud.

Our shipboard results from PCR assays on metabolic
marker genes are further evidence that DNA belong-
ing to indigenous microorganisms was extracted on
board the ship. mcrA genes of probably methano-
genic microorganisms were solely detected in core
samples and cuttings—not in drilling mud. fhs genes
were found to be in vastly higher abundance in cut-
tings compared to drilling mud. These results also
suggest that, despite being highly contaminated
with drilling mud, cuttings can provide potentially
useful genetic information on anaerobic microorgan-
isms inhabiting the deep subseafloor in Hole
C0020A.

Potential sulfate reduction rates
A total of 28 WRCs were sampled for pSRR measure-
ments, covering the entire drilling interval at Site
C0020 (Table T42). For each sample depth, two sets
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of duplicate samples (A, B and C, D) were obtained.
Additionally, a set of samples (A–D) was obtained
from the pooled master sample (1950–2000 msbf).
Sample volumes were ~5 cm3 and measured sample
weights ranged from 4.4 to 9.8 g depending on den-
sity and moisture. A and B samples were incubated
with N2 headspace, whereas 15 mL of CH4 (99.9%)
were added via syringe to the N2 headspace of C and
D samples, resulting in an increased pressure of ~2
bar. An additional set of samples (A, B, C, and D), ob-
tained from mud tanks that were actively circulating
drilling mud before sampling, were incubated as
contamination controls.

To each sample, 3.7 MBq of 35S Na2SO4 (30 µL of
aqueous solution) was added, except for Sample 337-
C0020A-30R-3, 72–77 cm, where 7.4 MBq was
added. For drilling mud samples, 2.1 MBq was
added. The incubation time for all samples incu-
bated before 11 September 2012 was 10 days. Sample
30R-2, 72–77 cm, and the drilling mud samples were
incubated for 9 and 6 days, respectively. Samples ob-
tained from the pooled master sample (1950–2000 m
CSF-B) were incubated for 5 days. Three incubation
temperatures were chosen to account for increasing
in situ temperature with depth. Temperature I
(~25°C, room temperature) was used for samples
from Cores 1R through 6R (1276.70–1495.00 m
CSF-B), Temperature II (35°C, Incubator I) was used
for samples from Cores 8L and 9R through 22R
(1607.16–1977.84 m CSF-B), and Temperature III
(45°C, Incubator II) was used for samples from Cores
23R through 32R (1984.13–2456.63 m CSF-B) (Table
T42) and for the pooled master sample. Drilling mud
samples were incubated at room temperature.

Incubation for shore-based cultivation 
of deep subseafloor microbes

Six unwashed samples of cuttings from 696.5 to
1206.5 m MSF and formation fluid obtained from
the Quicksilver probe at 1279.5, 1844.0, and 1978.0
m WMSF were used as inoculum to enrich for anaer-
obically respiring microbes such as methanogens,
homoacetogens, and ferric iron reducers. Formation
fluid from 1489.3, 1808.0, and 1901.2 m WMSF and
all WRCs obtained during the expedition, were
stored under anaerobic conditions at 4°C for shore-
based cultivation. After the shipboard incubation of
unwashed cuttings, growing cells were confirmed
based on culture turbidity and microscopic observa-
tions of enriched cells. We observed particularly high
turbidity and many cells in media targeting iron re-
ducers (i.e., media of ferric citrate, lepidocrocite, goe-
thite, hematite, and magnetite) and homoacetogens
(i.e., medium of H2/CO2 plus bromoethanesulfonic
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acid [BES]) (Fig. F65). In addition, there seemed to be
cell growth with media targeting hydrogenotrophic
and methylotrophic methanogens (i.e., media with
H2/CO2 and methanol, respectively). Because these
first-generation enrichment cultures likely contain
carbon and energy sources originally present in un-
washed cuttings, it is uncertain whether the targeted
microbes grew on the substrates supplied in the me-
dia or substrates present in drilling mud. Continuous
subculturing will be conducted on shore in order to
remove the effects of substrates other than the ones
supplied through media.

Using light microscopy, fungal sporelike structures
were identified in incubated core samples (Sections
337-C0020A-8L-5, 10R-2, 13R-1, 14R-2, 15R-3, 15R-5,
20R-7, and 28R-3) and seawater (Table T43). Further-
more, based on size, morphology, and motility, sev-
eral types of microorganisms were discriminated.
Motile filaments were observed in high abundance
in drilling mud (Sample 337-C0020A-245-LMW) and
core Sections 7R-1, 15R-7, and 25R-2 and in low
abundance in seawater and core Sections 13R-1, 15R-
3, and 20R-7, suggesting origin from drilling mud.
We will conduct shore-based PCR assays to target
fungal DNA and discriminate between indigenous
and contaminant communities.

Additional sampling for shore-based 
microbiological investigations

Single-cell analyses of carbon and nitrogen 
assimilation rates of subseafloor autotrophic 
and heterotrophic microbial communities
Six WRC samples and the pooled master sample were
used for detecting incorporation of stable isotope-
labeled substrates into whole cells by nanoscale sec-
ondary-ion mass spectrometry (NanoSIMS): intervals
337-C0020A-4R-1, 100–141.5 cm; 4R-2, 0–47 cm
(1376 m CSF-B); 8L-4, 50–100 cm (1606 m CSF-B);
14R-1, 40–80 cm (1820 m CSF-B); 15R-3, 20–48 cm
(1921 m CSF-B); 18R-1, 71–114 cm (1946 m CSF-B);
25R-2, 50–60 cm; 26R-4, 40–140 cm (2114 m CSF-B);
and 32R-4, 70–141 cm (2461 m CSF-B). After whole-
round cutting, samples were flushed with N2, vac-
uum-sealed, and stored at 4°C. Utilizing aseptic tech-
niques and within 24–48 h after retrieval, core sur-
faces were removed three successive times to remove
contaminated outer parts—either within an aerobic
clean bench or nitrogen glove bag, Sections were
freshly packaged, reflushed with N2, vacuum-sealed,
and stored at 4°C until inoculation.

Samples were obtained in an anaerobic glove box us-
ing a wide spatula and hammer to break cores into
centimeter-sized pieces. Pieces were then divided
evenly among 120 50 mL glass vials and sealed with
47



Expedition 337 Scientists Site C0020
butyl rubber stoppers. Within 24 h, samples were
flushed with filtered Ar to remove H2 and N2 from
headspace and stored at 4°C until substrate addition.

Vials were filled to achieve an estimated sample vol-
ume of 5–10 cm3 per incubation (depending on total
sample volume). Substrates were added to establish
concentrations of 13C (mixture of 15 µM each of 13C
and natural-abundance isotope-ratio C-bearing sub-
strates), 15N (mixture of 1.5 µM of 15N and natural-
abundance isotope-ratio N-bearing substrates), and
20 vol% deuterium in water. Killed controls were au-
toclaved before any seawater or substrate was added.
Samples were stored at 4°C on board the ship and
during shipping to home institutions, where they
were then incubated at near in situ temperatures.

Sandwich experiment
The coal WRC from Section 337-C0020A-18R-1 was
prepared for shipboard stable isotope incubation.
The section was dabbed with KimWipes soaked in
anaerobic Milli-Q water in a glove box, and then
gently broken into 1–2 cm thick sections to create ar-
tificial fracture surfaces. UV-sterilized 47 mm poly-
carbonate and cellulose acetate membranes were
soaked with substrate and placed between core
breaking points, and then “sandwiched” back to-
gether by wrapping them with Parafilm. Labeled sub-
strates were added with 1 µM carbon and/or 0.1 µM
nitrogen according to Table T10 in the “Methods”
chapter (Expedition 337 Scientists, 2013b), with the
exception of cellulose, of which a suspension con-
taining 176 mg was placed on the polycarbonate
membrane. “Sandwiches” were anaerobically incu-
bated in the dark at 42°C without shaking.

Hydrogenase activity measurements
Samples for hydrogenase activity measurements
were sampled from WRCs also used for pSRR incuba-
tions. The potentially contaminated outer 1 cm of 28
WRCs was carefully removed in an anaerobic glove
box using sterilized spatulas and knifes. Approxi-
mately 50 cm3 was packed in ESCAL bags, flushed
with nitrogen, vacuum-sealed, and stored at –80°C
for shore-based tritium incubation experiments.

Conclusions
Data obtained during Expedition 337 demonstrate
the suitability of PFC tracers to monitor contamina-
tion during riser drilling operations and indicate that
the majority of core samples obtained have low levels
of contamination at the core center. The successful
extraction of cells and DNA demonstrates that the
monitoring of microbial populations in cores ob-
tained by riser drilling is possible on board the ship.
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Community fingerprinting analyses suggest that a
substantial fraction of the DNA detected within cores
belongs to indigenous communities of microorgan-
isms. Although high cell numbers found in sandy
and less consolidated layers were almost certainly the
result of sample contamination by drilling mud, cell
numbers only slightly above the detection limit in
other cores—all the way to Core 337-C0020A-32R at
2460 m CSF-B—are less likely to result from drilling
mud contamination. Shore-based molecular analyses
will reveal the extent to which cells and DNA de-
tected indeed belong to in situ microbial communi-
ties, and, if so, what their metabolic potential is based
on functional gene and metagenomic analyses.

A broad range of experiments investigating microbial
community zonation and activity in Expedition 337
core samples was initiated on board the ship. In the
upcoming months and years, these experiments will
produce novel insights to the life histories of subsea-
floor microbes in the deep core samples and coalbeds
at Site C0020. The focus on combined nanoSIMS and
single-cell approaches is likely to provide altogether
novel insights to the modes of biomass assimilation
and energy production in these fascinating, deeply
buried microbial communities from the deepest bore-
hole sampled by scientific drilling to this date.
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Figure F2. Smear slide photomicrographs. A. Cuttings containing diatom-bearing silty clay, typical lithology
of Unit I. B. Fragmented diatoms in a volcanic glass and clay-rich matrix. C. Silty sandstone and volcanic glass.
D. Glauconite. E. Abundant woody fragments within weathered volcanic material beneath the first coalbeds.
F. Well-preserved wood fragment. G. Bright green circular grains of siderite within organic-rich sediment.
H. Siderite within coal layers. I. Glauconite in sandstone.
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Figure F3. Section photographs. A. Fine to medium sandstone intercalated with thin siltstone layers (2–3 mm)
with dolomitic bands. B. Sandstone with pebbles of igneous rocks, few cherts, and rare pumice. C. Grain-sup-
ported conglomerate at the bottom. A small coarsening-upward interval with a fine conglomerate at the top
(43 cm). The clayey fine sandstone visible above is typical for Subunit IIa. D. Organic-rich layer in medium
sandstone (87 cm, Subunit IIb). Slightly dipping beds, parallel lamination, and horizontal burrows (88 cm)
filled with siltstone are also visible. E. Vertical burrows filled with medium sandstone in a silty shale (Subunit
IIb). Shell fragments appear in the lower part. (Continued on next page.)
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Figure F3 (continued). F. Abundant shell fragments in medium sandstone (Subunit IIb). G. Coaly shale with
pyrite (upper part) in contact with coal interval (lower part) from Unit III. H. Light brown cemented (sideritic)
mudstone and concretions (Unit III). In the middle of this brown horizon, a thin coaly layer appears. I. Sand-
stone with siderite bands (brownish color; Unit IV). J. Siltstone with siderite concretion in silty shale (Unit IV).
Lenticular bedding is visible in this section.
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Figure F4. Scanning electron micrograph images. A. Pyrite grain. B. Naturally occurring barite in coal from
section shown in A. C. Coal. D. Coal.
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Figure F5. Plot of downhole changes in the relative abundance of quartz, feldspar, clay, and calcite derived from
X-ray diffraction (XRD) measurements, Hole C0020A.
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Figure F6. Plots for selected geochemical ratios used as properties for various physical or mineralogical phe-
nomena against depth, Hole C0020A. CIA = chemical index of alteration.

Mg/Al Ti/Ca Fe/Al CIA (%) 

D
ep

th
 (

m
bs

f)

Increasing
sand

Increasing
dolomite

Increasing
chemical weathering

Increasing
terrigenous supply

Increasing
authigenesis

Increasing
carbonate weathering

Increasing
carbonate

Ti/Al 

Increasing
current strength

600

800

1000

1200

1400

1600

1800

2000

2200

2400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

Si/Al Ca/Al K/Al 

SiO2
(wt%)

CaO
(wt%) 

MgO
(wt%) 

K2O
(wt%)

TiO2
(wt%)

Na2O
(wt%)

Fe2O3
(wt%)

Al2O3
(wt%)

D
ep

th
 (

m
bs

f)

10 50 80 10 200 10 200 4 80 12 4 80 12 10 2 1 20 3 4 20 40 60

10 2 4 9 123 1 20 0.2 0.30.1 0.4 1 20 0.050 0.1 90 18 30 60 906 3 0

Unit I

Unit II

Unit III

Unit IV

Unit I

Unit II

Unit III

Unit IV

Core Cuttings
Proc. IODP | Volume 337 58



Exp
ed

itio
n

 337 Scien
tists

Site C
0020

Proc. IO
D

P | Volum
e 337

59

XRD measurements, Hole C0020A.
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Figure F7. Cross-plots for various geochemical element ratios and plots of ratios against CaO and quartz from 
CIA = chemical index of alteration.
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 the age; relative abundance of wood/lignite, glauconite, di-
, Hole C0020A.
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Expedition 337 Scientists Site C0020
Figure F9. Section photographs of drilling disturbances in cores. A. Mud drilling injection causing some lami-
nation in semiconsolidated sandstone. B. Laminations of drilling mud in silty sandstone, which at a glance
looks “natural” and may lead to false interpretation of sedimentary structure originally present in core samples.
C. Laminations caused by mud injections. In this core, mud laminations present with some offset. It was quite
hard to differentiate between natural and injection laminations. D. Fine laminations caused by mud injections
which again look natural. E. “Nugget structure” in the core caused by injections of drilling mud.
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Figure F10. Site summary diagram of downhole logging for Site C0020 from 1200 to 2466 m WMSF, showing caliper (hole diameter), natural gamma
ray, spontaneous potential, laterolog resistivity (RLA) of five different depths of investigation (RLA5 = deepest), neutron porosity, photoelectric factor,
density, P- and S-wave velocities and Poisson’s ratio calculated from these velocities, natural gamma ray from three different radioactive materials, a
series of permeability and porosity measurements by NMR method together with their original data (NMR T2 distribution), and the borehole resis-
tivity image. SDR = Schlumberger-Doll Research, T/C = Timur-Coates, CMR = combinable magnetic resonance.
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Figure F11. Summary of temperature measurements, Site C0020. Two types of logging tools, the Environ-
mental Measurement Sonde (EMS) and the Modular Formation Dynamics Tester (MDT), measured borehole
temperature in situ. The MDT recorded the temperature, during pretests (single probe [SP]) and fluid sampling
(Quicksilver [QS] probe). The maximum temperature at the bottom of the hole was estimated by temperature
build-up pattern during logging operations (Horner plot method) that shows the maximum temperature gra-
dient of 24.0°C/km.
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Figure F12. Synthetic seismogram and its correlation to the seismic profile, Site C0020. The synthetic seismogra
density log data show a very good correlation to seismic profile Line ODSR03-BS. TWT = two-way traveltime.
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tions are in Unit II and a series of
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nd MSCL-S data for large-diameter coring (LDC) systems, Site C0020. GRA = gamma
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ples and comparison with discrete core samples, Site
epth. Notice that discrete core samples measured for
f porosity in discrete core samples and comparison
nate-cemented rocks deviate from the consolidation

y rocks. Higher porosity and slower reduction in po-
ative of in situ porosity than the porosity of cuttings.
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ze in cuttings samples and comparison with discrete core samples,
core samples and comparison with cuttings.
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ze in cuttings samples and comparison with discrete core samples,
 core samples and comparison with cuttings.
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Figure F19. Distribution and lithologic variation of thermal conductivity in discrete core samples, Site C0020.
Thermal conductivity of sandstone apparently linearly decreases with depth. Coal samples show lower thermal
conductivity and higher values are observed in carbonate-cemented rock samples.
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Figure F20. Distribution and lithologic variation of P-wave velocity in discrete core samples and cuttings
samples, Site C0020.
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Figure F21. Distribution and lithologic variation of (A) electrical resistivity and
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ard deviation of Ro. B. Two examples of histograms for measured vitrinite
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Figure F22. A. Distribution of vitrinite reflectance (Ro). Blue bar = stand
reflectance from Sections 337-C0020A-15R-3 and 30R-2. 

1000 

1500 

2000 

2500

Ro (%)

D
ep

th
 (

m
bs

f)

0.2 0.25 0.3 0.35 0.4 0.45 0.5

A

15R-3

2R-2

30R-2

19R-7

97-SMW



Exp
ed

itio
n

 337 Scien
tists

Site C
0020

Proc. IO
D

P | Volum
e 337

75

e samples used for ASR measurement. B. Deviation between the
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Figure F24. Plots of (A) potassium and (B) sulfate concentrations as well as (C) salinity for cuttings samples
collected at Site C0020 and drilling mud samples collected prior to, during, and after drilling operations. R =
cuttings sample measured with the Rhizon sampler.
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Figure F25. Volumetric interstitial water yield, Site C0020.
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Figure F26. Plots of (A) salinity, (B) total alkalinity, and (C) pmH for interstitial water, Site C0020.
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Figure F27. Plots of major anion concentrations for interstitial water, Site C0020. A. Chloride. B. Bromide.
C. Sulfate.
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Figure F28. Plots of (A) ammonium, (B) sodium, and (C) potassium concentrations for interstitial water, Site
C0020.
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Figure F29. Plots of (A) magnesium, (B) calcium, (C) strontium, and (D) barium concentrations for interstitial
water, Site C0020.
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tions for interstitial water, Site C0020.

1000 0 5 10 15 20 25 30

Fe (µM)

0 10 20 30 40 50

 Mn (µM)

D E
Figure F30. (A) Boron, (B) lithium, (C) silica, (D) iron, and (E) manganese concentra

0 100 200 300 400 500

Li (µM)

0 500 1000 1500

1200

1400

1600

1800

2000

2200

2400

2600

B (µM)

D
ep

th
 C

S
F

-B
 (

m
)

0 200 400 600 800

Si (µM)

Unit II

Unit III

Unit IV

A B C



Expedition 337 Scientists Site C0020
Figure F31. Depth profiles of formation water and drilling mud water, Site C0020. A. Sodium. B. Sulfate.
C. Chloride.
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Figure F32. Estimates of drilling mud (XDML) incorporated into interstitial water samples from Site C0020. XDML

was estimated based on concentrations of sulfate, potassium, and salinity. Shaded field = ±1σ region of the av-
erage XDML values (not shown) calculated for the pore water. Open symbols are for XDML in the formation waters
collected in SSBs. The color is the same as the corresponding mud fractions based on sulfate, potassium, and
salinity that were applied to the pore water. With the exception of the first SSB sample in Unit II, all of the other
samples showed mud fractions that exceeded those of the pore water.
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Figure F33. Depth profiles of corrected (A) total alkalinity, (B) calcium, (C) magnesium, and (D) strontium con-
centrations of interstitial water at Site C0020 based on the averaged XDML. Error bars in A delineate the ±1σ un-
certainty.
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Figure F34. Diagram of depth of the incoming mud gas below the seafloor versus date and time of its arrival
in the mud-gas monitoring van, Hole C0020A. The progression of drilling into the formation allows all days to
be displayed on a 24 h scale in one panel. During mud-gas monitoring, all data were recorded in ship local time
(UTC + 8 h). 
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Figure F35. δ13C values of methane at Site C0020, measured on samples retrieved from Holes C0020A and
C9001D. MCIA on-line mud-gas monitoring in Hole C0020A recorded δ13C values of methane with a frequency
of 1 measurement/s, yielding a total of ~186,000 data points for the time intervals with mud-gas recovery (see
Table T16). In general, 100–200 data points were recorded per meter of drilled sediment in Hole C0020A and
the average values are plotted against depth. For comparison, δ13C-CH4 data are shown for the upper 358 mbsf
of Site C0020 that result from headspace analysis of core samples taken from Hole C9001D during the Chikyu
shakedown cruise (Expedition CK06-06) in 2006 (F. Inagaki et al., unpubl. data). VPDB = Vienna Peedee bel-
emnite.
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Expedition 337 Scientists Site C0020
Figure F37. Ratios of hydrogen, oxygen, and nitrogen to argon in mud gas at Site C0020, analyzed during on-
line mud-gas monitoring using PGMS. On-line mud-gas monitoring by PGMS only started at 1005.5 m MSF
because of insufficient gas flow to the instrument during the first day of mud-gas monitoring (15 August 2012).
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Figure F38. Downhole profile of (A) H2 and (B) CO concentrations from the extraction method, Site C0020.
Data from sediment cores and drilling mud caught inside the core liner are shown.
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xygen index. OM = organic matter, HC = hydrocarbon, TOC
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Figure F41. n-Alkane m/z 85 mass chromatograms, Site C0020. Representative chromatograms for coal, silt-
stone, and mudstone lithologies. Pr = pristane, Ph = phytane, 19 = C19 n-alkanes, etc.
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Figure F42. Combined mass chromatograms of the ions m/z 178 + 192, Site C0020. Representative chromato-
grams for coal, siltstone, and mudstone lithologies. P = phenanthrene, 2-MP = 2-methylphenanthrene, etc.
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Figure F43. Combined mass chromatograms of the ions m/z 202 + 216, Site C0020. Representative chromato-
grams for coal, siltstone, and mudstone lithologies. Fl = fluoranthene, Py = pyrene, Fl[a] = benzo[a]fluoran-
thene, etc.
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Figure F44. Combined mass chromatograms of the ions m/z 117 + 75 showing the trimethylsilyl ethers and
esters of n-alkanols and n-alkanoic acids, respectively, Site C0020. Representative chromatograms for coal, silt-
stone, and mudstone lithologies. 16:0 = C16 n-alkanoic acid, 18:0 OH = C18 n-alkanol, etc., * = interfering peak
derived from drilling operations.
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Figure F46. Combined mass chromatograms of the ions m/z 117 + 75 showing trimethylsilyl ethers and esters
of n-alkanols and n-alkanoic acids, respectively, Site C0020. Chromatograms are ordered by depth. 18:0 OH =
C18 n-alkanol, i 15:0 = 14-methyl-alkanoic acid, a 15:0 = 13-methyl-alkanoic acid, br = unspecified methyl-
branched alkanoic acid, 14:0 = C14 n-alkanoic acid, 15:0 = C15 n-alkanoic acid, etc.
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Figure F47. Combined mass chromatograms of the ions m/z 215 + 257 showing sterenes and n-alkanes. Site
C0020. Carbon numbers are noted above peaks. 4,22 = stera-4,22-diene; 5,22 = stera-5,22-diene; Δ4 = ster-4-
ene; Δ5 = ster-5-ene, n28 = C28 n-alkanes, etc.
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Figure F48. Mass chromatograms of the ions m/z 215 and 217 for coal, siltstone, and mudstone lithologies, Site
C0020. Carbon numbers are noted above peaks. Δ4 = ster-4-ene; Δ5 = ster-5-ene; ααα R = 5α,14α,17α(H)20(R)
steranes; βαα = 5β,14α,17α(H) steranes; αββ R = 5α,14β,17β(H) steranes; ααα S = 5α,14α,17α(S) steranes; αββ S
= 5α,14β,17β(S) steranes.
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Figure F50. Ratio of C29 5α,14α,17α(H)20(R) sterane to C29 Δ4 and Δ5 sterenes, Site C0020. Trend lines are shown
for predicted values for 22°C/km, 24°C/km, and 26°C/km geothermal gradients; these predictions are derived
from data obtained by Amo et al. (2007) and presented in the inset. 

26°C/km 

22°C/km 

D
ep

th
 (

m
bs

f)

500

1000

1500

2000

2500

T
em

pe
ra

tu
re

 (
°C

)

30

35

40

45

30

35

40
0 0.2 0.4 0.6 0.8 1.0

Sterane/Sterene

HDB-4

HDB-3

0 0.2 0.4

C29 sterane/(C29Δ4 sterene + C29Δ5 sterene) 

0.6 0.8 1

24°C/km 
Coal

Mudstone

Siltstone

Cuttings
Proc. IODP | Volume 337 102



Expedition 337 Scientists Site C0020
Figure F51. Proportion of C29 Δ4 and Δ5 sterenes as a proportion of C27 to C29 Δ4 and Δ5 sterene homologs set
against backdrop of lithology obtained from cuttings, Site C0020. Blue = mudstone, orange = sandstone, white
unfilled region = proportion of siltstone. Doublets of Δ4 and Δ5 sterenes are denoted by carbon number. Samples
show varying proportions of each carbon number homolog downhole–generally C29 isomer lowest in mud-
stone rich intervals. 
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Figure F52. Mass chromatograms of the ions m/z 191 for hopanes and other pentacyclic triterpenoids for
samples of ASTEX-S SAS (drilling additive), the extract from a sandstone in interval 337-C0020A-16R-2, 12–45
cm, and the extract from a siltstone in interval 337-C0020A-15R-5, 0–21 cm. The sandstone sample contains a
hopane distribution that is a mix of the organic-rich lithology above and the SAS drilling additive. αβ =
17α,21β(H) hopane; ββ = 17β,21β(H) hopane.
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Figure F53. Total ion chromatograms for sequential extraction of cuttings (Sample 337-C0020A-25-SMW). The
extract from the exterior is dominated by drilling mud components (marked by *). After cleaning by sonication
in solvent, a repeat (second) sonication results in strongly reduced detection of GC-amenable compounds;
however, drilling mud components no longer dominate, suggesting that the surface has been cleaned. The sub-
sequent solvent extract obtained from the crushed sample contains far less drilling contaminants. is = standard.
ASE = extract obtained from Accelerated Solvent Extractor.
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Figure F54. Mass chromatograms of the ions m/z 85, 215, and 217 for n-alkanes, sterenes and 5-β cholane
standard. Comparison of full procedural blanks for the AF1 fraction (see Fig. F22 in the “Methods” chapter [Ex-
pedition 337 Scientists, 2013b]), Site C0020. No hydrocarbon biomarkers were detected in the procedural blank
and there is little evidence of peaks that could interfere with biomarker measurement. is = standard.
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Figure F56. Time course of perfluorocarbon (PFC) concentration monitoring in drilling mud from actively
mixed mud tanks (active Tanks 4 and 5), core liner fluid, and drilling mud that had circulated back on board
the ship and was sampled in the mud ditch, from 2 August to 9 September 2012 (see x-axis) during Expedition
337. The two panels show the same data, but over different PFC concentration (y-axis) ranges. PFC was added
on 25 days (diamonds). The very high PFC concentrations measured on two dates (upper panel) suggest lack
of homogenization because of insufficient mixing at the time of sampling. Dashed blue line (lower panel) =
PFC concentration (100 µg/L) assumed in all calculations of drilling mud and contaminant cell intrusion. The
line at the bottom displays optimization of the PFC extraction protocol over the course of the expedition. All
core samples underwent the final sampling protocol, which included 2 h of preincubation.
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Figure F57. Determination of perfluorocarbon (PFC) detection limit, Expedition 337. PFC in headspace was de-
tected in 182 out of 222 core samples. PFC amounts below 8 × 10–12 g (8 pg) within the volume of headspace
gas injected (0.5 cm3) were not detectable. Thus, we estimated the detection limit of the GC-ECD, indicated by
the dashed line, to be 8 × 10–12 g (8 pg).
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Figure F58. Drilling mud contamination of core samples (µL drilling mud per g sample) plotted against depth,
Site C0020. For core samples where PFC was below detection, we show the maximum possible drilling mud
contamination, calculated based on the analytical detection limit of 8 × 10–12 g (8 pg) PFC in the injection
volume (0.5 cm3), a PFC concentration in drilling mud of 100 µg/mL, and the amount of sample (g) taken for
PFC analyses.
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Figure F59. Drilling mud contamination of core interiors (µL drilling mud per g sample from core interior)
across different lithologies, Hole C0020A. Data from the entire coring interval were included and organized by
lithology. For samples where PFC was below detection (marked by *), we show the estimated maximum drilling
mud contamination; as for Figure F58, this was calculated assuming the analytical detection limit of 8 × 10–12 g
(8 pg) as PFC value within the GC-ECD injection volume (0.5 cm3), a PFC concentration in drilling mud of 100
µg/mL, and the amount of sample (g) taken for PFC analyses. Because the analytical detection limit and as-
sumed PFC concentration were constant, the variation in calculated maximum estimates is solely due to dif-
ferences in the amount of sample (g) used between samples. These considerable variations were caused by (1)
inaccuracies in eye-based estimates of sample volumes (our target sample volume was 5 cm3), (2) variability in
sample bulk densities, and (3) failure to obtain target sample volumes from hard samples (e.g., shales) within
the short processing times that were necessary to minimize PFC loss to volatilization.
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Figure F60. Microbial cell abundance in core samples at Site C0020 quantified by microscopic counts and flow
cytometry (FCM). The minimum quantification limit (MQL) of each quantification method is shown as a line
for both of the measurements.
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Figure F61. Microscopic image of microbial cells attaching to mineral particles from core Sample 337-C0020A-
32R-2, 43–65 cm, at 2458 m CSF-B. Scale bar = 3 µm.
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Figure F62. qPCR-based depth distribution of bacterial (red) and archaeal (blue) cell abundance in Hole
C0020A core samples. Three different primer mixtures were used for each Bacteria (Bac) and Archaea (Arc). Bac
806Fmod-908R, Bac 908F-1075R, Arc 806F-915R, and Arc 915F-1059R were used with DNA extracted by the
chemical lysis method. Bac 27F-338R and Arc 806F-958R were used with DNA extracted by the hot alkaline lysis
method.
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Figure F63. T-RFLP profiles of drilling mud and negative controls for DNA extraction and PCR, Expedition 337.
Orange lines = peaks common throughout the drilling period, purple lines = peaks from negative controls for
the DNA extraction and PCR. The y-axis maximum of each panel is 6000 relative fluorescence units, x-axis unit
bp = base pairs. LMT = fresh mud water, T-RFs = terminal restriction fragments, NTCE = negative control for
DNA extraction, NTCP = negative control for PCR (for exact sample info, see MBIO_SAMPLE_LIST.XLSX in
MBIO in “Supplementary material”).
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Figure F64. T-RFLP profiles of core samples, Hole C0020A. Orange lines = peaks common through the drilling
period, purple lines = peaks from negative controls for the DNA extraction and PCR. Red triangles with the
length of terminal restriction fragments (T-RFs) = peaks that only appear from the core sample. The x-axis
maximum of each panel is 12,000 relative fluorescence units; bp = base pairs (for exact sample info, see
MBIO_SAMPLE_LIST.XLSX in MBIO in “Supplementary material”).
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Figure F65. Cells enriched in media targeting (A) iron reducers (ferric citrate medium) and (B) homoacetogens
(H2/CO2 plus BES). Scale bar = 10 µm.
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Table T1. Summary of the qualitative XRD analyses of core samples, Site C0020. (Continued on next page.)
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337-C0020A-
CKY5138900 1R-1 1277.64 Sandstone x x x x x x
CKY5137600 2R-2 1288.04 Sandstone x x x x x x
CKY5166800 3R-2 1371.39 Siltstone x x x x x x x x
CKY5174100 4R-2 1377.33 Sandstone x x x x x
CKY5197600 5R-2 1491.62 Silty sandstone x x x x x x x x
CKY5199500 6R-3 1498.41 Silty sandstone x x x x x x
CKY5202200 7R-1 1599.285 Shale x x x x x * x x
CKY5239900 8L-2 1604.325 Silty shale x x x x x † x
CKY5242500 8L-6 1608.21 Clay-rich sandstone x x x x x
CKY5247300 8L-9 1611.98 Siltstone x x x x x x x x
CKY5274300 9R-4 1629.275 Shale x x x x x x x x
CKY5299300 10R-2 1632.25 Siltstone x x x x x
CKY5334200 11R-3 1740.395 Sandstone x x x x x x x
CKY5345400 12R-5 1753.32 Sandstone x x x x
CKY5347500 12R-6, 0.1 1753.535 Siltstone x x x x x x
CKY5348300 12R-6, 5.1 1753.945 Siltstone x x x x x x
CKY5348800 12R-6, 9.2 1754.355 Sandstone x x x x x x x x
CKY5373000 13R-5 1761.88 Sandstone x x x x x x x x
CKY5400500 14R-4 1824.78 Shale x x x x x x x
CKY5400700 14R-5 1824.935 Sandstone x x x x x x x x
CKY5400900 14R-7 1826.565 Silty shale x x x x x x x
CKY5411800 15R-4 1923.46 Shale x x x x x x x
CKY5412700 15R-6 1924.64 Silty shale x x x x x x x x x
CKY5423900 16R-1 1929.445 Sandstone x x x x x x x
CKY5446800 17R-5 1940.445 Shale x x x x x x x x
CKY5513900 19R-7 1957.865 Shale x x x x x x x x x x x
CKY5517900 20R-1 1960.765 Sandstone x x x x x x x x
CKY5523100 20R-5 1964.615 Silty shale x x x x x x x x x
CKY5532300 21R-1 1969.905 Shale x x x x x x x
CKY5544900 22R-2 1975.415 Sandstone x x x x x x x
CKY5566200 23R-5 1987.105 Silty shale x x x x x x x x
CKY5580900 24R-2 Siderite nodule x x x x x 
CKY5583400 24R-4 1994.27 Sandstone x x x x x x x x
CKY5593500 25R-CC 2002.225 Shale x x x x x x
CKY5632100 26R-7 2117.765 Shale x x x x x x x x
CKY5632300 27R-4 2204.49 Shale x x x x x x x x x
CKY5703100 29R-7 2407.46 Sandstone x x x x x x x x x
CKY5729900 30R-1 2447.425 Shale x x x x x x x x
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Note: * = synthetic compounds, † = some synthetic compounds

CKY5732900 30R-4 2449.985 Sandstone x x
CKY5725500 32R-3 2459.905 Sandstone x x
CKY5725800 32R-6 2463.515 Shale x x
CKY5235900 Mud water x
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Table T1 (continued).
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Table T2. Summary of the qualitative XRD analyses of cuttings samples, Site C0020. (Continued on next page.)
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337-C0020A-
CKY5037100 24-SMW 641.5 x x x x x x x x
CKY5037300 25-SMW 651.5 x x x x x x x x x
CKY5037500 26-SMW 661.5 x x x x x x x x x x x x x x x
CKY5037700 27-SMW 671.5 x x x x x x x x x x x x x
CKY5037900 28-SMW 681.5 x x x x x x x x x x x x
CKY5038100 29-SMW 691.5 x x x x x x x x x x x x x
CKY5038300 30-SMW 701.5 x x x x x x x x x x
CKY5038500 31-SMW 711.5 x x x x x x x x x x x x
CKY5038700 32-SMW 721.5 x x x x x x x x x x
CKY5038900 33-SMW 731.5 x x x x x x x x x x
CKY5038900 33-SMW 731.5 x x x x x x x x x x x x x
CKY5039100 34-SMW 741.5 x x x x x x x x x x x x x x
CKY5039800 35-SMW 751.5 x x x x x x x x x
CKY5039900 36-SMW 761.5 x x x x x x x x x x x
CKY5040000 37-SMW 771.5 x x x x x x x x
CKY5040100 38-SMW 781.5 x x x x x x x x x
CKY5040200 39-SMW 791.5 x x x x x x x x x
CKY5040300 40-SMW 801.5 x x x x x x x x x x
CKY5045900 41-SMW 811.5 x x x x x x x x x
CKY5046100 42-SMW 821.5 x x x x x x x
CKY5055700 62-SMW 961.5 x x x x x x x x x x x x x
CKY5046300 43-SMW 831.5 x x x x x x x x x x x x
CKY5049600 44-SMW 841.5 x x x x x x x x x x x
CKY5049800 45-SMW 851.5 x x x x x x x
CKY5050000 46-SMW 861.5 x x x x x x x x x x
CKY5050200 53-SMW 871.5 x x x x x x x x
CKY5050400 54-SMW 881.5 x x x x x x x x
CKY5051000 55-SMW 891.5 x x x x x x x x x
CKY5054500 56-SMW 901.5 x x x x x x x x
CKY5054700 57-SMW 911.5 x x x x x x x
CKY5054900 58-SMW 921.5 x x x x x x
CKY5055100 59-SMW 931.5 x x x x x x x x
CKY5055300 60-SMW 941.5 x x x x x x x
CKY5055500 61-SMW 951.5 x x x x x x x
CKY5055700 62-SMW 961.5 x x x x x x x
CKY5071400 63-SMW 971.5 x x x x x x x x
CKY5071600 64-SMW 981.5 x x x x x x x x
CKY5071800 65-SMW 991.5 x x x x x x x
CKY5072000 66-SMW 1001.5 x x x x x x x x
CKY5072200 67-SMW 1011.5 x x x x x x x x
CKY5072400 70-SMW 1021.5 x x x x x x x x
CKY5072600 71-SMW 1031.5 x x x x x
CKY5072800 72-SMW 1041.5 x x x x x
CKY5073000 73-SMW 1051.5 x x x x x
CKY5073200 74-SMW 1061.5 x x x
CKY5073400 75-SMW 1071.5 x x x x x x x
CKY5073600 79-SMW 1081.5 x x x x x x x x
CKY5073800 80-SMW 1091.5 x x x x x x x
CKY5074000 81-SMW 1101.5 x x x x x x x
CKY5085200 88-SMW 1111.5 x x x x x x x
CKY5145700 119-SMW 1331.5 x x x x x x x x
CKY5194000 136-SMW 1451.5 x x X x x
CKY5195500 148-SMW 1488.5 x x x x x x
CKY5211800 158-SMW 1551.5 x x x x x x
CKY5420000 192-SMW 1651.5 x x x x x x x x x x
CKY5420500 198-SMW 1701.5 x x x x x x x
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CKY5421000 207-SMW 1751.5 x x x x x x x
CKY5421300 212-SMW 1801.5 x x x x x x x x
CKY5422000 222-SMW 1871.5 x x x x x x x
CKY5584500 254-SMW 2001.5 x x x x x x x
CKY5586400 261-SMW 2051.5 x x x x x x x
CKY5588000 267-SMW 2101.5 x x x x x x x
CKY5635900 274-SMW 2151.5 x x x x x x x x x
CKY5636400 285-SMW 2201.5 x x x x x x x
CKY5646100 290-SMW 2251.55 x x x x x x x
CKY5745000 358-SMW 2351.5 x x x x x x x x
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Table T2 (continued).
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 information, Hole C0020A.

Depth interval
MSF (m)

Thickness 
(m) Lithology Age

647–926.5 279.5 Diatom-bearing siltstone and claystone late–middle Pliocene
926.5–1116.5 190 Semiconsolidated diatom-bearing clayey siltstone with common 

fine sandstone 
middle Pliocene/early Pliocene–late Miocene

1116.5–1236.5 120 Unconsolidated to semiconsolidated sandstone and silty 
sandstone with rare clayey siltstone 

early Pliocene–Miocene

1236.5–1256.5 20 Semiconsolidated clayey siltstone with medium loose sand early Pliocene–Miocene

W; 1256.5–1506.5 250 Sandstone and siltstone associated with marine fossiliferous 
material

Miocene

MW; 1506.5–1826.5 320 Organic-rich shale and sandstone associated with plant remains Miocene

MW; 1826.5–2046.5 220 Organic-rich sandstone and shale associated with coalbeds early–middle Miocene

MW; 2046.5–2426.5 380 Shale and sandstone associated with carbonate and glauconitic 
material 

early Miocene–late Oligocene

MW; 2426.5–2466 39.5 Sandstone and shale associated with coalbed early Miocene–late Oligocene
Table T3. Lithologic units with sediment age

Unit Subunit Core/Cuttings number

I a Samples 337-C0020A-24-SMW through 58-SMW
b Samples 337-C0020A-59-SMW through 88-SMW

c Samples 337-C0020A-92-SMW through 95-SMW

d Samples 337-C0020A-97-SMW through 98-SMW

II a  Samples 337-C0020A-98-SMW through 153-SM
Cores C0020A-1R through 6R

b Samples 337-C0020A-153-SMW through 216-S
Cores C0020A-7R through 14R

III Samples 337-C0020A-216-SMW through 261-S
Cores C0020A-15R through 25R

IV a Samples 337-C0020A-261-SMW through 384-S
Cores C0020A-26R through 29R

b Samples 337-C0020A-384-SMW through 391-S
Cores C0020A-30R through 32R 
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N (76–125 specimens), G = good (>126). X = reworked.
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able T4. Distribution of dinoflagellate cysts, pollen, and spores in Unit I, Hole C0020A.

umbers in the taxa columns refer to abundance counts of specimens. Group abundance: B = barren, P = poor (1–75 specimens within a sample), M = moderate 
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337-C0020A-
24-SMW 636.5–646.5 M 5 11 43 1 1 2
25-SMW 646.5–656.5 G 13 21 119 7 3 1 1
26-SMW 656.5–666.5 G 1 1 14 106 12 1 4
27-SMW 666.5–676.5 G 4 1 21 72 35 3 1 1
28-SMW 676.5–686.5 M 2 11 41 2 1 1 1
29-SMW 686.5–696.5 G 5 90 4 1 2
30-SMW 696.5–706.5 M 1 43 2 2 1
31-SMW 706.5–716.5 G 1 41 1 1 2 1
32-SMW 716.5–726.5 M 3 54 1
33-SMW 726.5–736.5 M 3 48 1 1
34-SMW 736.5–746.5 G 6 70 1 1 1 3
35-SMW 746.5–756.5 G 1 1 6 73 1 1 1 1
36-SMW 756.5–766.5 G 1 6 48 X 3 3 1 1
37-SMW 766.5–776.5 G 2 15 79 2 1 1 1 1 1
38-SMW 776.5–786.5 G 10 44 1 1
39-SMW 786.5–796.5 P 2 2 23 1 2 1 2
40-SMW 796.5–806.5 M 9 38 1 1 2
41-SMW 806.5–816.5 P 7 20 1 1 1 1
42-SMW 816.5–826.5 M 2 1 32 2 2 4
43-SMW 826.5–836.5 P 19 2 1 1 1 1
44-SMW 836.5–846.5 G 1 1 9 68 1 7 5 1 1 1 2 1
45-SMW 846.5–856.5 P 2 2 18 3 1 1
46-SMW 856.5–866.5 P 3 1 6 29 1 4 1 1 1
56-SMW 896.5–906.5 P 1 2 47 1 5 3 3 2
57-SMW 906.5–916.5 P 2 17 2 1
58-SMW 916.5–926.5 P 1 2 5 32 3 2 1 1 3
59-SMW 926.5–936.5 P 5 17 2 2 1
60-SMW 936.5–946.5 P 19 3 2 1
61-SMW 946.5–956.5 P 1 4 1 22 2 2 2 1 2
62-SMW 956.5–966.5 P 1 12 2
63-SMW 966.5–976.5 P 10 1 2 1 2 1
64-SMW 976.5–986.5 M 1 1 1 21 8 1 4
65-SMW 986.5–996.5 P 15 3 3 1
66-SMW 996.5–1006.5 P 2 18 2 2 1 1 2
67-SMW 1006.5–1016.5 P 2 1 24 2 1 1 3 3 12 2
72-SMW 1036.5–1046.5 P 1 2 16 X 1 1 2
73-SMW 1046.5–1056.5 P 15 2 1
74-SMW 1056.5–1066.5 P 2 15 1 2 2 1 2 1
75-SMW 1066.5–1076.5 P 2 1
79-SMW 1076.5–1086.5 P 1 1 2 9 3 1 3 1 1 1 1
80-SMW 1086.5–1096.5 P 1 1 4 5 2 1 1 3 1
81-SMW 1096.5–1106.5 P 1 5 1 6 2 3 1 1
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N mple), M = moderate (76–125 specimens), G = good (>126). X = reworked. 
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able T5. Distribution of dinoflagellate cysts, pollen, and spores in Unit II, Hole C0020A.

umbers in the taxa columns refer to abundance counts of specimens. Group abundance: B = barren, P = poor (1–75 specimens within a sa
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337-C0020A-
114-SMW 1276.5–1286.5 P 1 3 1 1 1 1
1R-CC 1278.58–1278.74 B
115-SMW 1286.5–1296.5 B
2R-CC 1289.99–1290.09 B
116-SMW 1296.5–1306.5 P 2 1 3
117-SMW 1306.5–1316.5 B
118-SMW 1316.5–1326.5 B
119-SMW 1326.5–1336.5 P 1 1 1 1 1 3
121-SMW 1356.5–1366.5 P 3 1 X 1 4 1 2
3R-4, 95–96 1373.71–1373.72 P 4 1 2 3 1
129-SMW 1376.5–1386.5 B
4R-CC 1378.47–1378.83 M 3 1 1 1 1 2 1 4 2
131-SMW 1386.5–1396.5 B
132-SMW 1406.5–1416.5 B
134-SMW 1426.5–1436.5 B
5R-CC 1492.7–1492.95 M 2 3 2 1 10 1 12
6R-4, 54–55 1499.12–1499.13 B
154-SMW 1506.5–1516.5 B
157-SMW 1536.5–1546.5 M 9 1
161-SMW 1566.5–1576.5 M 1 2 1 19 1 2
163-SMW 1586.5–1599.5 M 4 1
7R-CC 1600.01–1600.16 G 176
8L-2, 47–48 1604.68–1604.69 P 2 2 3
8L-2, 94–95 1605.15–1605.16 M 12
9R-CC 1629.47–1629.54 B
10R-CC 1634.90–1634.91 P 7 1 1 1 1 10
199-SMW 1716.5–1726.5 P 5 1 3 2 1 17 1
13R-CC 1766.47–1766.53 M 1 3 X 2 2 1
212-SMW 1795.5–1806.5 P 1 1 1
213-SMW 1806.5–1816.5 P 1 1 2 1 3
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N 5 specimens within a sample), M = moderate (76–125 specimens), G = good (>126). X = reworked.
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74 1 13 2 5 2 4 1 1 1 1 1 2 1 4 1 1 6 1
46 3 5 1 1 3 1 1 1 1 1 1 2 1 1 1
49 2 11 3 7 1 2 2 1 2 3 1 2 1 1 2 1 5 1 2
52 1 6 7 1 1 1 1 1 1 1 1 1 1 4 2 1 3

120 2 1 62 9 1 1 5 2 1 9 32 13 30 2 4 2 2 2 1 1 2 8
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20 1 4 7 1 1 2 8 2 1 2 11 62 32 3 1
51 4 10 1 1 1 1 25 3 1 2 8 5 22 17 4 2
99 1 10 14 3 7 2 1 2 1 3 1 5 1 2 28 2 16 2 33 5 1 2 1 1 27
56 1 3 5 3 1 3 2
70 2 2 29 9 3 3 1 7 3 13 25 3 11 1 2 10 12 1 2 1 37
30 5 11 1 1 1 2 3 1 3
65 5 6 12 1 1 1 1 1 1 2 1 3 1 4 81 48 1 1 1 2 4 1 2
85 3 13 49 8 2 15 8
26 2 13 3 2 3 6 1 16 4 1 3 4 5 1 1 2
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able T6. Distribution of dinoflagellate cysts, pollen, and spores in Unit III, Hole C0020A

umbers in the taxa columns refer to abundance counts of specimens. Group abundance: B = barren, P = poor (1–7

Core, section, 
interval (cm) 

or
cuttings 
sample

Depth
(mbsf) G

ro
up

 a
bu

nd
an

ce

Dinoflagellate cysts Spores Gymnospe

Be
lla

tu
di

ni
um

 h
ok

ka
id

oa
nu

m

Br
ig

an
te

di
ni

um
 s

p
p.

C
le

is
to

sp
ha

er
id

iu
m

 s
p

p.
 u

nd
iff

er
en

tia
te

d

En
ne

ad
oc

ys
ta

 s
p

.

Ev
itt

os
ph

ae
ru

la
 s

p
. A

G
el

at
ia

 in
fla

ta

Ka
llo

sp
ha

er
id

iu
m

 s
p

p.

Ph
th

an
op

er
id

in
iu

m
 s

p
p

.

Sy
st

em
at

op
ho

ra
 a

nc
yr

ea

Te
ct

at
od

in
iu

m
 p

el
lit

um

Tr
in

ov
an

te
di

ni
um

 b
or

ea
le

D
in

oc
ys

ts
 u

n
di

ff
er

en
tia

te
d

D
el

to
id

os
po

ra
 s

pp
.

G
le

ic
he

ni
id

ite
s

G
ra

nu
la

tis
po

rit
es

 s
p

p
.

La
ev

ig
at

os
po

rit
es

 s
pp

.

O
sm

un
da

St
er

ei
sp

or
ite

s 
sp

p
.

Sp
or

es
 u

nd
iff

er
en

tia
te

d

Bi
sa

cc
at

e 
po

lle
n 

(P
in

us
, P

ic
ea

)

Ep
he

dr
a

La
rix

Pi
ce

a

Sc
ia

do
pi

te
s 

sp
p

.

7-C0020A-
217-SMW 1826.5–1836.5 P 1 X X 2 5 4
14R-CC 1827.58–1828.10 G X X 9 14
219-SMW 1836.5–1846.5 M X 10 9
220-SMW 1846.5–1856.5 M 1 1 X X X 6 2 2 1
221-SMW 1866.5–1856.5 M 1 12 1 2
15R-1, 104–106 1920.04–1920.06 G 6 3 3
15R-CC 1926.64–1926.85 B
16R-CC 1933.40–1933.46 B
236-SMW 1936.5–1946.5 G 13 5 1 1 5
18R-2, 62–63 1947.27–1947.28 M 7 3 1
19R-6, 115–116 1956.81–1956.82 G X X X 1 6 1 18 7 35 3
19R-7, 119–120 1958.28–1958.29 G 10 3
20R-5, 99–100 1978.63–1978.64 G 1 2 1 2
22R-5, 85–86 1978.49–1978.50 G 2 3 20 5 1 27
23R-2, 73–74 1983.19–1983.20 M 2 5 1 1
23R-5, 55–56 1986.81–1986.82 G 1 15 3 5
23R-CC 1991.08–1991.25 P 1 5 2 1 3
24R-2, 100–101 1997.41–1997.42 G 3 1 6
25R-6, 19–20 2001.59–2002.60 G 18 3
25R-CC 2002.09–2002.35 G X 2 20 10 1
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P 126

T res in Unit IV, Hole C0020A. 

N bundance: M = moderate (76–125 specimens), G = good (>126). X = reworked. 
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X 7 X 4 2 1 23 2 1 1 4 93 4 1 2 9 2 1 3 1 9 2 2 2 6 5 1 20
1 2 2 X 1 3 12 3 4 1 109 2 4 5 1 1 1 7 3 2 1 1 2 1 1 1 8 1

1 4 10 1 14 1 36 2 11 3 1 1 5 1 4 1 4 3 3 2 2 5
X 1 1 1 1 2 6 2 39 2 10 3 1 1 4 3

2 1 1 10 50 1 10 1 1 1 1 1 1 1 6
3 4 1 11 2 77 2 13 1 1 3 1 1 1 6 1 6 1 1 1 1 1 10 1 1 1
3 6 3 1 22 1 8 75 10 12 3 1 1 1 4 1 5 2 8 2 8 1 1

1 X 2 1 5 2 40 91 7 23 1 1 6 1 2 1 1 1 5 1 18 3
1 X 1 2 1 6 68 2 134 16 20 4 3 3 3 1 18 1 1 3 4 1 3 3 3 8
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able T7. Distribution of dinoflagellate cysts, pollen, and spo
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337-C0020A-
26R-9, 34–35 2119.20–2119.21 G 1 1
26R-9, 45–46 2119.31–2119.32 G
28R-4, 13–14 2303.71–2303.72 M 1 2
29R-2, 75.5–76 2402.15–2402.16 M
29R-5, 100.5–101 2405.98–2405.99 M
30R-3, 0–42 A 2448.68–2449.1 G X
30R-3, 0–42 B 2448.68–2449.1 G
32R-5, 120–121 2462.31–2462.32 G 1
32R-7, 58–59 2464.23–2464.24 G 2 1
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Table T8. Distribution of diatoms in Unit I, Hole C0020A.

NPD = North Pacific diatom. Abundance: A = abundant (≥6 specimens per field of view [FOV] at 400× magnification), C = common (1–5 speci-
mens/FOV at 400×), F = few (1–4 specimens/5 FOVs at 400×), R = rare (1–10 specimens/horizontal traverse at 400×), B = barren, X = contami-
nant. Preservation: P = poor, M = moderate, G = good. — = barren or indeterminate.

Table T9. Log response of major lithology, Site C0020.

GR = gamma ray, SP = spontaneous potential.
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337-C0020A-
25-SMW 1865 646.5 656.5 Barren — B —
35-SMW 1965 746.5 756.5 late Pliocene upper NPD9 C M R R F
40-SMW 2015 796.5 806.5 late Pliocene upper NPD9 R P R R
45-SMW 2065 846.5 856.5 late Pliocene upper NPD9 C M R R F
53-SMW 2085 866.5 876.5 Barren — B —
54-SMW 2095 876.5 886.5 Barren — B —
55-SMW 2105 886.5 896.5 late Pliocene NPD9 F P F
56-SMW 2115 896.5 906.5 early Pliocene NPD8 F G R R R X
61-SMW 2165 946.5 956.5 early Pliocene NPD8 C M F F X
66-SMW 2215 996.5 1006.5 early Pliocene NPD7Bb A G C R
74-SMW 2275 1056.5 1066.5 early Pliocene NPD7Bb F M F R
75-SMW 2285 1066.5 1076.5 early Pliocene NPD7Bb F G R F R
92-SMW 1116.5 1126.5 Lost
89-SMW 2335 1126.5 1136.5 Miocene — C M R C X X
90-SMW 2345 1136.5 1146.5 Miocene — C M R C
94-SMW 2435 1216.5 1226.5 Barren — B —
95-SMW 2445 1226.5 1236.5 Miocene — R M R X X
97-SMW 2455 1236.5 1246.5 Miocene — R P X
98-SMW 2465 1246.5 1256.5 Miocene — R P ? R X

Lithofacies GR SP Resistivity Density
Neutron 
porosity

Coal Low Low Very high Very low Very high
Sandstone Low High Low Low Low
Cemented sandstone Low High Very high Very high Very low
Siltstone/Shale Medium Low Medium Medium High
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Table T10. Major coal layers, Site C0020.

Table T11. Fluid sampling points, Site C0020.

Table T12. Drilling mud water, Hole C0020A.

LMT = fluid collected at the mud tank. LMW = fluid taken from drilling mud. BD = below detection., ND = not detected.

Coal 
layer

Lith.
unit

Depth WMSF (m) Thickness 
(m)Top Bottom

1 II 1529.5 1530.1 0.6
2 II 1539.4 1539.7 0.3
3 II 1543.4 1544.0 0.6
4 III 1839.1 1840.0 0.9
5 III 1846.3 1846.9 0.6
6 III 1863.7 1864.6 0.9
7 III 1916.2 1923.5 7.3
8 III 1944.4 1947.9 3.5
9 III 1958.4 1958.7 0.3
10 III 1978.8 1979.3 0.5
11 III 1993.7 1994.8 1.1
12 III 1997.5 1998.8 1.3
13 III 2002.3 2003.0 0.7
14 III 2027.0 2028.1 1.1
15 III 2043.9 2045.3 1.4
16 III 2054.7 2055.0 0.3
17 IV 2448.4 2449.3 0.9

Sampling 
point

Lith.
unit

Depth 
WMSF (m)

Mobility 
(mD/cP)

Formation 
pressure (KPa)

Temperature 
(°C)

1 III 1977.99 50.02 31,979 47
2 III 1901.19 26.13 31,200 46
3 III 1844.03 54.77 30,607 45
4 II 1807.97 207.08 30,235 44
5 II 1489.28 65.10 27,008 39
6 II 1279.52 318.94 24,905 35

Lith. 
unit

 Mud water 
sample

Salinity
(‰)

Alkalinity 
(mM)

PO4
(µM)

NH4
(mM)

Cl–

(mM)
Br–

(mM)
SO4

2–

(mM)
Na+ 

(mM)

337-C0020A-
Pre 2-LMT 111.38 49.55 BD BD 1218.68 0.69 27.95 511.49 
I 23-LMT 100.91 39.74 31.11 BD 1097.82 0.89 25.71 475.10 
II 120-LMW 97.86 44.98 BD 0.97 970.18 0.94 22.96 457.41 
II 189-LMW 103.31 49.86 BD BD 1130.72 0.68 20.52 624.37 
III 257-LMW 138.89 77.70 BD BD 1547.56 0.81 55.96 1146.67 
IV 280-LMW 125.69 63.97 BD BD 1367.33 0.73 49.45 1013.76 
IV 373-LMW 127.41 70.03 BD BD 1394.39 0.83 50.99 1019.80 
Post 392-LMT 104.57 46.11 BD BD 1103.69 0.76 37.96 812.25 

Lith. 
unit

Mud water 
sample

K+ 
(mM)

Mg2+ 
(mM)

Ca2+ 
(mM)

B 
(µM)

Ba
(µM)

Fe 
(µM)

Li 
(µM)

Mn
(µM)

Si 
(µM)

Sr 
(µM)

337-C0020A-
Pre 2-LMT 847.34 28.18 5.96 299.38 5.15 BD 152.62 BD 119.80 57.78 
I 23-LMT 756.11 28.02 5.41 192.76 5.71 9.48 164.10 ND 233.66 13.91 
II 120-LMW 642.97 23.82 8.41 176.26 42.60 166.69 151.85 1.69 2305.82 16.82 
II 189-LMW 650.04 14.05 6.17 166.12 14.16 151.06 259.81 3.02 2150.94 13.61 
III 257-LMW 732.92 5.18 4.30 176.41 9.52 392.30 233.30 5.34 4416.41 17.68 
IV 280-LMW 662.50 3.87 4.08 188.57 12.51 464.14 224.34 4.66 5278.75 25.55 
IV 373-LMW 668.84 2.23 4.05 237.83 13.72 587.60 191.73 5.71 7202.78 32.98 
Post 392-LMT 578.05 1.54 3.50 173.91 14.43 449.15 190.80 3.57 5418.73 28.82 
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Table T13. Drilling cuttings water, Hole C0020A.

Prep. = preparation. — = not analyzed. ND = not detected.

Lith. 
unit

Cuttings 
sample Prep.

Depth MSF (m) Salinity
(‰) pH

Alkalinity 
(mM)

PO4
(µM)

NH4 
(mM)

Cl–

(mM)
Br–

(mM)
SO4

2–

(mM)Top Bottom

337-C0020A-
I 56-SMW Bulk 897 907 71.66 8.41 17.02 9.42 10.22 1170.19 0.83 20.78
I 56-SMW Clean 897 907 70.04 8.47 15.41 11.64 10.96 1188.39 0.91 20.34
I 66-SMW Clean 997 1007 72.79 8.29 16.85 13.52 8.01 1177.24 0.85 19.76
I 81-SMW Bulk 1097 1107 75.93 8.81 16.72 3.64 3.67 1145.22 0.79 23.24
II 114-SMW Bulk 1276 1286 83.83 11.62 23.69 ND 0.49 1163.19 0.80 18.62
II 128-SMW Bulk 1367 1377 79.65 8.62 — 3.44 0.71 1129.21 0.79 23.85
II 187-SMW Bulk 1626 1637 88.65 — 27.92 ND 0.47 1263.45 0.77 23.21
II 197-SMW Rhizon 1687 1697 97.77 — 24.16 ND 1.23 1514.71 0.85 23.28
II 213-SMW Bulk 1807 1817 103.30 9.00 23.21 ND 0.76 1513.53 0.84 22.85

Lith. 
unit

Cuttings 
sample

Na+ 

(mM)
K+ 

(mM)
Mg2+ 

(mM)
Ca2+ 

(mM)
B 

(µM)
Ba

(µM)
Fe 

(µM)
Li 

(µM)
Mn 

(µM)
Si 

(µM)
Sr 

(µM)

337-C0020A-
I 56-SMW 538.07 635.14 33.54 2.39 176.77 9.82 1.07 96.43 1.38 503.04 31.11
I 56-SMW 543.56 621.15 34.06 2.44 197.27 10.65 0.92 103.11 0.65 661.01 37.90
I 66-SMW 544.31 637.83 32.97 2.27 236.19 12.57 0.92 108.81 0.68 741.27 35.96
I 81-SMW 508.91 691.09 27.66 1.71 100.91 7.02 10.60 70.53 0.72 374.42 21.63
II 114-SMW 479.94 648.38 0.15 62.06 64.98 4.57 5.87 63.58 0.71 292.94 78.85
II 128-SMW 485.81 678.01 21.72 4.60 81.97 5.76 1.26 63.75 1.12 305.55 22.26
II 187-SMW 518.41 752.37 13.95 1.76 76.98 4.26 2.61 68.36 1.07 249.99 10.00
II 197-SMW 740.37 720.67 15.05 4.27 45.11 11.67 1.79 68.12 3.46 271.47 54.18
II 213-SMW 815.00 781.49 10.62 0.76 73.58 4.76 1.91 72.30 0.85 90.60 10.96
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Table T14. Interstitial water chemistry from whole-round cores, Hole C0020A. 

— = not analyzed. ND = not detected.

Lith. 
unit

Core, section, 
interval (cm)

Depth CSF-B (m) Salinity
(‰) pmH

Alkalinity 
(mM)

PO4 
(µM)

NH4 
(mM)

Cl– 

(mM)
Br–

(mM)
SO4

2– 
(mM)Top Bottom

337-C0020A-
II 1R-2, 0–65 1277.77 1278.42 76.80000 7.95 16.87 5.39 6.27 1097.47 0.79 20.17
II 2R-3, 0–60 1288.79 1289.39 70.53000 7.63 17.39 3.26 5.56 817.60 0.86 9.92
II 3R-3, 0–60 1371.99 1372.59 39.42000 8.04 8.97 ND 3.29 690.36 0.99 2.98
II 4R-3, 10–40 1377.545 1377.845 67.88000 0.00 16.93 ND 7.85 1014.84 0.83 15.41
II 5R-3, 39–85 1492.24 1492.7 36.29000 8.30 5.47 ND 2.24 621.00 0.94 2.04
II 6R-2, 15–76 1496.555 1497.165 41.47000 8.55 4.56 ND 2.69 689.21 0.98 2.40
II 8L-5, 35–93 1607.67 1608.09 40.02000 8.46 3.11 ND 2.89 715.92 0.92 2.07
II 8L-9, 16–46 1611.33 1611.63 39.16000 — 6.36 ND 2.89 643.94 0.85 1.65
II 10R-3, 0–37 1632.32 1632.69 39.00000 — 2.10 ND 2.45 572.95 0.89 0.97
II 11R-2, 0–40 1738.88 1739.28 33.48000 — 5.38 ND 2.02 593.26 0.82 1.40
II 11R-5, 23–58 1742.73 1743.08 36.62000 — 3.25 ND 2.34 613.20 0.81 1.50
II 12R-2, 53–75 1748.965 1749.185 41.38491 — 5.47 ND 2.89 689.14 0.83 1.88
II 12R-7, 30–50 1754.835 1755.035 39.65151 — 5.14 ND 2.54 665.07 0.81 2.31
II 13R-2, 4.5–44 1757.907 1758.281 39.86819 9.06 3.24 ND 2.40 638.88 0.83 1.59
II 13R-8, 27–60 1764.811 1765.123 40.73489 — 6.31 ND 2.64 672.91 0.74 2.27
III 15R-7, 18–33 1925.645 1925.795 29.30528 — 4.92 ND 1.35 487.68 0.71 1.14
III 16R-2, 18–77 1929.69 1930.28 42.73913 7.78 14.08 ND 3.20 792.26 0.71 10.51
III 17R-1, 60–100 1936.6 1937 40.24737 — 11.68 ND 1.97 622.23 0.77 4.42
III 17R-4, 65–85 1939.35 1939.55 41.70992 7.58 14.21 ND 2.23 660.30 0.72 4.26
III 17R-9, 25–51 1944.39 1944.65 44.52670 7.87 13.90 ND 2.38 646.72 0.70 4.50
III 19R-9, 30–60 1958.831 1959.108 37.70000 8.17 9.25 ND 1.72 596.61 0.76 5.06
III 20R-3, 23–77 1961.795 1962.335 28.82000 — 4.69 — 1.34 512.36 0.74 1.15
IV 28R-6, 0–30 2306.35 2306.65 — — — — — 751.51 0.60 11.35
IV 29R-6, 0–76 2405.3 2406.06 26.75935 — 5.71 — — 459.35 0.48 2.90

Lith. 
unit

Core, section, 
interval (cm)

Na+ 
(mM)

K+ 

(mM)
Mg2+ 
(mM)

Ca2+ 
(mM)

B 
(µM)

Ba
(µM)

Fe 
(µM)

Li 
(µM)

Mn 
(µM)

Si 
(µM)

Sr 
(µM)

337-C0020A-
II 1R-2, 0–65 605.67 448.59 40.28 18.39 108.93 12.79 5.08 218.41 6.98 393.03 141.61
II 2R-3, 0–60 663.80 315.26 47.00 25.25 358.17 13.37 24.95 353.34 13.33 643.30 212.10
II 3R-3, 0–60 547.69 65.27 31.85 22.21 465.57 31.12 0.54 92.29 18.74 871.29 176.68
II 4R-3, 10–40 683.50 215.20 46.30 30.75 254.09 18.18 16.83 218.79 25.41 579.46 185.69
II 5R-3, 39–85 502.77 14.30 19.89 30.82 691.89 8.95 1.15 99.52 27.94 866.89 93.90
II 6R-2, 15–76 559.41 39.87 25.26 39.23 348.91 14.97 0.59 106.71 18.51 741.28 124.54
II 8L-5, 35–93 584.29 24.06 16.66 37.25 337.95 28.73 0.90 171.05 7.39 101.70 145.90
II 8L-9, 16–46 574.82 18.19 14.42 34.14 438.61 26.67 0.72 193.99 36.66 447.22 150.18
II 10R-3, 0–37 530.79 10.29 9.90 25.12 262.03 16.60 0.88 162.30 10.19 330.91 99.49
II 11R-2, 0–40 535.67 11.99 12.55 26.22 329.50 42.79 0.80 138.92 9.79 629.37 218.29
II 11R-5, 23–58 559.26 33.30 13.00 26.70 359.11 45.81 0.74 138.43 5.24 458.76 233.83
II 12R-2, 53–75 616.90 31.08 14.32 29.61 162.76 47.18 0.86 141.49 1.05 204.27 281.15
II 12R-7, 30–50 613.36 13.64 14.24 28.48 268.82 56.46 0.96 159.12 1.84 141.26 287.31
II 13R-2, 4.5–44 600.43 22.18 14.79 29.58 202.27 57.25 0.90 160.19 1.78 102.30 300.65
II 13R-8, 27–60 617.71 22.55 14.28 30.87 130.93 54.59 0.77 159.28 0.77 76.18 319.24
III 15R-7, 18–33 466.24 3.31 12.38 15.19 82.97 78.76 0.73 133.84 1.12 124.86 306.82
III 16R-2, 18–77 667.72 57.09 22.51 27.92 207.83 29.67 1.50 303.12 16.76 266.77 497.28
III 17R-1, 60–100 584.37 26.93 17.99 22.72 148.21 29.57 0.59 178.73 2.15 161.85 450.86
III 17R-4, 65–85 630.71 46.97 18.87 23.90 305.59 75.64 1.58 320.28 14.38 296.28 473.94
III 17R-9, 25–51 614.66 30.30 20.11 26.30 310.50 57.48 1.79 400.14 41.28 303.65 440.18
III 19R-9, 30–60 541.04 38.02 13.67 17.98 200.97 64.63 0.88 154.53 1.49 162.72 345.36
III 20R-3, 23–77 463.37 2.34 11.20 14.74 121.61 69.07 3.11 184.89 1.45 106.89 304.78
IV 28R-6, 0–30 650.31 37.32 14.08 36.00 1313.52 38.92 4.60 230.31 1.06 305.83 719.55
IV 29R-6, 0–76 413.48 3.70 7.27 16.89 111.94 25.13 4.72 156.36 0.55 68.89 382.94
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Table T15. Formation water, Hole C0020A.

LWL = formation water collected with the Quicksilver probe. ND = not detected.

Table T16. Time intervals during which mud gas was recovered from the geological formation, Hole C0020A.
(Continued on next page.)

Lith. 
unit Sample

Depth 
WSF (m)

Salinity
(‰) pH

Alkalinity 
(mM)

PO4 
(µM)

NH4 
(mM)

Cl–

(mM)
Br–

(mM)
SO4

2–

(mM)
Na+ 

(mM)
K+ 

(mM)

337-C0020A-
II 398-LWL 1279.5 52.00 7.55 34.39 6.59 2.80 777.05 0.88 7.94 555.50 214.13 
II 397-LWL 1489.3 47.67 7.52 12.11 ND 2.72 772.08 0.81 7.94 566.54 158.65 
II 396-LWL 1808.0 39.76 7.60 9.68 ND 1.83 669.69 0.84 5.09 549.72 76.50 
III 395-LWL 1844.0 69.23 7.72 19.27 ND 2.04 1125.50 0.83 21.77 807.52 344.87 
III 394-LWL 1901.5 70.91 7.91 18.45 ND 2.01 1181.22 0.81 23.86 861.65 375.49 
III 393-LWL 1978.0 46.64 7.88 12.20 ND 2.31 769.67 0.74 11.42 640.63 137.19 

Lith. 
unit Sample

Mg2+ 
(mM)

Ca2+ 
(mM)

B 
(µM)

Ba 
(µM)

Fe 
(µM)

Li 
(µM)

Mn 
(µM)

Si 
(µM)

Sr 
(µM)

337-C0020A-
II 398-LWL 26.93 16.58 715.21 23.58 68.32 92.77 19.21 1592.60 154.10 
II 397-LWL 19.73 26.91 913.60 12.08 12.24 98.80 64.92 1386.92 87.56 
II 396-LWL 12.02 21.07 820.86 52.70 14.81 154.03 5.98 353.68 255.45 
III 395-LWL 11.63 18.01 356.51 26.56 32.37 163.29 8.82 244.28 235.78 
III 394-LWL 11.10 15.80 234.58 23.32 15.35 157.37 3.68 228.48 227.78 
III 393-LWL 11.33 16.69 403.80 31.32 16.38 174.22 4.32 471.54 331.32 

Period of mud-gas recovery Depth of recovered mud 
gas MSF (m)Start date 

(2012)
Start time 

(h)
End date 
(2012)

End time 
(h) Top Bottom

15 Aug 1107 15 Aug 1202 648.0 694.5
15 Aug 1215 15 Aug 1220 702.0 708.0
15 Aug 1224 15 Aug 1226 712.5 713.5
15 Aug 1555 15 Aug 1607 787.5 798.5
15 Aug 1612 15 Aug 1617 803.0 806.0
15 Aug 1735 15 Aug 1738 822.0 825.0
15 Aug 1745 15 Aug 1754 832.0 837.5
15 Aug 1802 15 Aug 1813 839.5 848.0
15 Aug 1832 15 Aug 1843 852.5 861.5
15 Aug 1850 15 Aug 1914 868.0 886.0
15 Aug 2104 15 Aug 2144 888.0 924.5
16 Aug 1446 16 Aug 1536 1005.5 1035.5
16 Aug 1733 16 Aug 1744 1043.5 1055.0
16 Aug 1747 16 Aug 1751 1055.5 1058.5
16 Aug 1812 16 Aug 1823 1063.0 1076.5
16 Aug 2027 16 Aug 2049 1077.5 1091.0
16 Aug 2055 16 Aug 2127 1093.5 1105.5
16 Aug 2140 16 Aug 2146 1109.5 1114.0
18 Aug 1303 18 Aug 1422 1195.5 1229.5
18 Aug 1452 18 Aug 1521 1233.0 1245.0
18 Aug 1755 18 Aug 1815 1251.5 1257.5
18 Aug 1818 18 Aug 1839 1258.0 1263.0
25 Aug 1344 25 Aug 1355 1267.0 1271.0
26 Aug 0043 26 Aug 0055 1306.5 1314.0
26 Aug 0115 26 Aug 0156 1317.0 1340.5
26 Aug 0159 26 Aug 0224 1341.0 1353.0
26 Aug 0353 26 Aug 0408 1353.5 1360.5
26 Aug 0417 26 Aug 0437 1362.0 1370.0
26 Aug 1339 26 Aug 1354 1381.0 1383.5
26 Aug 1527 26 Aug 1558 1388.5 1397.0
26 Aug 1611 26 Aug 1736 1400.0 1430.5
26 Aug 1741 26 Aug 1858 1431.5 1436.0
26 Aug 1921 26 Aug 1953 1439.0 1448.0
26 Aug 2116 26 Aug 2132 1453.0 1456.0
26 Aug 2146 26 Aug 2217 1457.5 1467.5
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Data were recorded nonstop during operations, including periods when drilling did not advance into the formation and times without mud flow
and/or mud-gas recovery. The latter did not yield meaningful information about gas content of the geological formation and were carefully identified
and discarded from the data set, leaving data recorded during times reported here for further data processing. Time is ship local time (UTC + 8 h).

27 Aug 1026 27 Aug 1033 1503.0 1504.0
27 Aug 1052 27 Aug 1103 1507.0 1518.5
27 Aug 1122 27 Aug 1137 1519.5 1529.0
27 Aug 1151 27 Aug 1220 1529.5 1542.5
27 Aug 1239 27 Aug 1251 1544.0 1551.5
27 Aug 1308 27 Aug 1457 1559.5 1597.5
27 Aug 2028 27 Aug 2032 1602.5 1604.0
31 Aug 0941 31 Aug 0952 1628.0 1629.0
31 Aug 1303 31 Aug 1316 1637.0 1638.5
31 Aug 1506 31 Aug 1804 1641.5 1675.5
31 Aug 1832 31 Aug 1912 1677.0 1696.0
31 Aug 1937 31 Aug 2045 1696.5 1737.0
1 Sep 0818 1 Sep 0835 1765.0 1766.1
1 Sep 1009 1 Sep 1028 1772.0 1775.0
1 Sep 1041 1 Sep 1053 1776.0 1780.0
1 Sep 1109 1 Sep 1211 1781.5 1810.0
1 Sep 1220 1 Sep 1244 1810.5 1820.0
1 Sep 2023 1 Sep 2043 1826.5 1829.5
1 Sep 2103 1 Sep 2123 1830.5 1834.0
1 Sep 2144 1 Sep 2237 1836.5 1848.0
1 Sep 2246 1 Sep 2358 1848.5 1870.5
2 Sep 0016 2 Sep 0132 1873.0 1881.5
2 Sep 0222 2 Sep 0255 1883.0 1886.0
2 Sep 0305 2 Sep 0403 1886.3 1891.0
2 Sep 0439 2 Sep 0722 1893.0 1915.0
2 Sep 1343 2 Sep 1433 1921.5 1928.0
2 Sep 1649 2 Sep 1728 1929.5 1934.0
2 Sep 1952 2 Sep 2033 1937.5 1945.0
2 Sep  2244 2 Sep 2309 1946.0 1950.0
4 Sep 1723 4 Sep 1732 1965.5 1966.5
4 Sep 1833 4 Sep 1855 1969.5 1973.0
5 Sep 0244 5 Sep 0259 1989.5 1991.0
5 Sep 0354 5 Sep 0407 1991.5 1995.0
5 Sep 0718 5 Sep 0741 2000.5 2003.0
5 Sep 0905 5 Sep 1129 2004.0 2032.5
5 Sep 1142 5 Sep 1238 2035.5 2048.5
5 Sep 1255 5 Sep 1714 2049.0 2080.5
5 Sep 1734 5 Sep 1819 2082.0 2087.0
5 Sep 1843 5 Sep 2116 2088.5 2105.0
6 Sep 0407 6 Sep 0422 2116.5 2119.0
6 Sep 0508 6 Sep 0535 2121.5 2124.5
6 Sep 0632 6 Sep 0839 2128.0 2150.5
6 Sep 0851 6 Sep 0946 2152.5 2163.5
6 Sep 1009 6 Sep 1024 2165.0 2168.0
6 Sep 1027 6 Sep 1237 2169.0 2193.5
6 Sep 1310 6 Sep 1319 2195.5 2196.5
7 Sep 0354 7 Sep 0414 2207.0 2209.5
7 Sep 0524 7 Sep 0533 2212.5 2213.5
7 Sep 0550 7 Sep 076 2214.5 2227.5
7 Sep 0721 7 Sep 0819 2230.0 2240.0
7 Sep 0836 7 Sep 0923 2241.0 2259.0
7 Sep 0935 7 Sep 0946 2261.5 2264.0
7 Sep 0959 7 Sep 1032 2266.5 2277.5
7 Sep 1113 7 Sep 1207 2278.5 2300.0
7 Sep 2032 7 Sep 2106 2311.0 2317.0
7 Sep 2119 7 Sep 2253 2317.5 2342.0
7 Sep 2328 8 Sep 0256 2345.0 2379.0
8 Sep 0315 8 Sep 0413 2381.0 2392.5
8 Sep 1155 8 Sep 1251 2412.5 2431.0
8 Sep 1317 8 Sep 1403 2432.0 2440.0
9 Sep 0503 9 Sep 0514 2463.5 2466.0

Period of mud-gas recovery Depth of recovered mud 
gas MSF (m)Start date 

(2012)
Start time 

(h)
End date 
(2012)

End time 
(h) Top Bottom

Table T16 (continued).
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Table T17. Carbon isotopic composition and concentration of methane in mud gas analyzed during on-line
mud-gas monitoring using the methane carbon isotope analyzer (MCIA), Hole C0020A. 

In general, 100–200 data points were recorded by MCIA per meter of drilled sediment. The actual number of data points per depth interval
depends on the rate of penetration. The table reports average values and standard deviations (SDs) for 0.5 m depth intervals. Methane contents
in the on-line monitored flow of extracted mud gas are reported as well, but it is important to note that they depend on several factors (rate of
penetration, mud flow, mud/headspace ratio in the separator, gas flow into the gas monitoring lab, etc.) and do not directly reflect the in situ
concentration of methane in the formation. VPDB = Vienna Peedee belemnite. Only a portion of this table appears here. The complete table is
available in ASCII. 

Depth of on-line 
monitored mud 

gas MSF (m)
δ13C-methane
(‰ vs. VPDB)

SD δ13C-methane
(‰ vs. VPDB)

Methane
(ppm)

SD methane
(ppm)

648.0 –67.3 0.1 1,190 47
649.0 –67.1 0.4 1,460 61
649.5 –67.0 0.3 1,540 166
650.0 –66.1 0.9 1,220 143
650.5 –66.2 0.9 1,740 211
651.5 –67.2 0.3 2,290 81
652.0 –67.5 0.1 2,530 84
652.5 –67.1 0.1 2,790 129
653.0 –67.0 0.2 3,840 386
654.0 –66.2 0.1 4,730 126
654.5 –66.2 0.2 5,120 125
655.0 –66.2 0.1 5,430 88
655.5 –66.3 0.1 5,780 148
656.0 –66.3 0.1 6,180 132
656.5 –66.1 0.2 7,100 402
656.6 –66.0 0.2 7,970 429
657.0 –66.0 0.1 8,580 47
657.5 –66.2 0.2 8,730 55
658.0 –66.2 0.1 8,900 62
658.5 –66.0 0.1 9,110 30
659.0 –66.2 0.1 9,290 110
660.0 –66.0 0.1 9,620 105
660.5 –66.1 0.1 10,000 185
661.5 –66.2 0.1 12,600 834
662.5 –66.1 0.0 13,300 105
663.5 –66.1 0.1 16,000 1,170
664.0 –66.2 0.2 29,500 8,880
664.5 –66.3 0.1 20,500 839
665.5 –66.2 0.3 17,900 1,880
666.5 –66.1 0.1 17,000 3,480
667.0 –67.8 0.5 398,000 257,000
667.5 –66.6 0.1 138,000 93,400
668.0 –66.0 0.1 81,900 23,900
668.5 –66.7 0.1 260,000 36,400
669.5 –66.1 0.1 86,800 6,630
670.0 –66.3 0.0 164,000 37,500
671.0 –66.2 0.1 126,000 37,200
671.5 –66.3 0.3 96,800 13,800
672.5 –66.5 0.2 157,000 5,540
673.5 –66.1 0.3 96,400 18,500
674.5 –66.1 0.1 121,000 34,300
675.5 –66.2 0.4 123,000 29,000
676.5 –66.1 0.0 92,300 15,500
678.0 –66.3 0.0 134,000 32,600
678.5 –66.1 0.3 95,100 28,100
679.0 –66.3 0.2 123,000 44,200
679.5 –66.2 0.1 91,600 26,400
680.5 –66.3 0.1 114,000 38,300
681.0 –66.3 0.2 83,600 18,400
682.0 –66.4 0.1 127,000 38,000
682.5 –66.2 0.2 78,600 9,230
683.0 –66.5 0.1 147,000 20,400
684.0 –66.1 0.3 89,300 22,500
685.0 –66.2 0.1 99,400 27,300
685.5 –66.4 0.3 170,000 2,750
686.5 –66.1 0.2 79,200 11,200
687.0 –66.7 0.0 172,000 39,800
687.5 –66.3 0.2 145,000 49,300
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Table T18. Concentration of hydrocarbon gases in mud gas in Hole C0020A, analyzed during on-line mud-gas
monitoring using a GC-FID. (Continued on next two pages.)

Date 
(2012)

Time 
(h)

 Depth MSF 
(m)

Concentration in on-line monitored mud gas (ppmv)

C1/C2Methane Ethane Propane iso-Butane n-Butane

15 Aug 1121 657.0 37,600 4.6 BD BD BD 8,240
15 Aug 1141 668.0 126,000 16.9 BD BD BD 7,450
15 Aug 1201 692.5 10,600 BD BD BD BD —
15 Aug 1601 786.5 49,700 6.0 BD BD BD 8,260
15 Aug 1841 859.5 1,450 BD BD BD BD —
15 Aug 1901 877.5 2,600 BD BD BD BD —
15 Aug 2121 904.5 5,220 2.3 BD BD BD 2,320
15 Aug 2141 921.5 207,000 26.6 BD BD BD 7,780
16 Aug 1501 1017.5 11,200 BD BD BD BD —
16 Aug 1520 1023.0 5,398 BD BD BD BD —
16 Aug 1741 1053.0 22,000 2.9 BD BD BD 7,540
16 Aug 1821 1074.5 22,600 2.9 BD BD BD 7,800
16 Aug 2041 1086.5 9,270 BD BD BD BD —
16 Aug 2101 1096.5 12,000 1.7 BD BD BD 7,280
16 Aug 2121 1104.0 8,770 BD BD BD BD —
16 Aug 2141 1106.5 1,540 BD BD BD BD —
18 Aug 1321 1206.5 11,900 2.4 BD BD BD 4,950
18 Aug 1341 1215.0 11,000 2.6 BD BD BD 4,240
18 Aug 1401 1221.5 6,840 1.7 BD BD BD 4,050
18 Aug 1421 1229.0 12,700 3.2 BD BD BD 3,990
18 Aug 1501 1237.5 3,340 BD BD BD BD —
18 Aug 1521 1245.0 9,180 2.4 BD BD BD 3,890
18 Aug 1801 1253.5 5,500 BD BD BD BD —
18 Aug 1821 1258.5 4,720 BD BD BD BD —
26 Aug 0120 1320.0 691 BD BD BD BD —
26 Aug  0141 1332.5 1,320 BD BD 1.3 BD —
26 Aug 0200 1345.0 1,200 BD BD 1.7 BD —
26 Aug 0221 1353.0 836 BD BD BD BD —
26 Aug 0401 1358.5 578 BD BD BD BD —
26 Aug 0421 1362.0 975 BD BD BD BD —
26 Aug 1341 1381.5 334 BD BD BD BD —
26 Aug 1541 1391.5 483 BD BD BD BD —
26 Aug 1621 1402.5 365 BD BD BD BD —
26 Aug 1710 1426.0 766 BD BD BD BD —
26 Aug 1741 1431.5 390 BD BD BD BD —
26 Aug 1801 1433.0 371 BD BD BD BD —
26 Aug 1821 1434.5 311 BD BD BD BD —
26 Aug 1841 1435.5 312 BD BD BD BD —
26 Aug 1921 1439.5 266 BD BD BD BD —
26 Aug 1941 1445.0 390 BD BD BD BD —
26 Aug 2121 1455.0 365 BD BD BD BD —
26 Aug 2201 1466.0 579 BD BD BD BD —
27 Aug 1101 1515.5 745 BD BD BD BD —
27 Aug 1201 1534.0 618 BD BD BD BD —
27 Aug 1242 1545.5 708 BD BD BD BD —
27 Aug 1320 1566.0 940 BD BD BD BD —
27 Aug 1341 1572.0 484 BD BD BD BD —
27 Aug 1401 1582.0 738 BD BD BD BD —
27 Aug 1454 1597.0 401 BD BD BD BD —
31 Aug 0941 1628.0 264 0.9 BD 6.6 BD 300
31 Aug 1522 1644.0 443 1.5 0.3 1.8 BD 297
31 Aug 1541 1650.0 795 2.7 0.6 1.9 BD 297
31 Aug 1601 1655.5 616 2.6 0.5 1.5 BD 239
31 Aug 1622 1657.5 312 1.4 BD 1.4 BD 229
31 Aug 1642 1662.0 520 1.8 BD 1.3 BD 290
31 Aug 1702 1665.0 573 1.8 0.3 1.3 BD 325
31 Aug 1721 1669.0 621 2.9 0.5 1.4 BD 216
31 Aug 1741 1672.5 673 2.7 0.4 1.1 BD 248
31 Aug 1801 1675.5 419 1.5 BD 0.8 BD 272
31 Aug 1841 1679.5 734 2.3 BD 0.8 BD 313
31 Aug 1902 1689.5 1,110 2.7 0.4 0.7 BD 415
31 Aug 1941 1703.5 1,030 1.8 BD 0.8 BD 582
31 Aug 2001 1706.5 1,680 3.2 0.5 0.6 BD 522
31 Aug 2021 1718.5 1,870 2.6 BD 0.5 BD 732
31 Aug 2041 1737.0 1,150 1.8 BD 0.5 BD 631
1 Sep 0822 1766.0 566 0.8 BD BD BD 690
1 Sep 1021 1775.0 402 0.7 BD BD BD 566
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1 Sep 1042 1776.5 304 0.7 BD BD BD 422
1 Sep 1121 1791.2 1,100 1.2 BD BD BD 927
1 Sep 1141 1798.5 879 1.0 BD BD BD 906
1 Sep 1201 1800.0 835 1.9 BD BD BD 446
1 Sep 1221 1811.0 673 1.4 BD BD BD 498
1 Sep 1241 1820.0 767 1.1 BD BD BD 717
1 Sep 2041 1829.5 539 0.6 BD BD BD 913
1 Sep 2122 1834.0 632 0.9 BD BD BD 744
1 Sep 2201 1839.0 1,210 1.3 BD BD BD 923
1 Sep 2221 1844.5 1,214 1.6 BD BD BD 764
1 Sep 2301 1853.5 797 0.9 BD BD BD 886
1 Sep 2322 1859.5 958 1.1 BD BD BD 895
1 Sep 2341 1867.0 1,840 1.8 BD BD BD 1,040
2 Sep 0030 1876.5 778 1.5 BD BD BD 505
2 Sep 0101 1880.0 725 0.9 BD BD BD 788
2 Sep 0122 1881.0 550 1.0 BD BD BD 556
2 Sep 0242 1884.0 472 0.9 BD BD BD 542
2 Sep 0322 1888.5 531 0.9 BD BD BD 611
2 Sep 0342 1890.0 353 0.8 BD BD BD 465
2 Sep 0402 1891.0 300 BD BD BD BD —
2 Sep 0442 1893.0 348 0.7 BD BD BD 527
2 Sep 0501 1896.0 502 0.5 BD BD BD 1,000
2 Sep 0521 1900.5 620 0.7 BD BD BD 850
2 Sep 0541 1905.0 363 1.5 BD BD BD 236
2 Sep 0602 1906.5 397 0.8 BD BD BD 509
2 Sep 0622 1908.5 483 1.2 BD BD BD 417
2 Sep 0642 1912.0 535 0.9 BD BD BD 575
2 Sep 0702 1912.5 328 BD BD BD BD —
2 Sep 0721 1915.0 599 0.8 BD BD BD 798
2 Sep 1402 1923.0 4,660 3.0 BD BD BD 1,540
2 Sep 1422 1925.5 1,500 2.0 BD BD BD 739
2 Sep 1702 1932.5 430 1.2 BD BD BD 361
2 Sep 1722 1934.0 504 0.8 BD BD BD 655
2 Sep 2002 1940.0 499 1.4 BD BD BD 359
2 Sep 2022 1944.0 713 1.8 BD BD BD 401
2 Sep 2302 1949.0 2,590 1.9 BD BD BD 1,370
5 Sep 0402 1995.0 1,610 1.0 BD BD BD 1,550
5 Sep 0722 2000.5 576 BD BD BD BD —
5 Sep 1021 2012.0 403 0.6 BD BD BD 708
5 Sep 1042 2015.5 642 0.8 BD BD BD 782
5 Sep 1102 2021.5 886 0.9 BD BD BD 996
5 Sep 1122 2032.0 2,430 1.8 BD BD BD 1,340
5 Sep 1200 2038.5 674 BD BD BD BD —
5 Sep 1221 2040.1 2,490 2.0 BD BD BD 1,230
5 Sep 1301 2050.5 756 0.8 BD BD BD 933
5 Sep 1321 2055.0 1,490 1.5 BD BD BD 1,010
5 Sep 1342 2059.5 864 1.1 BD BD BD 823
5 Sep 1402 2062.0 747 0.9 BD BD BD 812
5 Sep 1421 2064.0 651 1.0 BD BD BD 658
5 Sep 1442 2065.5 417 0.6 BD BD BD 652
5 Sep 1529 2072.0 506 0.8 BD BD BD 641
5 Sep 1633 2077.5 346 0.9 BD BD BD 377
5 Sep 1652 2079.5 365 0.7 BD BD BD 515
5 Sep 1742 2083.0 397 0.8 BD BD BD 516
5 Sep 1802 2085.5 419 1.1 BD BD BD 378
5 Sep 1903 2093.0 515 1.0 BD BD BD 510
5 Sep 1922 2094.5 371 1.0 BD BD BD 379
5 Sep 1942 2096.0 304 0.8 BD BD BD 376
5 Sep 2002 2097.5 377 1.0 BD BD BD 366
5 Sep 2022 2100.5 447 1.1 BD BD BD 406
5 Sep 2041 2103.0 430 1.1 BD BD BD 394
5 Sep 2102 2104.5 302 0.9 BD BD BD 351
6 Sep 0422 2119.0 438 1.4 BD BD BD 322
6 Sep 0522 2123.0 420 1.0 BD BD BD 412
6 Sep 0642 2129.0 359 1.1 BD BD BD 329
6 Sep 0702 2131.5 403 1.1 BD BD BD 373
6 Sep 0722 2134.5 445 1.2 BD BD BD 383
6 Sep 0742 2139.0 600 1.9 BD BD BD 316
6 Sep 0801 2143.5 581 2.0 BD BD BD 288

Date 
(2012)

Time 
(h)

 Depth MSF 
(m)

Concentration in on-line monitored mud gas (ppmv)

C1/C2Methane Ethane Propane iso-Butane n-Butane

Table T18 (continued). (Continued on next page.)
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BD = below detection. — = values cannot be calculated. Time was recorded as ship local time (UTC + 8 h). 

6 Sep 0821 2147.0 513 1.7 BD BD BD 306
6 Sep 0901 2156.0 1,020 2.8 BD BD BD 367
6 Sep 0921 2160.0 712 2.4 BD BD BD 300
6 Sep 0940 2162.5 746 2.5 0.5 BD BD 297
6 Sep 1021 2167.0 608 1.8 BD BD BD 332
6 Sep 1042 2172.0 739 2.4 0.4 BD BD 304
6 Sep 1102 2176.5 660 2.0 BD BD BD 324
6 Sep 1121 2180.0 505 1.7 BD BD BD 292
6 Sep 1140 2185.0 665 2.1 BD BD BD 317
6 Sep 1201 2188.5 572 2.2 BD BD BD 266
6 Sep 1221 2190.5 480 1.8 BD BD BD 274
7 Sep 0401 2208.5 425 1.6 BD BD BD 265
7 Sep 0601 2215.0 530 1.7 BD BD BD 317
7 Sep 0622 2219.5 542 1.8 BD BD BD 301
7 Sep 0641 2220.5 355 1.4 BD BD BD 248
7 Sep 0702 2227.0 943 2.7 BD BD BD 348
7 Sep 0721 2230.0 435 1.4 BD BD BD 309
7 Sep 0800 2234.0 623 2.2 BD BD BD 282
7 Sep 0737 2234.0 730 2.5 BD BD BD 296
7 Sep 0841 2242.0 636 2.3 BD BD BD 279
7 Sep 0902 2249.0 1,080 3.4 BD BD BD 314
7 Sep 0922 2259.0 1,400 4.2 BD BD BD 332
7 Sep 0941 2263.5 927 3.2 BD BD BD 291
7 Sep 1001 2267.5 738 2.1 BD BD BD 353
7 Sep 1021 2275.0 1,220 3.8 BD BD BD 324
7 Sep 1120 2277.5 1,130 3.5 BD BD BD 319
7 Sep 1141 2284.5 1,120 3.4 BD BD BD 331
7 Sep 1202 2299.0 1,250 3.7 BD BD BD 333
7 Sep 2042 2312.5 398 1.4 BD BD BD 286
7 Sep 2101 2316.5 604 1.9 BD BD BD 320
7 Sep 2122 2318.5 405 1.3 BD BD BD 309
7 Sep 2142 2323.5 781 2.3 BD BD BD 338
7 Sep 2202 2329.5 802 2.2 BD BD BD 370
7 Sep 2222 2333.5 705 2.2 BD BD BD 326
7 Sep 2242 2340.0 940 3.0 BD BD BD 310
7 Sep 2350 2349.0 640 2.3 BD BD BD 273
8 Sep 0022 2355.0 719 2.8 BD BD BD 256
8 Sep 0041 2357.0 603 2.1 BD BD BD 290
8 Sep 0102 2361.0 622 2.4 BD BD BD 259
8 Sep 0122 2364.5 620 2.5 BD BD BD 252
8 Sep 0142 2367.0 530 2.4 BD BD BD 220
8 Sep 0202 2369.5 563 2.2 BD BD BD 254
8 Sep 0222 2373.0 588 2.5 BD BD BD 234
8 Sep 0242 2376.0 673 2.8 BD BD BD 238
8 Sep 0322 2382.5 599 2.6 BD BD BD 234
8 Sep 0342 2386.0 608 2.9 BD BD BD 210
8 Sep 0402 2390.0 689 2.9 BD BD BD 238
8 Sep 1202 2414.5 648 2.1 BD BD BD 315
8 Sep 1222 2424.5 493 1.7 BD BD BD 288
8 Sep 1242 2430.0 644 2.3 BD BD BD 286
8 Sep 1322 2432.5 380 1.5 BD BD BD 253
8 Sep 1342 2437.0 630 2.5 BD BD BD 256
8 Sep 1402 2440.0 566 2.2 BD BD BD 261

Date 
(2012)

Time 
(h)

 Depth MSF 
(m)

Concentration in on-line monitored mud gas (ppmv)

C1/C2Methane Ethane Propane iso-Butane n-Butane

Table T18 (continued).
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Table T19. Concentration of hydrocarbon gases in headspace samples taken from cuttings, Hole C0020A. 

Both concentrations in headspace and interstitial water are reported. The C1/C2 ratios were also calculated. SMW = solids taken from mud water,
LMW = fluid taken from drilling mud water. BD = below detection. — = values cannot be calculated.

Cuttings 
sample

Depth MSF (m) Concentration in headspace (ppmv)

C1/C2

Concentration in interstitial water (µM)

Top Bottom Methane Ethane Propane iso-Butane n-Butane Methane Ethane Propane iso-Butane n-Butane

337-C0020A-
25-SMW 646.5 656.5 1130 1.1 BD 1.9 BD 994 146 0.15 BD 0.24 BD
30-SMW 696.5 706.5 1360 1.2 BD 2.4 BD 1170 180 0.15 BD 0.32 BD
35-SMW 746.5 756.5 1480 1.4 BD 1.7 BD 1070 170 0.16 BD 0.20 BD
40-SMW 796.5 806.5 1870 1.7 BD 1.7 BD 1090 199 0.18 BD 0.18 BD
45-SMW 846.5 856.5 2690 1.7 BD 1.7 BD 1580 249 0.16 BD 0.15 BD
56-SMW 896.5 906.5 2760 2.1 BD 1.7 BD 1320 336 0.26 BD 0.21 BD
61-SMW 946.5 956.5 985 0.8 BD 1.5 BD 1290 192 0.15 BD 0.29 BD
66-SMW 996.5 1006.5 2250 2.5 BD 1.6 BD 911 178 0.20 BD 0.13 BD
73-SMW 1046.5 1056.5 2120 2.0 BD 1.4 BD 1060 181 0.17 BD 0.12 BD
81-SMW 1096.5 1106.5 1190 1.2 BD 5.0 BD 994 71.4 0.07 BD 0.30 BD
90-SMW 1196.5 1206.5 173 BD BD 0.5 BD — 15.2 BD BD 0.04 BD
98-SMW 1256.5 1266.5 126 0.4 BD 0.4 BD 312 8.20 0.03 BD 0.03 BD
116-SMW 1296.5 1306.5 149 0.4 BD 2.3 BD 382 13.3 0.03 BD 0.21 BD
122-SMW 1346.5 1356.5 67.1 0.3 BD 2.8 BD — 23.4 0.11 BD 0.96 BD
124-LMW 1356.5 1366.5 16.0 BD BD 3.3 BD — 7.54 BD BD 1.55 BD
131-SMW 1396.5 1406.5 99.8 0.4 BD 4.3 BD 245 32.3 0.13 BD 1.39 BD
139-LMW 1419.5 1429.5 29.5 BD BD 3.6 BD — 11.8 BD BD 1.42 BD
136-SMW 1446.5 1456.5 39.9 0.4 BD 2.0 BD 96 44.7 0.47 BD 2.29 BD
144-LMW 1481.5 1491.5 9.10 BD BD 4.0 BD — 3.23 BD BD 1.41 BD
153-SMW 1496.5 1506.5 54.3 0.4 BD 4.1 BD 125 4.80 0.04 BD 0.37 BD
158-SMW 1546.5 1556.5 335 2.4 BD 3.0 BD 139 29.9 0.22 BD 0.27 BD
170-SMW 1596.5 1606.5 64.3 1.2 BD 2.8 BD 52 6.76 0.13 BD 0.30 BD
172-LMW 1606.5 1616.5 31.4 BD BD 3.1 BD — 12.1 BD BD 1.21 BD
192-SMW 1646.5 1656.5 587 16.3 0.9 3.6 0.7 36 56.2 1.56 0.09 0.34 0.07 
196-LMW 1658.5 1668.5 114 1.4 BD 12.7 BD 84 31.0 0.37 BD 3.43 BD
198-SMW 1696.5 1706.5 680 8.1 0.4 3.4 BD 84 158 1.87 0.08 0.78 BD
205-LMW 1736.5 1746.5 39.9 0.2 BD 5.4 BD 164 13.2 0.08 BD 1.78 BD
207-SMW 1746.5 1756.5 107 1.4 BD 2.6 BD 79 40.1 0.51 BD 0.98 BD
212-SMW 1796.5 1806.5 177 0.8 BD 2.6 BD 217 29.1 0.13 BD 0.43 BD
215-LMW 1820.0 1829.5 4020 3.0 BD 3.3 BD 1330 1420 1.06 BD 1.15 BD
220-SMW 1846.5 1856.5 545 4.6 BD 4.3 BD 117 85.0 0.72 BD 0.67 BD
226-SMW 1896.5 1906.5 75.9 0.7 BD 5.0 BD 108 9.04 0.08 BD 0.60 BD
228-LMW 1919.0 1928.5 3180 2.2 BD 4.9 BD 1450 1060 0.73 BD 1.65 BD
242-SMW 1946.5 1956.5 2430 13.6 1.2 2.3 0.5 178 138 0.77 0.07 0.13 0.03 
254-SMW 1996.5 2006.5 170 3.1 0.3 5.4 0.3 54 63.7 1.18 0.10 2.03 0.11 
261-SMW 2046.5 2056.5 665 7.8 0.7 13.1 5.4 85 226 2.66 0.24 4.45 1.83 
267-SMW 2096.5 2106.5 63.5 2.9 2.0 12.5 6.4 22 20.6 0.95 0.63 4.05 2.08 
274-SMW 2146.5 2156.5 46.2 3.9 4.0 8.5 3.2 12 9.17 0.77 0.79 1.69 0.64 
285-SMW 2196.5 2206.5 32.6 0.5 0.4 2.3 0.4 61 3.84 0.06 0.05 0.27 0.05 
290-SMW 2246.5 2256.5 285 10.9 1.1 3.0 BD 26 78.0 2.99 0.29 0.81 BD
352-SMW 2296.5 2306.5 39.4 4.8 1.1 5.2 0.8 8 11.2 1.36 0.31 1.47 0.24 
358-SMW 2346.5 2356.5 230 20.0 2.2 3.3 0.3 11 37.2 3.23 0.35 0.53 0.05 
369-SMW 2396.5 2406.5 20.1 1.2 BD 2.0 BD 17 5.23 0.31 BD 0.51 BD
390-SMW 2446.5 2456.5 423 14.5 0.6 2.6 BD 29 53.4 1.83 0.07 0.33 BD
391-SMW 2456.0 2466.0 214 12.7 0.6 3.9 BD 17 16.6 0.98 0.05 0.30 BD
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0.46 BD
9 7.97 8.86 

2.44 0.46 
1.44 BD
0.46 BD
0.27 BD
BD BD

0.51 BD
5 0.60 0.14 

0.21 BD
8 1.00 0.41 

0.35 BD
1.06 BD
0.14 BD
0.50 BD
0.79 BD

2 0.74 BD
1.47 BD

2 0.24 BD
BD BD

5 3.04 1.50 
3 0.25 BD

0.96 BD
0 0.93 0.61 

3.38 1.20 
0.46 BD
0.20 BD

0 0.23 0.21 
BD BD

0.16 0.19 
3 0.61 0.18 
3 1.86 0.43 

0.15 BD
2 0.64 0.12 
0 1.25 0.38 
2 0.13 BD

BD BD
5 0.69 0.19 

0.17 BD
7 0.87 0.39 
9 0.55 BD
5 1.01 0.54 
8 1.62 0.60 
6 2.16 2.21 

0.86 BD
9 0.37 0.07 
0 2.62 1.72 
4 2.34 0.79 
Table T20. Concentration of hydrocarbon gases in headspace samples and void gases taken from sediment co
next page.)

Core, section, 
interval (cm)

Depth 
CSF-B (m)

Concentration in headspace samples (ppmv)

C1/C2

Concentration in inte

Methane Ethane Propane iso-Butane n-Butane Methane Ethane Propa

337-C0020A-
1R-1, 123–127 1277.75 845 1.28 BD 0.82 BD 661 473 0.71 BD
2R-1, 126–140 1287.38 1,050 119 2.86 4.86 5.40 8.89 1,730 195 4.6
3R-2, 71–75 1371.97 1,980 2.38 BD 3.22 0.61 830 1,500 1.80 BD
4R-2, 99–103 1377.43 2,290 2.36 BD 2.46 BD 969 1,340 1.38 BD
5R-2, 39–43 1491.82 13,400 8.12 BD 2.07 BD 1,650 2,960 1.79 BD
6R-1, 136.5–140.5 1496.39 18,500 11.0 BD 0.88 BD 1,680 5,680 3.38 BD
8L-3, 79.5–80 1605.96 1,940 4.80 BD BD BD 404 970 2.40 BD
8L-5, 19.5–20 1607.36 2,830 7.25 BD 0.92 BD 391 1,570 4.01 BD
8L-9, 16–17 1611.34 5,580 21.3 0.34 1.30 0.32 262 2,550 9.74 0.1
9R-1, 139–143 1626.91 621 3.57 BD 0.40 BD 174 326 1.87 BD
10R-1, 137–141 1630.89 2,150 15.4 0.42 1.52 0.62 140 1,410 10.1 0.2
11R-1, 134–138 1738.86 2,670 3.46 BD 0.72 BD 771 1,290 1.68 BD
11R-4, 142–146 1742.48 3,010 9.07 BD 1.23 BD 332 2,600 7.83 BD
12R-1, 139.5–143.5 1748.42 12,500 19.0 BD 0.62 BD 658 2,890 4.40 BD
12R-7, 0–4 1754.56 2,370 8.03 BD 0.90 BD 295 1,320 4.45 BD
13R-1, 140–144 1757.92 1,720 5.35 BD 0.99 BD 322 1,370 4.25 BD
13R-7, 137–141 1764.98 1,410 5.63 0.33 1.13 BD 250 919 3.67 0.2
14R-1, 137–141 1821.39 2,190 6.94 BD 1.10 BD 316 2,940 9.29 BD
14R-5, 23–27 1824.09 2,760 11.0 0.65 0.70 BD 251 953 3.79 0.2
14R-5, 91.5–95.5 1825.79 1,590 1.94 BD BD BD 820 771 0.94 BD
15R-1, 135.5–139.5 1920.38 158,000 97.1 2.18 1.77 0.87 1,630 271,000 167 3.7
15R-6, 136–140 1925.44 4,570 13.0 0.65 0.39 BD 353 3,010 8.52 0.4
16R-1, 97–101 1929.49 712 1.63 BD 1.13 BD 437 607 1.39 BD
16R-2, 73–77 1930.26 572 11.4 0.53 2.53 1.65 50.3 211 4.20 0.2
16R-3, 97–101 1931.27 1,260 5.59 BD 4.37 1.56 225 970 4.32 BD
16R-4, 98–102 1932.29 1,560 1.86 BD 1.12 BD 840 644 0.77 BD
17R-1, 137–141 1937.39 2,260 2.75 BD 0.36 BD 824 1,220 1.49 BD
17R-4, 137–141 1940.09 1,130 13.0 0.58 0.65 0.60 86.4 397 4.59 0.2
17R-6, 62–66 1941.51 262 0.30 BD BD BD 880 257 0.29 BD
17R-8, 116.5–120.5 1944.12 440 3.53 BD 0.39 0.45 125 184 1.48 BD
18R-1, 111–115 1946.63 219,000 198 5.53 1.59 0.48 1,100 84,200 76.4 2.1
19R-1, 137–141 1951.39 24,600 66.8 2.65 1.49 0.34 368 30,800 83.8 3.3
19R-3, 137–141 1953.56 823 0.81 BD 0.42 BD 1,010 290 0.29 BD
19R-4, 86–90 1954.46 1,030 2.81 0.27 1.48 0.26 366 449 1.23 0.1
19R-7, 137–141 1958.48 1,190 26.1 2.04 0.88 0.27 45.4 1,690 37.1 2.9
20R-2, 62–66 1961.55 5,270 7.35 0.38 0.41 BD 717 1,680 2.34 0.1
20R-6, 47–51 1965.67 2,810 1.60 BD BD BD 1,760 2,000 1.14 BD
21R-1, 138–142 1970.40 3,650 9.98 0.70 1.37 0.39 366 1,830 5.02 0.3
22R-4, 0–4 1977.21 1,340 1.42 BD 0.32 BD 948 708 0.75 BD
23R-1, 92–96 1982.44 18,600 102 4.42 1.34 0.59 183 12,100 66.0 2.8
23R-3, 136–140 1985.24 3,230 19.0 1.13 1.05 BD 170 1,680 9.88 0.5
23R-4, 96.5–100.5 1986.24 19,800 119 5.92 2.55 1.37 167 7,870 47.2 2.3
23R-5, 101–105 1987.29 3,210 24.3 1.64 2.45 0.90 132 2,120 16.0 1.0
23R-8, 0–4 1989.50 817 8.27 3.06 3.21 3.28 98.8 551 5.58 2.0
24R-1, 97–101 1991.99 339 0.62 BD 2.54 BD 546 115 0.21 BD
24R-3, 71.5–75.5 1993.95 15,000 61.7 2.83 1.51 0.28 244 3,700 15.2 0.6
25R-1, 137–141 1996.39 1,040 16.9 1.59 2.45 1.61 61.3 1,110 18.1 1.7
25R-2, 137–141 1997.80 301,000 460 11.1 3.63 1.22 654 194,000 297 7.1
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.20 1.11 0.47 88.5 1,440 16.2 1.05 0.97 0.41 

.32 2.81 0.92 570 120,000 210 5.03 1.70 0.55 

.9 3.68 4.87 296 10,900 36.7 8.65 2.68 3.55 

.2 8.06 10.8 266 12,200 45.6 9.63 2.85 3.82 

.1 4.95 6.51 174 6,040 34.8 9.06 3.70 4.87 

.39 1.77 1.41 203 13,200 65.3 6.32 3.30 2.64 

.90 2.76 3.04 205 11,700 57.1 5.55 2.60 2.86 

.54 0.35 BD 139 1,290 9.33 0.43 0.28 BD

.93 BD BD 55.1 1,690 30.7 1.49 BD BD
D 0.48 BD 17.9 6.23 0.35 BD 0.19 BD
.47 0.85 BD 181 2,250 12.5 0.46 0.82 BD
.03 1.45 BD 148 851 5.75 0.33 0.47 BD
.1 0.83 1.03 90.7 100,000 1,100 32.8 1.13 1.40 
.24 0.62 BD 77.6 1,870 24.1 1.15 0.58 BD
.74 0.52 BD 242 3,550 14.7 0.57 0.39 BD
.26 1.29 0.98 66.8 4,060 60.8 4.63 0.72 0.55 
.03 7.69 5.03 82.3 326 3.97 0.61 4.58 3.00 

.3 4.20 2.70 322

.60 4.00 3.80 371

.20 5.80 1.50 337

.30 5.80 2.00 326

dspace samples (ppmv)

C1/C2

Concentration in interstitial water (µM)

pane iso-Butane n-Butane Methane Ethane Propane iso-Butane n-Butane
BD = below detection.

25R-3, 137–141 1999.21 1,640 18.5 1
25R-5, 136.5–140.5 2001.38 198,000 348 8
26R-2, 0–4 2111.41 14,900 50.4 11
26R-4, 136–140 2114.90 34,300 129 27
26R-7, 0–4 2117.11 8,070 46.5 12
27R-2, 0–4 2201.02 7,100 35.0 3
27R-3, 140–144 2203.22 12,400 60.7 5
28R-2, 137–141 2302.80 1,640 11.8 0
28R-5, 137–141 2306.38 2,190 39.7 1
29R-1, 136.5–140.5 2401.39 15.3 0.86 B
29R-3, 134–137 2403.52 2,330 12.9 0
29R-7, 136.5–140.5 2408.14 2,660 18.0 1
30R-3, 0–4 2448.70 73,400 810 24
30R-4, 0–4 2449.72 2,020 26.0 1
32R-1, 141–145 2457.93 4,670 19.3 0
32R-6, 67–71 2463.63 7,240 108 8
32R-10, 0–10 2466.53 548 6.66 1

Concentration in void gas samples (ppmv):
22R-3 59–59 1976.41 751,000 2,330 10
22R-4 17–17 1977.36 577,000 1,560 4
22R-5 32–32 1977.96 832,000 2,470 6
22R-5 77–77 1978.41 840,000 2,570 6

Core, section, 
interval (cm)

Depth 
CSF-B (m)

Concentration in hea

Methane Ethane Pro

Table T20 (continued).
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Table T21. Background control on the hydrocarbon gas content of drilling mud entering Hole C0020A. 

The composition of hydrocarbon gases was analyzed in samples taken from the drilling mud tank using the headspace technique, ~5 mL of drill-
ing mud and 20 mL headspace vials. LMT = fresh mud water collected at mud tank. BD = below detection. Time was recorded as ship local time
(UTC + 8 h).

Mud tank 
sample

Date
(2012) Time (h)

Sample 
weight (g)

Concentration in headspace (ppmv)

Methane Ethane Propane iso-Butane n-Butane Propylene Ethylene

337-C0020A-
106-LMT 26 Aug 1235 5.02 4.9 BD BD 3.6 BD BD BD
107-LMT 26 Aug 1235 5.23 5.2 BD BD 3.1 BD BD BD
108-LMT 26 Aug 1236 4.94 4.6 3.6 BD 4.7 BD BD BD
109-LMT 26 Aug 1236 4.90 4.6 3.0 BD 5.4 BD BD BD
159-LMT 27 Aug 0610 5.33 10.0 BD BD 3.0 BD BD BD
165-LMT 28 Aug 0523 5.06 5.7 BD BD 3.6 BD BD BD
167-LMT 31 Aug 0343 5.25 9.8 BD BD 2.9 BD BD BD
185-LMT 31 Aug 0438 4.71 10.8 2.3 BD 4.2 BD BD BD
214-LMT 1 Sep 0551 5.18 90.2 0.2 BD 4.2 BD BD BD
229-LMT 2 Sep 0611 4.94 47.6 BD BD 8.0 11.5 BD 0.3
237-LMT 3 Sep 0408 5.06 55.8 BD BD 2.8 BD BD BD
239-LMT 4 Sep 0557 5.04 12.4 BD BD 4.8 BD BD BD
256-LMT 5 Sep 0603 4.80 60.8 BD BD 5.9 BD BD BD
348-LMT 7 Sep 0450 4.77 31.6 BD BD 5.2 BD BD BD
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Table T22. Concentration of oxygen, argon, nitrogen, carbon monoxide, and hydrogen in mud gas in Hole
C0020A, analyzed during on-line mud-gas monitoring using the process gas mass spectrometer (PGMS). 

On-line monitoring of mud gas by PGMS only started at 1005.5 m MSF because of insufficient gas flow to the instrument during the first day of
mud-gas monitoring (15 August 2012). Only a portion of this table appears here. The complete table is available in ASCII.

Depth MSF 
(m)

Concentration of on-line monitored mud gas (%)

Oxygen Argon Nitrogen
Carbon 

monoxide Hydrogen

1005.5 20.8 0.93 78.1 2.4E–03 2.0 
1006 19.8 0.87 70.6 6.4E–04 1.2 
1006.5 19.7 0.87 69.6 7.0E–04 1.1 
1007 20.0 0.87 69.7 6.2E–04 1.2 
1007.5 19.8 0.87 70.8 4.4E–04 1.2 
1008 19.8 0.87 70.4 3.4E–04 1.1 
1008.5 19.6 0.88 70.1 6.1E–04 1.1 
1009 19.8 0.86 70.3 4.7E–04 1.1 
1009.5 19.5 0.86 69.2 3.8E–04 1.2 
1010 20.0 0.86 70.4 7.3E–04 1.1 
1010.5 19.7 0.87 70.1 3.9E–04 1.2 
1011 19.9 0.86 69.9 6.0E–04 1.2 
1011.5 19.6 0.87 70.9 6.9E–04 1.1 
1012 19.5 0.86 68.9 6.9E–04 1.3 
1012.5 19.8 0.86 70.5 8.4E–04 1.1 
1013 19.8 0.87 70.0 1.0E–03 1.2 
1013.5 19.8 0.87 71.2 6.3E–04 1.1 
1014 19.7 0.86 71.4 1.1E–03 1.2 
1014.5 19.8 0.88 70.0 8.7E–04 1.1 
1016 19.7 0.88 71.6 1.2E–03 1.2 
1016.5 19.7 0.87 70.5 1.1E–03 1.1 
1017 19.6 0.86 71.1 9.7E–04 1.0 
1017.5 19.7 0.87 70.6 1.1E–03 1.1 
1018 19.7 0.86 71.3 1.2E–03 1.1 
1018.5 19.6 0.88 71.1 1.2E–03 1.1 
1019 19.7 0.86 71.4 1.2E–03 1.1 
1019.5 19.9 0.86 71.0 1.3E–03 1.1 
1020 19.6 0.87 70.7 1.2E–03 1.1 
1020.5 19.6 0.88 70.3 1.3E–03 1.2 
1021 19.7 0.86 71.3 1.4E–03 1.1 
1021.5 19.8 0.87 71.0 9.5E–04 1.2 
1022 19.9 0.88 70.6 5.0E–04 1.2 
1022.5 19.8 0.87 70.4 4.2E–04 1.1 
1023 19.8 0.87 70.2 4.7E–04 1.1 
1023.5 19.9 0.89 70.6 4.1E–04 1.2 
1024 19.9 0.88 69.9 5.8E–04 1.1 
1024.5 19.8 0.87 71.0 7.3E–04 1.2 
1025 19.8 0.89 70.6 5.6E–04 1.3 
1025.5 20.1 0.87 71.7 5.2E–04 1.3 
1026 19.8 0.86 70.8 4.0E–04 1.2 
1026.5 19.9 0.89 70.7 6.4E–04 1.2 
1027 19.8 0.87 70.3 7.3E–04 1.1 
1027.5 20.0 0.88 70.1 6.9E–04 1.3 
1028 20.0 0.88 70.6 6.1E–04 1.1 
1028.5 19.9 0.86 70.3 4.9E–04 1.2 
1029 19.9 0.87 70.7 7.8E–04 1.1 
1029.5 19.8 0.88 70.8 7.3E–04 1.2 
1030 19.7 0.86 70.5 6.8E–04 1.2 
1030.5 19.7 0.87 71.7 7.6E–04 1.1 
1031 19.9 0.88 71.0 8.0E–04 1.2 
1031.5 19.9 0.87 70.5 7.1E–04 1.2 
1032 19.7 0.87 70.8 5.8E–04 1.2 
1032.5 19.6 0.89 70.8 6.4E–04 1.2 
1034.5 19.8 0.87 71.2 7.9E–04 1.2 
1035 19.7 0.89 71.1 8.7E–04 1.1 
1035.5 19.8 0.86 71.3 8.3E–04 1.2 
1044 19.9 0.85 72.9 6.1E–04 1.2 
1044.5 19.6 0.88 71.0 8.9E–04 1.2 
1045 19.7 0.89 71.2 1.0E–03 1.1 
1045.5 19.7 0.87 70.3 1.0E–03 1.2 
1046 19.8 0.87 71.1 9.2E–04 1.2 
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Table T23. Concentration of nitrogen, oxygen, argon, and carbon monoxide in mud gas in Hole C0020A, an-
alyzed during on-line mud-gas monitoring using GC-TCD. 

Time was recorded in ship local time (UTC + 8 h).

Date 
(2012)

Time 
(h)

Concentration in mud gas (%)

Nitrogen Oxygen Argon
Carbon 

monoxide

15 Aug 2309 77.1 19.9 0.925 2.90E–03
21 Aug 2334 79.0 21.2 0.942
26 Aug 1646 79.5 21.1 0.947
27 Aug 1429 79.5 20.9 0.946 2.97E–03
2 Sep 0005 79.7 21.0 0.950 3.28E–03
5 Sep 1505 80.6 21.0 0.960 2.74E–03
5 Sep 1609 79.3 20.8 0.944 3.27E–03
7 Sep 2326 79.2 21.0 0.943
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Table T24. Concentrations of molecular hydrogen and carbon monoxide in interstitial water of sediment cores
of Hole C0020A, determined by the extraction method.

Core, section,
interval (cm)

Depth
CSF-B (m)

H2
(µM)

CO
(nM)

337-C0020A-
1R-1, 123–127 1278 0.54 6.00
2R-1, 136–140 1287 3.23 151
2R-2, 136–139 1289 2.82 71.0
3R-2, 71–75 1372 6.99 181
4R-2, 99–103 1377 0.40 101
5R-2, 39–43 1492 0.57 36.0
6R-1, 136.5–140.5 1496 140 114
6R-3, 137–141 1499 0.63 165
8R-3, 79.5–80 1606 3.88 41.0
8R-5, 19.5–20 1607 20.0 33.0
8R-9, 15–17 1611 1.43 221
9R-1, 139–143 1627 2.73 44.0
10R-1, 137–141 1631 27.9 216
11R-1, 134–138 1739 201 248
11R-4, 142–146 1742 174 76.0
12R-1, 139.5–143.5 1748 3.33 15.0
12R-7, 0–4 1755 0.75 19.0
13R-1, 140–144 1758 0.46 3.00
13R-7, 137–141 1765 1.32 51.0
14R-1, 136–140 1821 3.51 268
14R-4, 23–27 1824 0.44 88.0
14R-5, 91.5–95.5 1826 1.27 362
15R-1, 135.5–139.5 1920 6.30 101,000
15R-6, 136–140 1925 0.62 879
16R-1, 97–101 1929 0.95 258
16R-2, 73–77 1930 1.58 919
16R-3, 97–101 1931 2.76 1,420
17R-1, 137–141 1937 1.41 502
17R-4, 137–141 1940 3.80 4,620
17R-6, 62–66 1942 7.21 206
17R-8, 116.5–120.5 1944 1.14 575
18R-1, 111–115 1947 0.97 1,830
19R-1, 137–141 1951 17.7 2,310
19R-3, 137–141 1953 0.48 175
19R-4, 86–90 1954 1.27 379
19R-7, 137–141 1958 562 7,840
20R-2, 62–66 1962 0.97 162
20R-6, 47–51 1966 5.24 35.0
21R-1, 138–142 1970 9.94 72.0
23R-3, 136–140 1985 3.42 329
23R-1, 92–96 1982 3.00 280
23R-4, 96.5–100.5 1986 460 1,130
23R-5, 101–105 1987 1.98 969
23R-8, 0–4 1989 6.26 779
24R-1, 97–101 1995 3.15 494
24R-3, 71.5–75.5 1994 123 926
25R-1, 137–141 1996 322 1,280
25R-2, 137–141 1998 19.9 9,450
25R-3, 137–141 1999 110 1,420
25R-5, 156.5–140.5 2001 2.49 160
26R-2, 0–4 2111 465 128
26R-4, 136–140 2115 24.4 70.0
27R-2, 0–4 2201 46.9 15,400
27R-3, 140–144 2203 30.8 10,600
28R-2, 137–141 2303 1.58 8,410
28R-5, 137–141 2306 24.3 5,740
29R-1, 136.5–140.5 2401 3.55 1,380
29R-3, 134–137 2404 4.60 24,200
29R-7, 136.5–140.5 2408 5.43 377
30R-3, 0–4 2449 1.25 90,700
30R-4, 0–4 2450 6.19 15,500
32R-1, 141–145 2458 78.0 6,900
32R-6, 67–71 2463 95.7 27,000
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Table T25. Concentrations of molecular hydrogen and carbon monoxide in drilling sand that filled the void
space between sediment cores and core liners in Hole C0020A, determined by the extraction method.

Table T26. Concentrations of molecular hydrogen and carbon monoxide in interstitial water of sediment cores
of Hole C0020A, determined by the incubation method. (Continued on next page.)

Core H2 (µM) CO (nM)

337-C0020A-
1R 1.62 198
1R 1.15 176
2R 1.28 229
4R 0.70 56
5R 1.79 90
6R 0.42 47
8L 74.6 19
9R 1.54 104
10R 5.67 257
11R 0.78 4
12R 0.63 43
13R 0.33 53
14R 3.83 105
15R 3.30 298
16R 7.65 171
17R 3.26 1,410
18R 0.89 548
22R 0.79 1,010
19R 2.41 239
20R 4.84 370
21R 3.09 1,120
27R 0.79 518
28R 1.37 101
29R 6.93 35
30R 1.07 15

Core, section,
interval (cm)

Depth
CSF-B (m)

t = 0 (ppmv) t = 1 (ppmv) t = 2 (ppmv)

H2 CO H2 CO H2 CO

337-C0020A-
1R-1, 123–127 1278 0.4 0.1 35.5 0.30 51.6 1.20
2R-1, 136–140 1287 0.8 1.6 14.8 14.8 22.5 1.20
2R-2, 136–139 1289 0.9 BD 12.3 0.50 1040 1.90
3R-2, 71–75 1372 2.3 0.8 46.5 0.60 292 8.10
4R-2, 99–103 1377 1.2 0.0 4.00 0.60 1790 1.90
5R-2, 39–43 1492 2.0 0.0 24.6 0.70 783 5.50
6R-1, 136.5–140.5 1496 0.8 0.1 260 8.10 447 12.9
6R-3, 137–141 1499 2.5 0.3 25.2 1.40 77.1 3.60
8R-3, 79.5–80 1606 1.0 0.1 13.1 1.60 6.60 1.80
8R-5, 19.5–20 1607 0.4 BD 8.30 1.70 21.5 1.70
8R-9, 15–17 1611 0.7 0.2 2.40 1.40 0.40 0.70
9R-1, 139–143 1627 0.3 BD 88.2 0.40 77.7 0.00
10R-1, 137–141 1631 5.1 1.9 761 0.90 473 1.00
11R-1, 134–138 1739 2.0 0.2 2250 0.10 2420 0.50
11R-4, 142–146 1742 2.6 0.0 1080 2.20 1480 2.10
12R-1, 139.5–143.5 1748 2.7 BD 460 3.80 439 4.30
12R-7, 0–4 1755 1.3 0.0 486 14.5 549 15.3
13R-1, 140–144 1758 2.6 0.3 107 0.70 98.4 0.70
13R-7, 137–141 1765 1.6 0.0 41.8 0.30 39.1 1.00
14R-1, 136–140 1821 1.5 2.0 510 1.40 219 1.20
14R-4, 23–27 1824 1.5 0.9 28.6 0.10 1.80 BD
14R-5, 91.5–95.5 1826 0.7 0.1 2560 4.70 2310 1.00
15R-1, 135.5–139.5 1920 BD 2.7 4.40 19.8 25.9 19.0
15R-6, 136–140 1925 0.4 2.0 1370 5.80 1725 3.60
16R-1, 97–101 1929 1.0 0.0 1.50 2.20 14.9 3.60
16R-2, 73–77 1930 1.1 0.8 BD 4.00 6.80 3.50
16R-3, 97–101 1931 1.1 2.0 208 6.00 1060 4.60
16R-4, 98–102 1932 1.2 0.1 13.7 1.10 6.80 3.50
17R-1, 137–141 1937 1.7 0.8 18.2 2.20 1070 2.50
17R-4, 137–141 1940 0.2 1.1 31.7 7.60 38.1 6.70
17R-6, 62–66 1942 1.6 0.1 50.6 1.40 149 1.20
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BD = below detection.

17R-8, 116.5–120.5 1944 0.4 BD 8.00 2.70 14.7 1.00
18R-1, 111–115 1947 2.7 18.4 68.2 58.8 65.9 45.3
19R-1, 137–141 1951 1.9 0.1 4.90 2.80 2.80 0.50
19R-3, 137–141 1953 0.3 0.0 74.7 2.00 171 2.30
19R-4, 86–90 1954 BD 0.0 31.7 2.10 45.3 0.70
19R-7, 137–141 1958 5.5 1.0 115 46.9 69.1 33.9
20R-2, 62–66 1962 2.5 0.0 7.30 0.40 3.70 0.20
20R-6, 47–51 1966 0.4 0.1 5.10 0.10 1.60 0.00
21R-1, 138–142 1970 BD 0.0 72.6 0.80 61.5 0.40
22R-4, 0–4 1978 BD 0.0 236 3.30 1150 6.60
23R-1, 92–96 1982 0.4 0.4 54.4 13.8 61.9 6.40
23R-3, 136–140 1985 BD 0.1 35.8 16.8 105 15.3
23R-4, 96.5–100.5 1986 BD 0.7 80.8 3.20 66.4 0.40
23R-8, 0–4 1989 BD 0.1 62.9 10.2 202 7.60
24R-1, 97–101 1995 1.1 0.1 10.7 3.80 1450 3.40
25R-1, 137–141 1996 BD 0.8 264 17.6 426 1.50
25R-2, 137–141 1998 BD 2.6 10.2 68.3 82.4 39.9
25R-3, 137–141 1999 0.1 0.4 77.8 11.1 49.3 3.60
25R-5, 156.5–140.5 2001 BD 5.0 149 95.6 378 66.6
26R-2, 0–4 2111 1.0 0.3 876 1.50 237 1.50
26R-4, 136–140 2115 2.2 0.3 306 1.10 6.80 0.00
26R-7, 0–4 2117 0.1 0.1 1310 4.80 1430 15.3
27R-2, 0–4 2201 1.1 BD 76.8 1.50 175 1.10
27R-3, 140–144 2203 9.0 0.2 6.40 0.20 6.50 0.40
28R-2, 137–141 2303 1.1 0.0 824 10.0 1050 22.1
28R-5, 137–141 2306 6.4 0.2 77.9 1.90 77.5 9.10
29R-1, 136.5–140.5 2401 3.0 0.0 41.6 0.70 62.7 BD
29R-3, 134–137 2404 2.4 0.2 137 3.10 3170 12.5
29R-7, 136.5–140.5 2408 0.3 0.0 54.8 0.50 53.5 1.80
30R-3, 0–4 2449 0.7 1.6 1.90 0.20 0.60 BD
30R-4, 0–4 2450 0.7 0.0 27.8 0.80 30.8 1.10
32R-1, 141–145 2458 0.2 0.1 2200 19.8 1610 11.8
32R-6, 67–71 2463 0.7 0.0 70.7 0.00 256 11.7
32R-1, 141–145 control 2458 BD BD 1520 12.6 3060 19.8
32R-6, 67–71 control 2463 BD 0.0 259 18.0 125 13.9

Core, section,
interval (cm)

Depth
CSF-B (m)

t = 0 (ppmv) t = 1 (ppmv) t = 2 (ppmv)

H2 CO H2 CO H2 CO

Table T26 (continued).
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Table T27. Radon data, Site C0020.

Time is UTC + 1 h. — = no data. Only a portion of this table appears here. The complete table is available in ASCII.

Date 
(2012)

Time
(h)

222Rn 
(Bq/m3)

20 Aug 0120 —
20 Aug 0130 7
20 Aug 0140 9
20 Aug 0150 2
20 Aug 0200 12
20 Aug 0210 4
20 Aug 0220 4
20 Aug 0230 7
20 Aug 0240 5
20 Aug 0250 17
20 Aug 0300 16
20 Aug 0310 7
20 Aug 0320 21
20 Aug 0330 6
20 Aug 0340 21
20 Aug 0350 18
20 Aug 0400 9
20 Aug 0410 0
20 Aug 0420 7
20 Aug 0430 7
20 Aug 0440 14
20 Aug 0450 0
20 Aug 0500 11
20 Aug 0510 4
20 Aug 0520 9
20 Aug 0530 0
20 Aug 0540 8
20 Aug 0550 0
20 Aug 0600 11
20 Aug 0610 17
20 Aug 0620 4
20 Aug 0630 6
20 Aug 0640 9
20 Aug 0650 8
20 Aug 0700 5
20 Aug 0710 14
20 Aug 0720 7
20 Aug 0730 5
20 Aug 0740 8
20 Aug 0750 3
20 Aug 0800 3
20 Aug 0810 4
20 Aug 0820 2
20 Aug 0830 9
20 Aug 0840 14
20 Aug 0850 22
20 Aug 0900 11
20 Aug 0910 4
20 Aug 0920 1
20 Aug 0930 4
20 Aug 0940 14
20 Aug 0950 6
20 Aug 1000 7
20 Aug 1010 9
20 Aug 1020 7
20 Aug 1030 2
20 Aug 1040 2
20 Aug 1050 2
20 Aug 1100 5
20 Aug 1110 5
20 Aug 1120 26
20 Aug 1130 0
20 Aug 1140 3
20 Aug 1150 0
20 Aug 1200 0
20 Aug 1210 12
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Table T28. Concentrations of methane, ethane, propane, n-butane, hydrogen, and carbon monoxide together
with C1/C2 ratios in fluid samples obtained from Hole C0020A by DFA. 

Sampling 
bottle

Depth 
WRF
(m)

Depth 
WMSF

(m)
CH4 

(mM)
C2H6 
(µM)

C3H8 
(nM)

n-C4H10 
(nM) C1/C2

H2 
(µM)

CO 
(nM)

1.06 2488.0 1279.5 32.4 10.8   3000 10.6 1150
1.05 2697.8 1489.3 19.4 9.30 476 150 2090 493 6700
1.04 3016.5 1808.0 30.9 19.0 143 1630 130 3020
1.03 3052.5 1844.0 19.9 9.58 123 2080 35.6 857
1.02 3110.0 1901.5 17.3 6.50 60 2660 12.6 919
1.01 3186.5 1978.0 39.6 17.4 337 2280 12.6 2310
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Table T29. Contents of total carbon (TC), carbonate, inorganic carbon, total organic carbon (TOC), total ni-
trogen (TN), total sulfur (TS), and atomic TOC/TN ratio in the core samples, Hole C0020A. 

BD = below detection.

Core, section, 
interval (cm)

Depth CSF-B (m)

Lithology

Inorganic
carbon
(wt%)

CaCO3
(wt%)

TN
(wt%)

TC
(wt%)

TS
(wt%)

TOC 
(wt%)

TOC/TN 
(molar ratio)Top Bottom

337-C0020A-
1R-2, 65–81 1278.4 1278.6 Sandstone 0.2 1.5 0.0 0.6 0.0 0.4 52
2R-2, 93.5–94 1288.3 1288.3 Coal clast 0.3 2.4 0.5 25 0.7 24 57
2R-3, 60–81 1289.4 1289.6 Sandstone 0.0 0.3 0.0 0.3 0.1 0.3 17
2R-4, 4–5.5 1289.6 1289.7 Sandstone 1.6 14 0.0 1.9 0.7 0.3 11
3R-3, 60–77 1372.6 1372.8 Siltstone 0.0 0.2 0.0 0.6 0.8 0.6 15
4R-3, 64–77 1378.1 1378.2 Sandstone 0.0 0.1 0.0 0.1 0.1 0.1 5
5R-3, 24–39 1492.1 1492.2 Sandstone BD BD 0.0 0.3 0.9 0.3 18
6R-2, 0–15 1496.4 1496.6 Sandstone 0.0 0.1 0.0 0.3 0.6 0.3 11
7R-1, 53–65 1599.5 1599.7 Shale 0.0 0.3 0.1 3.3 0.8 3.2 36
8L–5, 20–35 1607.4 1607.5 Shale 0.1 0.4 0.0 0.1 0.1 0.1 3
8L–9, 0–16 1611.2 1611.3 Siltstone BD BD 0.1 0.8 1.2 0.8 13
9R-4, 0–20 1628.4 1628.6 Shale BD BD 0.1 1.0 1.4 1.0 13
10R-2, 53–70 1631.4 1631.6 Shale 0.0 0.3 0.1 2.2 0.9 2.2 29
11R-3, 0–18 1739.6 1739.8 Sandstone 0.0 0.3 0.0 0.3 1.0 0.3 12
11R-5, 58–75 1743.1 1743.3 Siltstone 0.1 0.8 0.0 0.2 0.2 0.1 3
12R-6, 39–44 1753.8 1753.9 Siltstone 6.3 52 0.0 6.3 0.0 0.1 4
12R-7, 15–30 1754.7 1754.8 Sandstone 0.3 2.2 0.0 0.4 0.6 0.1 4
13R-2, 44–59 1758.4 1758.5 Sandstone 0.2 2.0 0.0 0.4 0.7 0.1 6
13R-8, 60–77 1765.6 1765.8 Sandstone 0.2 1.8 0.0 0.4 0.9 0.2 7
14R-2, 105–120 1822.5 1822.6 Sandstone 0.1 0.9 0.1 0.9 1.0 0.8 18
15R-2, 0–17 1920.4 1920.6 Coal 0.0 0.0 0.9 45 0.7 45 59
15R-5, 0–21 1923.6 1923.8 Coaly shale 0.0 0.0 0.1 3.4 0.3 3.4 40
15R-7, 33–41 1925.8 1925.9 Sandstone BD BD 0.0 0.4 0.2 0.4 18
16R-2, 0–18 1929.5 1929.7 Sandstone 0.1 1.0 0.0 0.3 0.2 0.2 16
17R-1, 45–60 1936.5 1936.6 Shale 0.2 1.9 0.1 1.9 0.1 1.7 29
17R-4, 85–95 1939.6 1939.7 Sandstone 0.0 0.2 0.0 0.1 0.1 0.1 6
17R-9, 10–25 1944.2 1944.4 Sand 0.0 0.3 0.0 0.1 0.1 0.1 5
18R-1, 105–115 1946.6 1946.7 Coal 0.0 0.1 0.8 41 0.5 41 60
19R-1, 115–141 1951.2 1951.4 Shale 0.1 0.7 0.1 1.3 0.2 1.2 28
19R-5, 0–27 1954.5 1954.8 Cemented sandstone 5.1 42 0.0 5.2 0.0 0.2 12
19R-8, 60–77 1959.1 1959.3 Sandstone 0.0 0.1 0.0 0.1 0.2 0.1 7
19R-9, 0–20 1959.3 1959.5 Sandstone 0.0 0.1 0.0 0.1 0.2 0.1 5
20R-3, 0–13 1961.6 1961.7 Siltstone 0.1 0.7 0.0 0.4 0.3 0.3 9
20R-7, 62–76 1966.3 1966.5 Sand 0.2 1.4 0.0 0.3 0.1 0.1 5
21R-4, 32–42 1971.7 1971.8 Sand 0.4 3.4 0.0 0.9 0.1 0.5 14
23R-8, 0–15 1989.5 1989.6 Siltstone 0.5 3.8 0.0 1.2 0.0 0.7 27
24R-3, 55–65 1993.8 1993.9 Coal 0.0 0.1 1.2 50 0.3 50 47
25R-1, 75–91 1995.8 1995.9 Cemented sandstone 4.5 37 0.0 4.6 BD 0.2 11
25R-2, 70–85 1997.1 1997.3 Coal 0.0 0.1 0.8 45 0.3 45 65
25R-3, 120–141 1999.0 1999.2 Coaly shale 0.3 2.6 0.1 1.3 0.1 1.0 18
25R-4, 0–15 1999.2 1999.4 Shale 0.2 1.8 0.1 1.4 0.1 1.2 19
26R-2, 0–9 2111.4 2111.5 Shale 0.2 1.4 0.1 0.8 1.2 0.6 11
26R-6, 0–15 2115.7 2115.8 Shale 0.1 0.6 0.1 0.8 1.1 0.7 12
26R-7, 84–101 2117.9 2118.1 Shale 0.1 0.5 0.1 0.7 1.1 0.7 11
27R-2, 61–80 2201.6 2201.8 Siltstone 0.1 0.8 0.1 0.7 0.7 0.6 10
28R-3, 0–24 2302.8 2303.1 Siltstone/Siderite? 0.2 1.3 0.1 0.6 0.1 0.4 8
28R-6, 30–45 2306.7 2306.9 Sandstone/Siderite? 0.3 2.5 0.1 0.9 0.1 0.6 9
29R-2, 17.5–27 2401.6 2401.7 Sandstone 0.5 3.7 0.1 0.7 0.1 0.3 7
29R-5, 59–81 2405.6 2405.8 Sandstone 0.2 2.0 0.1 0.6 0.1 0.3 8
30R-4, 6–23 2449.8 2449.9 Sandstone BD BD 0.0 0.1 0.6 0.1 3
32R-2, 43–65 2458.4 2458.6 Sandstone 0.1 1.1 0.1 0.7 0.1 0.5 10
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Table T30. Contents of total carbon (TC), carbonate, inorganic carbon, total organic carbon (TOC), total ni-
trogen (TN), total sulfur (TS), and atomic TOC/TN ratio in the cuttings samples, Hole C0020A.

NV = no valid value, ND = not determined. 

Cuttings
sample

Depth MSF (m)

Lithology

Inorganic
carbon
(wt%)

CaCO3
(wt%)

TN
(wt%)

TC
(wt%)

TS
(wt%)

TOC
(wt%)

TOC/TN
(molar ratio)Top Bottom

337-C0020A-
25-SMW 646.5 656.5 Silty clay 0.1 1.1 0.1 1.4 0.8 1.2 18
30-SMW 696.5 706.5 Silty clay 0.2 1.4 0.1 0.0 0.9 NV NV
35-SMW 746.5 756.5 Silty clay 0.2 1.4 0.1 0.0 0.6 NV NV
40-SMW 796.5 806.5 Silty clay 0.2 1.6 0.1 1.7 0.7 1.5 18
45-SMW 846.5 856.5 Clayey silt 0.3 2.6 0.1 1.3 0.6 1.0 15
56-SMW 896.5 906.5 Silty clay 0.2 1.9 0.1 1.2 0.6 1.0 13
61-SMW 946.5 956.5 Clay-silt 0.5 4.5 0.1 1.3 0.5 1.0 14
66-SMW 996.5 1006.5 Silt-clay 0.2 2.0 0.1 1.4 0.6 1.2 23
73-SMW 1046.5 1056.5 Clayey silt with some fine sand 6.4 53 0.0 6.0 0.0 NV NV
81-SMW 1096.5 1106.5 Cayey silt with fine sand 0.8 6.3 0.0 1.5 0.5 0.8 22
98-SMW 1256.5 1266.5 Cayey silt with some fine sand 0.3 2.2 0.0 1.0 0.2 0.7 20
128-SMW 1366.5 1376.5 Silt 0.3 2.1 0.1 1.8 ND 1.5 35
129-SMW 1376.5 1386.5 Clayey silt 0.4 3.1 0.1 2.0 ND 1.6 39
152-SMW 1486.5 1496.5 Clayey silt 0.2 1.7 0.0 1.1 ND 0.9 91
153-SMW 1496.5 1506.5 Sandy silt 0.8 7.0 0.0 1.7 ND 0.8 65
188-SMW 1636.5 1646.5 Silty clay 0.0 0.2 0.1 2.2 ND 2.1 51
206-SMW 1736.5 1746.5 Clayey silt 0.1 1.1 0.0 2.0 ND 1.9 78
208-SMW 1756.5 1766.5 Clayey silt 0.3 2.7 0.0 1.7 ND 1.4 72
216-SMW 1816.5 1826.5 Clayey silt 0.4 3.7 0.0 1.8 ND 1.3 60
234-SMW 1916.5 1926.5 Coal 0.3 2.4 0.5 29 ND 29 76
235-SMW 1926.5 1936.5 Coal 0.2 1.8 0.4 27 ND 27 77
236-SMW 1936.5 1946.5 Coal 0.2 1.3 0.5 36 ND 36 77
242-SMW 1946.5 1956.5 Coal 0.3 2.3 0.5 37 ND 37 81
243-SMW 1956.5 1966.5 Coal 0.2 1.4 0.6 39 ND 39 77
249-SMW 1966.5 1976.5 Silty sand 0.5 3.9 0.1 8.4 ND 8.0 64
250-SMW 1976.5 1986.5 Silty sand 0.4 3.6 0.1 5.2 ND 5.0 64
252-SMW 1986.5 1996.5 Silty sand 0.4 3.3 0.2 8.1 ND 8.0 57
254-SMW 1996.5 2006.5 Coal to sand 0.5 4.0 0.4 29 ND 28 76
270-SMW 2106.5 2116.5 Silty clay 0.2 1.6 0.1 2.8 ND 3.0 56
286-SMW 2206.5 2216.5 Silty clay 0.2 1.6 0.1 1.8 ND 2.0 33
352-SMW 2296.5 2306.5 Silty clay 0.6 5.1 0.1 2.9 ND 2.3 38
369-SMW 2396.5 2406.5 Silty shale 0.5 4.2 0.1 2.3 ND 1.8 32
390-SMW 2446.5 2456.5 Clayey silt 0.4 3.7 0.1 4.6 ND 4.2 40
391-SMW 2456.0 2466.0 Silty shale 0.5 3.9 0.1 3.3 ND 2.9 37
Proc. IODP | Volume 337 149



Exp
ed

itio
n

 337 Scien
tists

Site C
0020

Proc. IO
D

P | Volum
e 337

150

d maturity of organic matter in the cuttings samples, Hole C0020A.

rocarbon, TOC = total organic carbon, HI = hydrogen index, OI = oxygen index, PI = production index, PC = pyrolyzable carbon, RC

ithology
S1

(mg HC/g)
S2

(mg HC/g)
S3

(mg CO2/g)
Tmax
(°C)*

HI
(mg HC/g TOC)

OI
(mg CO2/g TOC) PI

PC
(wt%)

RC
(wt%)

1.1 3.0 1.1 297 276 100 0.27 0.39 0.71
1.3 4.1 1.7 297 317 130 0.24 0.51 0.79
0.8 3.2 1.3 295 286 114 0.21 0.38 0.74
1.3 3.0 1.5 412 249 121 0.31 0.41 0.79
0.7 2.0 1.2 295 243 145 0.24 0.27 0.57
0.7 2.3 1.3 411 234 134 0.23 0.30 0.67
0.7 1.9 0.9 296 231 116 0.28 0.25 0.56
1.1 2.4 0.7 295 299 81 0.31 0.32 0.49

ith some fine sand 0.4 0.8 1.3 293 83 138 0.36 0.15 0.77
ith fine sand 1.3 1.7 0.7 288 214 85 0.42 0.28 0.53
ith some fine sand 0.1 0.4 0.7 331 60 107 0.12 0.07 0.60
Table T31. Characterization of the type an

* = minimum value of this parameter is 300°C. HC = hyd
= residual organic carbon.

Cuttings
sample

Depth MSF (m)

LTop Bottom

337-C0020A-
25-SMW 646.5 656.5 Silty clay
30-SMW 696.5 706.5 Silty clay
35-SMW 746.5 756.5 Silty clay
40-SMW 796.5 806.5 Silty clay
45-SMW 846.5 856.5 Clayey silt
56-SMW 896.5 906.5 Silty clay
61-SMW 946.5 956.5 Clay-silt
66-SMW 996.5 1006.5 Silt-clay
73-SMW 1046.5 1056.5 Clayey silt w
81-SMW 1096.5 1106.5 Clayey silt w
98-SMW 1256.5 1266.5 Clayey silt w
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al organic carbon, HI = hydrogen index, OI =

g TOC) PI
PC

(wt%)
RC

(wt%)

0.26 0.2 0.1
0.00 3.4 20
0.52 0.1 0.1
0.16 0.1 0.3
0.01 0.0 0.4
0.00 0.0 0.1
0.43 0.1 0.1
0.00 0.0 0.2
0.01 0.4 3.1
0.00 0.0 0.1
0.02 0.1 1.0
0.01 0.2 1.0
0.00 0.2 2.3
0.00 0.0 0.2
0.00 0.0 0.0
0.00 0.0 0.1
0.00 0.0 0.1
0.00 0.0 0.0
0.00 0.1 0.7
0.00 9.4 33
0.00 0.6 2.8
0.00 0.0 0.2
0.18 0.1 0.1
0.01 0.4 1.1
0.00 8.6 22
0.00 0.1 0.6
0.00 0.0 0.2
0.00 0.0 0.1
0.00 0.0 0.0
0.00 0.0 0.3
0.00 0.0 0.2
0.00 0.1 0.4
0.04 0.1 0.6
0.00 6.4 28
0.02 12 35
0.00 0.1 0.8
0.00 0.3 1.0
0.00 0.0 0.6
0.00 0.0 0.6
0.00 0.0 0.6
0.00 0.0 0.5
0.00 0.1 0.4
0.00 0.1 0.5
0.00 0.0 0.3
0.00 0.0 0.5
Table T32. Characterization of the type and maturity of organic matter in the core samples, Hole C0020A.

* = minimum value of this parameter is 300°C. † = values of OI in excess of 300 are not likely to be representative. HC = hydrocarbon, TOC = tot
oxygen index, PI = production index, PC = pyrolyzable carbon, RC = residual organic carbon. 

Core, section, 
interval (cm)

Depth CSF-B (m)

Lithology
S1

(mg HC/g)
S2

(mg HC/g)
S3

(mg CO2/g)
Tmax
(°C)*

HI
(mg HC/g TOC)

OI†

(mg CO2/Top Bottom

337-C0020A-
1R-2, 65–81 1278.4 1278.6 Sandstone 0.6 1.7 1.3 302 442 353
2R-2, 93.5–94 1288.3 1288.3 Coal clast 0.0 29 19 411 124 80
2R-3, 60–81 1289.4 1289.6 Sandstone 0.4 0.3 0.8 295 157 367
2R-4, 4–5.5 1289.6 1289.7 Sandstone 0.0 0.1 2.2 429 22 614
3R-3, 60–77 1372.6 1372.8 Siltstone 0.0 0.2 1.0 412 49 116
4R-3, 64–77 1378.1 1378.2 Sandstone 0.0 0.0 0.3 607 0 371
5R-3, 24–39 1492.1 1492.2 Sandstone 0.3 0.3 0.6 297 206 388
6R-2, 0–15 1496.4 1496.6 Sandstone 0.0 0.1 0.4 421 36 186
7R-1, 53–65 1599.5 1599.7 Shale 0.0 3.0 2.4 431 85 69
8L-5, 20–35 1607.4 1607.5 Shale 0.0 0.0 0.5 497 57 671
8L-9, 0–16 1611.2 1611.3 Siltstone 0.0 1.2 0.5 422 167 67
9R-4, 0–20 1628.4 1628.6 Shale 0.0 1.7 0.6 418 173 60
10R-2, 53–70 1631.4 1631.6 Shale 0.0 1.3 1.3 432 52 50
11R-3, 0–18 1739.6 1739.8 Sandstone 0.0 0.1 0.6 424 23 242
11R-5, 58–75 1743.1 1743.3 Siltstone 0.0 0.0 0.4 420 0 840
12R-7, 15–30 1754.7 1754.8 Sandstone 0.0 0.0 0.7 414 0 486
13R-2, 44–59 1758.4 1758.5 Sandstone 0.0 0.0 0.6 425 0 400
13R-8, 60–77 1765.6 1765.8 Sandstone 0.0 0.0 0.5 431 50 767
14R-2, 105–120 1822.5 1822.6 Sandstone 0.0 0.7 0.8 424 83 96
15R-2, 0–17 1920.4 1920.6 Coal 0.1 100 16 414 234 38
15R-5, 0–21 1923.6 1923.8 Coaly shale 0.0 5.7 1.2 426 168 34
15R-7, 33–41 1925.8 1925.9 Sandstone 0.0 0.2 0.1 427 95 70
16R-2, 0–18 1929.5 1929.7 Sandstone 0.1 0.6 1.3 304 262 546
17R-1, 45–60 1936.5 1936.6 Shale 0.0 3.9 1.3 428 264 86
18R-1, 105–115 1946.6 1946.7 Coal 0.0 89 12 414 290 39
19R-1, 115–141 1951.2 1951.4 Shale 0.0 1.3 0.5 429 168 64
19R-5, 0–27 1954.5 1954.8 Cemented sandstone 0.0 0.0 0.7 424 0 269
19R-8, 60–77 1959.1 1959.3 Sandstone 0.0 0.1 0.3 439 108 208
19R-9, 0–20 1959.3 1959.5 Sandstone 0.0 0.1 0.3 547 350 650
20R-3, 0–13 1961.6 1961.7 Siltstone 0.0 0.3 0.5 429 86 135
20R-7, 62–76 1966.3 1966.5 Sandstone 0.0 0.2 0.51 427 121 268
21R-4, 32–42 1971.7 1971.8 Sandstone 0.0 0.4 0.6 426 82 136
23R-8, 0–15 1989.5 1989.6 Siltstone 0.0 1.0 1.3 425 134 171
24R-3, 55–65 1993.8 1993.9 Coal 0.0 62 15 417 182 46
25R-2, 70–85 1997.1 1997.3 Coal 2.2 126 13 413 273 27
25R-3, 120–141 1999.0 1999.2 Coaly shale 0.0 1.1 1.3 424 114 131
25R-4, 0–15 1999.2 1999.4 Shale 0.0 3.0 1.1 428 198 84
26R-2, 0–9 2111.4 2111.5 Shale 0.0 0.2 0.6 406 28 102
26R-6, 0–15 2115.7 2115.8 Shale 0.0 0.2 0.6 406 30 90
26R-7, 84–101 2117.9 2118.1 Shale 0.0 0.2 0.7 403 25 109
27R-2, 61–80 2201.6 2201.8 Siltstone 0.0 0.1 0.4 408 25 85
28R-3, 0–24 2302.8 2303.1 Siltstone/siderite? 0.0 0.2 1.0 435 51 244
28R-6, 30–45 2306.7 2306.9 Sandstone/siderite? 0.0 0.3 0.9 437 53 157
29R-5, 59–81 2405.6 2405.8 Sandstone 0.0 0.1 0.6 427 37 174
32R-2, 43–65 2458.4 2458.6 Sandstone 0.0 0.0 0.6 497 0 131
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Table T33. n-Alkane data obtained from core samples, Hole C0020A. 

Carbon preference index (CPI), pristane/phytane ratio, and C18/phytane ratio are discussed in the text. CPI = 2 × ([C25 + C27 + C29 + C31 + C33]/
[C24 + C26 + C28 + C30 +C32]) + ([C25 + C27 + C29 + C31 + C33]/[C26 + C28 + C30 + C32 +C34]); Pr/Ph = ratio of pristane to phytane measured on
m/z 85 ion chromatogram; C18/Ph = ratio of C18 n-alkane to phytane measured on m/z 85 ion chromatogram.

Table T34. n-Alkanoic acid data obtained from core samples, Hole C0020A. 

CPI = carbon preference index. CPI-n-alkanoic acids = [24:0 + 26:0 + 28:0 + 30:0 + 32:0]/[23:0 + 25:0 + 27:0 + 29:0 + 31:0] and CPI n-alkanes =
2 × ([C25 + C27 + C29 + C31+ C33]/[C24 + C26 + C28 + C30 + C32]) + ([C25 + C27 + C29 + C31+ C33]/[C26 + C28 + C30 + C32 +C34]). 

Core, section, 
interval (cm)

Depth CSF-B (m)

Lithology
C17 to C34 n-alkanes 

(µg/g sed) CPI Pr/Ph C18/PhTop Bottom

337-C0020A-
2R-2, 93.5–94 1288.3 1288.3 Coal clast 1.8 16 — 2.6
15R-2, 0–17 1920.4 1920.6 Coal 1.8 11 3.2 3.5
18R-1, 105–115 1946.6 1946.7 Coal 2.0 10 2.5 3.5
24R-3, 55–65 1993.8 1993.9 Coal 2.1 12 5.8 2.0
25R-3, 120–141 1999 1999.2 Coal 0.4 10 0.6 0.1
25R-4, 0–15 1999.2 1999.4 Coal 13.4 7 1.7 3.5

2R-4, 4–5.5 1289.6 1289.7 Sandstone (rippled) 0.7 14 0.5 1.3
14R-2, 105–120 1822.5 1822.6 Siltstone 1.0 10 0.8 0.2
15R-5, 0–21 1923.6 1923.8 Siltstone 0.7 17 3.3 0.9
19R-1, 115–141 1951.2 1951.4 Siltstone 0.7 10 2.7 0.7
28R-3, 0–24 2302.8 2303.1 Siltstone 1.2 10 0.4 0.1

3R-3, 60–77 1372.6 1372.8 Mudstone 0.4 12 0.5 0.4
7R-1, 53–65 1599.5 1599.7 Mudstone 0.2 11 2.2 0.8
9R-4, 0–20 1628.4 1628.6 Mudstone 0.4 10 0.0 0.1
10R-2, 53–70 1631.4 1631.6 Mudstone 0.0 6 1.0 1.9
11R-5, 58–75 1743.1 1743.3 Mudstone 0.4 4 1.0 1.3
12R-7, 15–30 1754.7 1754.8 Mudstone 0.1 4 0.3 0.9
23R-8, 0–15 1989.5 1989.6 Mudstone 0.1 10 1.3 4.9

26R-2, 0–9 2111.4 2111.5 Shale 1.4 11 0.3 0.1

Core, section, 
interval

Depth CSF-B (m)

Lithology

Conc. C14 to C32 
n-alkanoic acids

(µg/g sed)

Conc. C16 + C18 
n-alkanoic acids

(µg/g sed)

Conc. C15 + C16 
methyl-alkanoic acids

(µg/g sed) CPI-n-acidsTop Bottom

337-C0020A-
2R-2, 93.5–94 1288.3 1288.3 Coal clast 25 0.02 0.01 9
15R-2, 0–17 1920.4 1920.6 Coal 532 18 13 8
18R-1, 105–115 1946.6 1946.7 Coal 260 6 4 8
24R-3, 55–65 1993.8 1993.9 Coal 53 0.75 1 8
25R-3, 120–141 1999 1999.2 Coal 7 0.10 0.04 5
25R-4, 0–15 1999.2 1999.4 Coal 5 0.19 0.03 3

2R-4, 4–5.5 1289.6 1289.7 Siltstone (rippled) — — — —
14R-2, 105–120 1822.5 1822.6 Siltstone — — — —
15R-5, 0–21 1923.6 1923.8 Siltstone 35 0.30 0.10 9
19R-1, 115–141 1951.2 1951.4 Siltstone 44 0.29 0.15 5
28R-3, 0–24 2302.8 2303.1 Siltstone — — — —

3R-3, 60–77 1372.6 1372.8 Mudstone — — — —
7R-1, 53–65 1599.5 1599.7 Mudstone — — — —
9R-4, 0–20 1628.4 1628.6 Mudstone
10R-2, 53–70 1631.4 1631.6 Mudstone 1 0.02 — 8
11R-5, 58–75 1743.1 1743.3 Mudstone — — — —
12R-7, 15–30 1754.7 1754.8 Mudstone — — — —
23R-8, 0–15 1989.5 1989.6 Mudstone — — — —

26R-2, 0–9 2111.4 2111.5 Shale 2 0.22 0.33 2
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 C30 + C32 +C34]).

nes (%)
5α(H),14α(H),17α(H) 

22(R) steranes (%)

C29 C27 C28 C29

54 16 7 76
75 17 7 75
91 10 30 59
98 6 3 91
86 32 17 51
96 1 4 95

82 17 13 71
78 28 5 66
73 5 18 78
73 9 26 65
88 7 4 89
63 17 42 41

60 19 18 63
76 8 18 74
40 43 19 39
63 22 35 43
67 33 19 48
46 58 24 18
67 31 33 36

84 25 3 72

)
5α(H),14α(H),17α(H) 

22(R) steranes (%)

C27 C28 C29

25 29 46
24 31 45
27 27 46
23 26 51
19 28 54
19 25 56
26 25 49
22 22 56
30 24 46
19 18 62
16 22 62
Table T35. Steroid data obtained from core samples, Hole C0020A. 

Table T36. n-Alkane, sterene, and sterane data for drill cuttings, Hole C0020A. 

CPI = carbon preference index. CPI = 2 × ([C25 + C27 + C29 + C31+ C33]/[C24 + C26 + C28 + C30 +C32]) + ([C25 + C27 + C29 + C31+ C33]/[C26 + C28 +

Core, section, 
interval

Depth CSF-B (m)

Lithology
C29 Δ4 and Δ5 sterenes 

(µg/g sed)
C29 sterane
(µg/g sed) C29 sterane/sterene

Δ4 and Δ5 stere

Top Bottom C27 C28

337-C0020A-
2R-2, 93.5–94 1288.3 1288.3 Coal clast 0.58 0.28 0.48 32 14
15R-2, 0–17 1920.4 1920.6 Coal 2.45 0.56 0.23 19 6
18R-1, 105–115 1946.6 1946.7 Coal 1.52 0.17 0.11 6 4
24R-3, 55–65 1993.8 1993.9 Coal 1.85 0.17 0.09 0.5 2
25R-3, 120–141 1999 1999.2 Coal 0.13 0.01 0.09 7 7
25R-4, 0–15 1999.2 1999.4 Coal 0.22 0.05 0.22 2 2

2R-4, 4–5.5 1289.6 1289.7 Siltstone (rippled) 0.17 0.03 0.19 11 7
14R-2, 105–120 1822.5 1822.6 Siltstone 0.25 0.11 0.44 11 12
15R-5, 0–21 1923.6 1923.8 Siltstone 0.13 0.05 0.37 9 18
19R-1, 115–141 1951.2 1951.4 Siltstone 0.43 0.11 0.25 14 13
28R-3, 0–24 2302.8 2303.1 Siltstone 0.52 0.32 0.61 6 7
30R-3, 6–23 Black laminated sandstone 0.88 5 33

3R-3, 60–77 1372.6 1372.8 Mudstone 0.28 0.05 0.19 27 13
7R-1, 53–65 1599.5 1599.7 Mudstone 0.07 0.01 0.20 16 8
9R-4, 0–20 1628.4 1628.6 Mudstone 0.52 0.08 0.15 38 21
10R-2, 53–70 1631.4 1631.6 Mudstone 0.03 0.00 0.11 26 10
11R-5, 58–75 1743.1 1743.3 Mudstone 0.04 0.01 0.23 20 13
12R-7, 15–30 1754.7 1754.8 Mudstone 0.05 0.01 0.12 35 20
23R-8, 0–15 1989.5 1989.6 Mudstone 0.05 0.01 0.21 19 14

26R-2, 0–9 2111.4 2111.5 Shale 0.62 0.40 0.64 10 6

Cuttings 
sample 

Depth MSF (m) n-alkanes 
(µ/g sed) CPI

C29 Δ4 and Δ5 sterenes
(µg/g sed)

C29 sterane 
(µg/g sed) C29 sterane/sterene

Δ4 and Δ5 sterenes (%

Top Bottom C27 C28 C29

337-C0020A-
25-SMW 646.5 656.5 0.5 7 0.001 0.0002 0.19 34 31 35
30-SMW 696.5 706.5 0.1 10 0.001 0.0005 0.44 32 26 42
35-SMW 746.5 756.5 1.3 7 0.002 0.002 0.90 38 17 45
40-SMW 796.5 806.5 0.9 4 0.005 0.001 0.18 38 15 47
45-SMW 846.5 856.5 0.4 3 0.002 0.001 0.46 40 15 45
56-SMW 896.5 906.5 0.4 4 0.004 0.002 0.45 35 16 48
61-SMW 946.5 956.5 0.1 5 0.004 0.001 0.21 41 13 46
66-SMW 996.5 1006.5 0.1 3 0.002 0.001 0.43 36 10 54
73-SMW 1046.5 1056.5 0.02 4 0.0001 5E–5 0.41 46 13 41
81-SMW 1096.5 1106.5 0.3 8 0.004 0.0005 0.12 22 10 68
98-SMW 1256.5 1266.5 0.9 7 0.009 0.001 0.15 14 13 74
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Table T37. Schedule of PFC additions to drilling mud tanks, Expedition 337. 

Time was recorded as ship local time (UTC + 8 h). ACT = active tank, RSV = reserve tank. NA = information not available. 

Addition

Volume added 
(cm3) Remarks

Date
(2012)

Time 
(h) Tank

5 Aug 1730 ACT4 100
1730 ACT5 100

10 Aug NA NA NA
12 Aug NA ACT4 100

ACT5 100
RSV2 200
RSV3 200
RSV4 200
RSV5 200

13 Aug NA ACT4 or 5? 100
14 Aug NA ACT4 or 5? 100
15 Aug NA ACT4 or 5? 100 Drilling, only cuttings sampling
16 Aug NA ACT4 or 5? 100 Drilling, only cuttings sampling
21 Aug 1400 ACT4 50

ACT5 50
RSV2 100
RSV4 100
RSV5 100
RSV6 100
RSV7 100

22 Aug NA ACT4 50
ACT5 50

23 Aug NA ACT4 50
ACT5 50

24 Aug 0700 ACT4 100
ACT5 100

25 Aug 0700 ACT4 100 ACT4 and ACT5 in circulation
ACT5 100

26 Aug 0700 ACT4 100 Coring, ACT4 in circulation
ACT5 100

27 Aug 0700 ACT4 200 Coring, ACT4 in circulation
28 Aug 0700 ACT4 200 Coring, ACT4 in circulation
29 Aug 0700 ACT4 200 Coring, ACT4 in circulation
30 Aug 0700 ACT4 200 Coring, ACT4 in circulation
31 Aug 0700 ACT4 200 Coring, ACT4 in circulation
1 Sep 0700 ACT4 200 Coring, ACT4 in circulation
2 Sep 0700 ACT4 200 Coring, ACT4 in circulation
3 Sep 0700 ACT4 200 Coring, ACT4 in circulation
4 Sep 0700 ACT4 200 Coring, ACT4 in circulation
5 Sep 0700 ACT4 200 Coring, ACT4 in circulation
6 Sep 0700 ACT4 200 Coring, ACT4 in circulation
7 Sep 0700 ACT4 200 Coring, ACT4 in circulation
8 Sep 0630 ACT4 200 Coring, ACT4 in circulation
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Table T38. Overview of PFC concentrations and microbial cell counts in fresh mud water from active drilling
tanks, mud water retrieved from core liners, and from the mud ditch, Expedition 337. (Continued on next
page.)

Sample
number*

PFC 
(µg/L)

Cell counts 
(x108 cells/mL) Fluid source

Date collected
(2012)

Time collected
(h UTC) Remarks

337-C0020A-
1-LMT 0.020 ND 1 Aug Fresh mud water
2-LMT 0.002 ND ACT4 4 Aug Fresh mud water
3-LMT 0.001 ND ACT5 4 Aug Fresh mud water
4-LMT 0.285 ND RSV2 4 Aug Fresh mud water
5-LMT 0.894 ND RSV3 4 Aug Fresh mud water
6-LMT 4.259 ND RSV4 4 Aug Fresh mud water
7-LMT 0.020 ND RSV5 4 Aug Fresh mud water
8-LMT 49.991 ND ACT4 5 Aug 1730 Fresh mud water; 2 h collection
9-LMT 147.044 ND ACT5 6 Aug 1330 Fresh mud water; 20 h collection
10-LMT 9.853 ND 7 Aug Fresh mud water
11-LMT 6.545 ND 8 Aug Fresh mud water
12-LMT 4.155 ND 9 Aug Fresh mud water
13-LMT 131.537 2.08 ACT4 10 Aug Fresh mud water
14-LMT 128.464 4.20 ACT5 10 Aug Fresh mud water
15-LMT 117.031 4.63 ACT4 11 Aug Fresh mud water
16-LMT 106.795 8.37 ACT5 11 Aug Fresh mud water
17-LMT 798.537 2.13 ACT4 12 Aug Fresh mud water; PFC peak saturated
18-LMT 854.460 2.71 ACT5 12 Aug Fresh mud water; PFC peak saturated
19-LMT 714.336 1.39 ACT4 13 Aug Fresh mud water
20-LMT 664.852 1.77 ACT5 13 Aug Fresh mud water
21-LMT 396.955 1.35 ACT4 14 Aug Fresh mud water
22-LMT 449.354 3.36 ACT5 14 Aug Fresh mud water
23-LMT 244.964 1.10 ACT4 15 Aug Mud water; just before drilling
49-LMT 146.010 3.30 ACT5 15 Aug Fresh mud water
76-LMT 79.577 5.45 ACT4 16 Aug Fresh mud water
86-LMT 96.665 ND 17 Aug Fresh mud water
87-LMT 1.744 ND 17 Aug 1700 LCM
99-LMT 2.385 ND ACT5 18 Aug Fresh mud water
103-LMT 158.250 1.03 ACT4 22 Aug 1045 Fresh mud water
104-LMT 345.623 3.82 ACT4 23 Aug 1100 Fresh mud water
106-LMT 527.824 1.60 ACT4 24 Aug 1200 Fresh mud water
107-LMT 643.345 2.58 ACT5 24 Aug 1200 Fresh mud water
108-LMT 301.740 2.05 ACT4 25 Aug 1100 Fresh mud water
109-LMT 309.481 1.68 ACT5 25 Aug 1100 Fresh mud water
110-LMW 736.870 1.84 Ditch 25 Aug 1815 Mud water
112-LMW 653.768 ND Core 1R 25 Aug 1822 Mud water
113-LMW 669.667 ND Core 2R 25 Aug 2123 Mud water
124-LMW 65.774 4.09 Ditch 26 Aug 0430 Mud water
126-LMT 134.432 ND ACT4 26 Aug 1100 Fresh mud water
127-LMW 199.373 ND Core 4R 26 Aug 1225 Mud water
139-LMW 103.690 0.97 Ditch 26 Aug 1725 Mud water
142-LMW 64.742 ND Core 5R 29 Aug 2012 Mud water
143-LMW 57.950 ND Core 6R 29 Aug 2012 Mud water4
144-LMW 52.312 3.01 Ditch 27 Aug 0545 Mud water
159-LMT 89.606 ND ACT4 27 Aug 1100 Fresh mud water
165-LMT 2208.350 2.03 ACT4 28 Aug 1100 Fresh mud water; PFC peak saturated
167-LMT 104.448 ND ACT4 29 Aug 1100 Fresh mud water
172-LMW 361.029 ND Ditch 29 Aug 1529 Mud water
173-LMW 113.541 ND Section 8L-2 30 Aug 0730 Mud water
175-LMW 133.958 ND Section 8L-4 30 Aug 0730 Mud water
177-LMW 138.822 ND Section 8L-6 30 Aug 0730 Mud water
179-LMW 136.973 ND Section 8L-8 30 Aug 0730 Mud water
182-LMT 160.278 ND ACT4 30 Aug 1100 Fresh mud water
183-LMW 232.820 ND Core 9R 31 Aug 0813 Mud water
185-LMT 275.022 ND ACT4 31 Aug 1100 Fresh mud water
196-LMW 156.499 ND Ditch 31 Aug 1715 Mud water
214-LMT 94.159 ND ACT4 1 Sep 1810 Fresh mud water; 1809.5–1810.5 m
215-LMW 86.246 ND Core 14R 1 Sep 1843 Mud water
218-LMW 85.741 ND Ditch 1 Sep 1733 Mud water
223-LMW 107.491 ND Ditch 2 Sep 0513 Mud water
228-LMW 156.447 ND Core 15R 2 Sep 1230 Mud water
229-LMT 105.716 ND ACT4 2 Sep 1100 Fresh mud water; 1923.5 m
230-LMW 165.691 ND Core 16R 2 Sep 1540 Mud water
231-LMW 165.691 ND Core 17R 2 Sep 1838 Mud water
232-LMW 107.771 1.24 Core 18R 2 Sep 2153 Mud water
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* = see MISC_MATERIAL_SAMPLE_LIST.XLSX in GEOCHEM in “Supplementary material.” Cell counts varied considerably over the duration of
the expedition (mean = 2.66 × 108, standard deviation = 1.68 × 108 cells/cm3) but consistently exceeded 1 × 108 cells/cm3. LMT = fresh mud
water collected at mud tank; LMW = fluid taken from drilling mud or mud water. Mud was collected from the ditch after circulation back on
board the ship. PFC = perfluorocarbon, used as a tracer. ACT = active tank, RSV = reserve tank. LCW = lost circulation material. ND = not deter-
mined.

233-LMW 116.544 ND Ditch 2 Sep 1657 Mud water
237-LMT 3085.210 ND ACT4 3 Sep 1100 Fresh mud water; 1950 m MSF; weak mixing—mud pump stopped 

at pull out of the hole; PFC peak saturated
238-LMW 122.833 ND Core 19R 4 Sep 1233 Mud water
239-LMT 319.940 ND ACT4 3 Sep 1100 Fresh mud water; 1957.5 m MSF
240-LMW 299.634 ND Core 20R 3 Sep 1504 Mud water
241-LMW 316.227 ND Core 21R 3 Sep 1708 Mud water
245-LMW 238.167 ND 4 Sep Mud water
246-LMW 221.642 ND Core 22R 4 Sep 2015 Mud water
253-LMW 127.651 ND Ditch 5 Sep 0508 Mud water
256-LMT 234.161 1.39 ACT4 5 Sep 1100 Fresh mud water
263-LMW 257.343 ND Core 25R  5 Sep 0544 Mud water
269-LMW 148.804 ND Ditch 6 Sep 0508 Mud water
279-LMT 261.613 ND ACT4 6 Sep 1100 Fresh mud water; 2190.5 m MSF
282-LMW 471.133 ND Core 27R 6 Sep 1915 Mud water
283-LMW 155.400 ND Ditch 6 Sep 1836 Mud water
284-LMW 171.310 ND Ditch 7 Sep 0524 Mud water
348-LMT 210.457 ND ACT4 7 Sep 1100 Fresh mud water
349-LMW 185.390 ND Core 28R 7 Sep 1800 Mud water
356-LMW 194.162 ND Ditch 7 Sep 1826 Mud water
368-LMW 333.666 ND Ditch 8 Sep 0515 Mud water
372-LMT 184.257 ND ACT4 8 Sep 1100 Fresh mud water
386-LMW 182.243 ND Ditch 8 Sep 1523 Mud water
387-LMW 113.235 ND Core 30R 9 Sep 1848 Mud water
388-LMW 132.163 ND Core 32R liner 9 Sep Mud water
389-LMW 117.860 ND Ditch 9 Sep 0717 Mud water

   

Sample
number*

PFC 
(µg/L)

Cell counts 
(x108 cells/mL) Fluid source

Date collected
(2012)

Time collected
(h UTC) Remarks

Table T38 (continued).
Proc. IODP | Volume 337 156



Expedition 337 Scientists Site C0020
Table T39. Drilling mud and predicted contamination with nonindigenous cells in cuttings, compared to data
from direct cell counts, Expedition 337. 

* = see MISC_MATERIAL_SAMPLE_LIST.XLSX in GEOCHEM in “Supplementary material.” ND = not determined.

Sample 
number*

Depth
MSF (m)

Concentration 
(µL drilling mud/ 

g cuttings)
Drilling mud in 
pore water (%)

Predicted 
contamination 

(cells/cm3)

Direct cell 
counts

(cells/cm3)

337-C0020A-
25-SMW 646.5 46.4 10.9 1.9E+07 1.6E+07
30-SMW 696.5 57.4 14.6 2.4E+07 2.6E+07
35-SMW 746.5 59.7 15.4 2.5E+07 3.4E+07
40-SMW 796.5 52.2 13.8 2.2E+07 3.0E+07
45-SMW 846.5 72.3 19.1 3.1E+07 2.4E+07
56-SMW 896.5 49.4 13.1 2.1E+07 3.2E+07
61-SMW 946.5 32.8 9.5 1.5E+07 6.7E+07
66-SMW 996.5 ND ND ND ND
73-SMW 1046.5 18.1 5.2 8.1E+06 4.7E+07
81-SMW 1096.5 239.8 86.8 1.2E+08 4.3E+07
90-SMW 1196.5 6.2 2.4 3.1E+06 ND
98-SMW 1256.5 18.5 5.7 8.6E+06 ND
116-SMW 1296.5 42.5 12.4 1.9E+07 ND
122-SMW 1346.5 89.4 36.3 4.5E+07 ND
124-SMW 1356.5 141.4 75.3 7.6E+07 ND
131-SMW 1396.5 75.3 32.4 3.8E+07 ND
136-SMW 1446.5 43.4 30.9 2.5E+07 ND
153-SMW 1496.5 28.0 10.2 1.3E+07 ND
158-SMW 1546.5 44.4 13.2 2.0E+07 ND
170-SMW 1596.5 297.3 91.4 1.3E+08 ND
192-SMW 1646.5 422.5 137.3 1.9E+08 ND
198-SMW 1696.5 303.1 124.4 1.5E+08 ND
205-SMW 1736.5 214.7 83.3 1.1E+08 ND
207-SMW 1746.5 54.7 22.8 2.8E+07 ND
212-SMW 1796.6 496.5 269.5 2.7E+08 ND
220-SMW 1846.5 21.5 9.6 1.1E+07 ND
226-SMW 1896.5 20.9 7.4 1.0E+07 ND
242-SMW 1946.5 207.9 62.9 8.6E+07 ND
254-SMW 1996.5 138.9 56.8 7.1E+07 ND
261-SMW 2046.5 289.3 139.4 1.5E+08 ND
267-SMW 2096.5 0.2 0.1 1.2E+05 ND
274-SMW 2146.5 263.8 91.4 1.3E+08 ND
285-SMW 2196.5 663.3 298.9 3.4E+08 ND
290-SMW 2246.5 1039.0 424.4 5.3E+08 ND
352-SMW 2296.5 314.4 136.9 1.6E+08 ND
358-SMW 2346.5 317.0 146.7 1.7E+08 ND
369-SMW 2396.5 357.6 118.2 1.7E+08 ND
390-SMW 2446.5 203.8 60.5 9.2E+07 ND
391-SMW 2456 175.7 79.8 9.0E+07 ND
Proc. IODP | Volume 337 157
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ontinued on next four pages.)

Remarks
Table T40. Overview of core samples analyzed for contamination using perfluorocarbon (PFC) tracer, calculate
fluid and contaminant cell intrusion, and lithologic characteristics of the respective samples, Hole C0020A. (C

Core, section,
interval (cm)

Depth 
CSF-B (m)

Cross-sectional 
location

Concentration

Drilling fluid in 
pore water (%)

Predicted 
contamination 

(cells/cm3) Lithology
(µg PFC/cm3 

sediment)

(µL drilling 
fluid/g 

sediment)

337-C0020A-
1R-2, 65–81 1278.42 IN 9.5E–03 46.3 26.5 2.5E+07 Fine–medium sand
1R-2, 65–81 1278.42 H 1.1E–02 55.4 31.7 3.0E+07
1R-2, 65–81 1278.42 EX 7.1E–03 34.6 19.7 1.9E+07
2R-3, 60–81 1289.39 IN 1.4E–03 7.3 3.4 3.8E+06 Fine–medium sandstone
2R-3, 60–81 1289.39 H 3.6E–03 18.3 8.4 9.6E+06
2R-3, 60–81 1289.39 EX 1.1E–02 57.2 26.3 3.0E+07
3R-3, 60–77 1372.59 IN 1.6E–05 0.1 0.0 4.1E+04 Clayey siltstone
3R-3, 60–77 1372.59 EX 5.2E–03 25.6 12.4 1.4E+07
4R-3, 64–77 1378.09 IN 8.7E–05 0.4 0.2 2.3E+05 Clayey siltstone
4R-3, 64–77 1378.09 H 2.3E–04 1.1 0.6 6.0E+05 Sandstone
4R-3, 64–77 1378.09 EX 5.0E–03 25.0 13.5 1.3E+07 Siltstone
5R-3, 24–39 1492.09 IN 2.4E–03 12.4 5.4 6.3E+06 Fine–medium sandstone
5R-3, 24–39 1492.09 H 1.7E–03 8.7 3.8 4.4E+06  
5R-3, 24–39 1492.09 EX 1.6E–03 8.2 3.6 4.2E+06
6R-2, 0–15 1496.41 IN 4.4E–06 0.0 0.0 1.2E+04 Fine–medium sandstone
6R-2, 0–15 1496.41 EX 7.8E–04 3.8 2.2 2.1E+06
7R-1, 53–65 1599.53 IN [2.4E–06] 0.0 0.0 6.5E+03 Shale
7R-1, 53–65 1599.53 H 1.2E–05 0.1 0.0 3.3E+04
7R-1, 53–65 1599.53 EX 1.5E–03 7.2 3.9 3.9E+06
8L–5, 20–35 1607.36 IN 9.5E–06 0.1 0.0 2.5E+04 Shale vs. silt
8L–5, 20–35 1607.36 H [2.0E–06] 0.0 0.0 5.4E+03
8L–5, 20–35 1607.36 EX 2.0E–03 10.1 4.9 5.4E+06
8L–9, 0–16 1611.17 IN [2.2E–06] 0.0 0.0 5.9E+03 Fine siltstone + plant remains
8L–9, 0–16 1611.17 EX 5.1E–02 262.6 122.6 1.4E+08
9R-4, 0–20 1628.34 IN 7.9E–06 0.0 0.0 2.1E+04 Siltstone
9R-4, 0–20 1628.34 EX 1.9E–03 9.7 4.9 5.1E+06
10R-2, 53–70 1631.44 IN [3.2E–06] 0.0 0.0 8.6E+03 Fine–medium sandstone
10R-2, 53–70 1631.44 H 4.1E–06 0.0 0.0 1.1E+04
10R-2, 53–70 1631.44 EX 1.3E–02 74.6 27.6 3.6E+07
11R-2, 0–40 1738.88 OUT 1.4E–02 68.3 32.6 3.6E+07 Fine–medium sandstone
11R-3, 0–18 1739.63 IN 3.3E–05 0.2 0.1 8.8E+04 Fine sandstone
11R-3, 0–18 1739.63 H 3.5E–05 0.2 0.1 9.4E+04
11R-3, 0–18 1739.63 EX 3.2E–03 16.2 7.7 8.5E+06
11R-5, 58–75 1743.08 IN 9.9E–06 0.1 0.0 2.6E+04 Siltstone + sandstone
11R-5, 58–75 1743.08 EX 1.0E–02 52.0 24.6 2.7E+07
12R-6, 39–44 1753.82 IN [2.6E–06] 0.0 0.0 6.8E+03 Siltstone
12R-6, 39–44 1753.82 EX 2.6E–05 0.1 0.3 6.9E+04
12R-7, 15–30 1754.69 IN [3.2E–06] 0.0 0.0 8.5E+03 Fine sandstone
12R-7, 15–30 1754.69 H 6.1E–06 0.0 0.0 1.6E+04
12R-7, 15–30 1754.69 EX 8.6E–05 0.4 0.3 2.3E+05
12R-7, 30–50 1754.84 OUT 4.6E–03 21.2 14.7 1.2E+07 Fine sandstone
13R-2, 4.5–44 1757.91 OUT 1.2E–02 56.3 39.1 3.2E+07 Silty fine sandstone
13R-2, 44–59 1758.31 IN 3.7E–05 0.2 0.1 9.7E+04 Fine sandstone
13R-2, 44–59 1758.31 H 1.1E–05 0.1 0.0 2.8E+04
13R-2, 44–59 1758.31 EX 4.3E–03 19.7 13.7 1.1E+07
13R-8, 60–76 1765.16 IN [3.0E–06] 0.0 0.0 8.1E+03 Fine sandstone
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From sand layer
lty shale From sand layer

From sand layer
From coal layer
From coal layer
From coal layer

layers

 mud clasts

rich + fine sand

Remarks
13R-8, 60–76 1765.16 H 4.8E–05 0.2 0.2 1.3E+05
13R-8, 60–76 1765.16 EX 2.3E–04 1.1 0.7 6.2E+05
14R-2, 105–120 1822.46 IN [2.6E–06] 0.0 0.0 6.9E+03 Fine sandstone silt with sh
14R-2, 105–120 1822.46 H 1.2E–04 0.5 0.4 3.2E+05
14R-2, 105–120 1822.46 EX 2.6E–03 11.6 9.0 6.9E+06
14R-3, 0–45 1821.41 OUT 2.0E–02 88.8 73.1 5.3E+07 Fine sandstone
15R-2, 0–17 1920.40 IN 1.1E–05 0.1 0.0 2.9E+04 Coal
15R-2, 0–17 1920.40 EX 7.0E–04 5.4 2.5 1.9E+06
15R-5, 0–21 1923.64 IN [2.4E–06] 0.0 0.0 6.5E+03 Coaly shale
15R-5, 0–21 1923.64 H 4.4E–05 0.2 0.2 1.2E+05
15R-5, 0–21 1923.64 EX 7.0E–04 3.1 3.1 1.9E+06
15R-5, 21–40 1923.85 OUT 5.2E–06 0.0 0.0 1.4E+04
15R-7, 18–33 1925.65 IN 1.3E–04 0.6 0.1 3.3E+05 Silty fine sand
15R-7, 18–33 1925.65 EX 2.9E–04 1.4 0.9 7.8E+05
15R-7, 33–41 1925.80 IN [1.9E–06] 0.0 0.01 5.1E+03
15R-7, 33–41 1925.80 H [2.1E–06] 0.0 0.0 5.6E+03
15R-7, 33–41 1925.80 EX 5.7E–03 26.6 17.6 1.5E+07
16R-2, 0–18 1929.51 IN 1.7E–04 0.8 0.5 4.6E+05 Fine–middle sand
16R-2, 0–18 1929.51 H 2.2E–02 107.0 62.4 5.9E+07
16R-2, 0–18 1929.51 EX 8.0E–03 38.7 22.6 2.1E+07
16R-2, 18–77 1929.69 EX 2.6E–03 12.5 6.9 6.9E+06
17R-1, 45–60 1936.45 IN 2.2E–05 0.1 0.1 5.9E+04
17R-1, 45–60 1936.45 H 5.6E–03 26.1 18.1 1.5E+07 Layers of middle sand + si
17R-1, 45–60 1936.45 EX 8.5E–03 39.5 27.4 2.3E+07
17R-1, 45–60 1936.45 IN 2.4E–04 1.1 0.8 6.3E+05
17R-1, 45–60 1936.45 H 9.1E–04 4.2 2.9 2.4E+06
17R-1, 45–60 1936.45 EX 3.9E–03 18.3 12.7 1.0E+07
17R-1, 60–100 1936.60 EX 2.0E–05 0.1 0.1 5.3E+04 Middle sand + clay clasts/
17R-1, 137–141 1937.37 IN 3.2E–03 16.3 7.8 8.6E+06
17R-4, 65–85 1939.35 EX 1.0E–03 4.9 2.9 2.7E+06 Cemented sandstone with
17R-4, 85–95 1939.55 IN 3.3E–05 0.2 0.1 8.7E+04
17R-4, 85–95 1939.55 H 6.6E–05 0.3 0.2 1.8E+05
17R-4, 85–95 1939.55 EX 5.5E–03 26.1 15.3 1.5E+07
17R-4, 137–141 1940.07 IN 1.1E–03 5.1 3.0 2.8E+06
17R-6, 62–66 1941.49 IN 5.6E–06 0.0 0.0 1.5E+04
17R-8, 116.5–120.5 1944.10 IN 6.5E–06 0.0 0.0 1.7E+04
17R-9, 10–25 1944.24 IN 7.7E–06 0.0 0.0 2.0E+04 Fine sandstone
17R-9, 10–25 1944.24 H 1.4E–03 6.8 3.9 3.7E+06
17R-9, 10–25 1944.24 EX 3.1E–03 15.1 8.7 8.3E+06
17R-9, 25–51 1944.39 EX 3.5E–04 1.6 1.1 9.4E+05
18R-1, 105–115 1946.55 IN 9.8E–05 0.8 0.3 2.6E+05 Coal
18R-1, 105–115 1946.55 H 2.4E–05 0.2 0.1 6.4E+04
18R-1, 105–115 1946.55 EX 4.6E–04 3.8 1.5 1.2E+06
18R-1, 111–115 1946.61 IN 1.1E–04 0.9 0.3 2.8E+05
19R-1, 85–115 1950.85 EX 3.4E–05 0.2 0.1 9.0E+04 Silty shale-organic matter 
19R-1, 115–141 1951.15 IN [3.1E–06] 0.0 0.0 8.2E+03
19R-1, 115–141 1951.15 H [3.8E–06] 0.0 0.0 1.0E+04
19R-1, 115–141 1951.15 EX 1.4E–05 0.1 0.1 3.8E+04
19R-1, 137–141 1951.37 IN 2.3E–04 1.0 0.9 6.0E+05

Core, section,
interval (cm)

Depth 
CSF-B (m)

Cross-sectional 
location

Concentration

Drilling fluid in 
pore water (%)

Predicted 
contamination 

(cells/cm3) Lithology
(µg PFC/cm3 

sediment)

(µL drilling 
fluid/g 

sediment)

Table T40 (continued). (Continued on next page.)
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Remarks
19R-3, 137–141 1953.37 IN [4.8E–06] 0.0 0.0 1.3E+04
19R-4, 86–90 1954.16 IN 5.4E–05 0.3 0.2 1.4E+05 Shale
19R-5, 0–27 1954.13 EX 3.4E–04 1.3 10.5 9.2E+05 Silt/carbonate cemented s
19R-7, 137–141 1957.91 IN 1.5E–03 6.9 5.9 4.1E+06
19R-8, 60–77 1958.44 IN 2.7E–06 0.0 0.0 7.2E+03 Sand with plant remains
19R-8, 60–77 1958.44 H 9.5E–05 0.5 0.2 2.5E+05
19R-8, 60–77 1958.44 EX 1.1E–04 0.6 0.2 2.9E+05
19R-9, 0–20 1958.55 IN 2.5E–03 12.6 6.3 6.7E+06 Silty sand
19R-9, 0–20 1958.55 H 1.4E–03 7.1 3.6 3.8E+06
19R-9, 0–20 1958.55 EX 6.1E–03 30.5 15.2 1.6E+07
19R-9, 30–60 1958.85 EX 2.1E–04 1.1 0.5 5.6E+05
20R-2, 62–66 1961.53 IN [5.3E–06] 0.0 0.0 1.4E+04
20R-3, 0–13 1961.57 IN [2.0E–06] 0.0 0.0 5.4E+03 Sandy silt
20R-3, 0–13 1961.57 H 1.1E–05 0.1 0.0 2.9E+04
20R-3, 0–13 1961.57 EX 2.7E–04 1.2 0.8 7.1E+05
20R-3, 23–77.5 1961.80 EX 1.3E–03 5.8 3.8 3.4E+06
20R-6, 47–51 1965.65 IN 4.0E–06 0.0 0.0 1.1E+04
20R-7, 0–52 1965.69 EX 1.0E–04 0.5 0.4 2.8E+05 Organic-rich silty shale
20R-7, 62–76 1966.31 IN 1.7E–05 0.1 0.1 4.5E+04 Silty fine sand
20R-7, 62–76 1966.31 H 10.0E–05 0.4 0.4 2.7E+05
20R-7, 62–76 1966.31 EX 3.2E–04 1.4 1.2 8.6E+05
21R-1, 138–142 1970.38 IN 1.8E–04 0.8 0.6 4.9E+05
21R-4, 0–32 1969.00 EX 2.5E–05 0.1 0.1 6.7E+04
21R-4, 32–42 1969.32 IN [2.0E–06] 0.0 0.0 5.3E+03 Fine sand vs. coaly layers
21R-4, 32–42 1969.32 H [2.3E–06] 0.0 0.0 6.0E+03
21R-4, 32–42 1969.32 EX 5.9E–05 0.3 0.2 1.6E+05
22R-4, 0–4 1977.19 IN 1.8E–03 8.3 6.2 4.8E+06
23R-1, 95–96 1982.45 IN 5.2E–05 0.2 0.2 1.4E+05
23R-1, 95–96 1982.45 OUT 3.3E–03 14.7 12.5 8.7E+06
23R-3, 139–140 1985.19 IN 3.4E–04 1.5 1.3 8.9E+05
23R-3, 139–140 1985.19 OUT 8.7E–04 3.9 3.4 2.3E+06
23R-5, 99.5–100.5 1987.13 IN 7.6E–06 0.0 0.0 2.0E+04
23R-5, 99.5–100.5 1987.13 OUT 3.4E–04 1.5 1.6 9.2E+05
23R-6, 48–76 1987.64 EX 2.3E–06 0.0 0.0 6.2E+03 Shale with plant remains +
23R-6, 75–76 1987.91 IN 5.9E–06 0.0 0.0 1.6E+04
23R-6, 75–76 1987.91 OUT 5.8E–04 2.6 2.7 1.5E+06
23R-7, 0–1 1987.90 IN 7.6E–05 0.3 0.3 2.0E+05
23R-7, 0–1 1987.90 OUT 3.2E–03 14.3 12.6 8.5E+06
23R-8, 0–15 1989.27 IN [1.6E–06] 0.0 0.0 4.2E+03 Silt with plant remains
23R-8, 0–15 1989.27 H 1.6E–02 71.9 54.2 4.2E+07
23R-8, 0–15 1989.27 EX 5.6E–03 25.4 19.2 1.5E+07
24R-1, 100–101 1992.00 IN [4.3E–06] 0.0 0.0 1.2E+04
24R-1, 100–101 1992.00 OUT 1.4E–02 68.4 37.4 3.7E+07
24R-3, 55–65 1993.77 IN 2.1E–05 0.2 0.1 5.6E+04 Coal
24R-3, 55–65 1993.77 EX 5.7E–04 4.7 1.5 1.5E+06
24R-3, 74.5–75.5 1993.96 IN 5.7E–06 0.1 0.0 1.5E+04
24R-3, 74.5–75.5 1993.96 OUT 2.5E–03 20.6 6.8 6.8E+06
25R-1, 140–141 1996.40 IN [3.7E–06] 0.0 0.0 9.8E+03
25R-1, 140–141 1996.40 OUT 5.9E–03 27.5 18.3 1.6E+07

Core, section,
interval (cm)

Depth 
CSF-B (m)

Cross-sectional 
location

Concentration

Drilling fluid in 
pore water (%)

Predicted 
contamination 

(cells/cm3) Lithology
(µg PFC/cm3 

sediment)

(µL drilling 
fluid/g 

sediment)

Table T40 (continued). (Continued on next page.)
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25R-2, 70–85 1997.11 IN 1.7E–05 0.1 0.1 4.5E+04
25R-2, 70–85 1997.11 H 1.8E–04 0.8 0.7 4.7E+05
25R-2, 70–85 1997.11 EX 4.5E–04 2.0 1.9 1.2E+06
25R-2, 140–141 1997.81 IN 2.7E–05 0.1 0.1 7.2E+04
25R-2, 140–141 1997.81 OUT 3.8E–03 17.1 15.8 1.0E+07
25R-3, 120–141 1999.02 IN [2.2E–06] 0.0 0.0 5.9E+03
25R-3, 120–141 1999.02 H [2.2E–06] 0.0 0.0 5.8E+03
25R-3, 120–141 1999.02 EX 1.1E–04 0.5 0.5 3.0E+05
25R-3, 140–141 1999.22 IN 1.6E–05 0.1 0.1 4.2E+04
25R-3, 140–141 1999.22 OUT 2.3E–03 1.0 9.7 6.2E+06
25R-4, 0–15 1999.23 IN [7.0E–06] 0.0 0.0 1.9E+04 Silty shale
25R-4, 0–15 1999.23 H 9.9E–05 0.4 0.5 2.6E+05
25R-4, 0–15 1999.23 EX 2.3E–02 98.2 105.4 6.1E+07
25R-5, 139.5–140.5 2001.39 IN 6.0E–04 2.8 1.9 1.6E+06
25R-5, 139.5–140.5 2001.39 OUT 7.9E–03 36.9 24.6 2.1E+07
26R-2, 0–9 2111.38 IN 3.4E–05 0.2 0.1 9.0E+04 Coal ?
26R-2, 0–9 2111.38 H 1.5E–05 0.1 0.1 4.0E+04 Shale
26R-2, 0–9 2111.38 EX 6.2E–03 27.9 21.5 1.7E+07
26R-4, 139–140 2114.85 IN 3.3E–05 0.2 0.1 8.8E+04
26R-4, 139–140 2114.85 OUT 3.8E–03 17.2 12.8 1.0E+07 Shale
26R-6, 0–15 2115.58 IN [3.0E–06] 0.0 0.0 8.0E+03 Shale-silty
26R-6, 0–15 2115.58 H 1.1E–05 0.1 0.0 3.0E+04
26R-6, 0–15 2115.58 EX 8.0E–03 35.9 25.9 2.1E+07
26R-7, 0–1 1226.97 IN [2.3E–06] 0.0 0.0 6.1E+03
26R-7, 0–1 1226.97 OUT 8.6E–04 3.9 2.7 2.3E+06
26R-7, 84–101 1227.81 IN [9.3E–06] 0.0 0.0 2.5E+04 Shale
26R-7, 84–101 1227.81 H 1.5E–05 0.1 0.1 3.9E+04
26R-7, 84–101 1227.81 EX 1.7E–03 7.7 5.6 4.5E+06
27R-2, 0–1 2201.00 IN [6.5E–06] 0.0 0.0 1.7E+04
27R-2, 0–1 2201.00 OUT 2.9E–03 12.8 11.3 7.7E+06
27R-2, 61–80 2201.61 IN 2.2E–06 0.0 0.0 5.8E+03 Silt
27R-2, 61–80 2201.61 H 2.4E–05 0.1 0.1 6.5E+04
27R-2, 61–80 2201.61 EX 1.7E–04 0.8 0.7 4.7E+05
27R-3, 143–144 2203.23 IN 4.2E–06 0.0 0.0 1.1E+04
27R-3, 143–144 2203.23 OUT 5.8E–03 26.1 21.6 1.5E+07
28R-2, 140–141 2302.81 IN 2.1E–05 0.1 0.1 5.6E+04
28R-2, 140–141 2302.81 OUT 3.4E–03 15.6 11.2 9.0E+06
28R-3, 0–24 2302.82 IN [2.9E–06] 0.0 0.1 7.8E+03 Siltstone
28R-3, 0–24 2302.82 EX 3.6E–05 0.1 0.6 9.5E+04
28R-3, 0–24 2302.82 H 2.3E–06 0.0 0.0 6.1E+03
28R-3, 24–75 2303.06 EX 4.8E–04 1.8 7.3 1.3E+06
28R-5, 140–141 2306.39 IN [6.3E–06] 0.0 0.0 1.7E+04
28R-5, 140–141 2306.39 OUT 2.6E–03 11.8 9.1 7.0E+06
28R-6, 0–30 2306.39 EX 9.1E–06 0.0 0.0 2.4E+04 Fine sandstone with clay c
28R-6, 30–45 2306.69 IN [1.6E–06] 0.0 0.0 4.3E+03 Fine sandstone with clay c
28R-6, 30–45 2306.69 EX 3.0E–03 13.5 10.9 8.1E+06
28R-6, 30–45 2306.69 H 2.1E–06 0.0 0.0 5.6E+03
29R-1, 139.5–140.5 2401.40 IN [3.5E–06] 0.0 0.0 9.4E+03
29R-1, 139.5–140.5 24001.40 OUT 1.1E–03 4.8 3.9 2.8E+06

Core, section,
interval (cm)

Depth 
CSF-B (m)

Cross-sectional 
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Concentration

Drilling fluid in 
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Predicted 
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Table T40 (continued). (Continued on next page.)
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shown in brackets. BD = below detection. IN = innermost part of core, H =
OUT = contaminated outer surface of core that is in contact with core liner.

 quantitative and conventional PCR, Hole C0020A. This

Silty sandstone

Fine sandstone

Fine sand

Fine sand

Fine sandstone
Silty shale

n 
Lithology Remarks
Samples in which PFC was below detection, values were calculated assuming the detection amount (8 pg) and are 
halfway between liner and core center, EX = outer centimeter of core after removal of contaminated outer surface, 

Table T41. Overview of samples used for DNA extraction and target groups analyzed by
table is available in an oversized format.

29R-2, 17.5–27 2401.58 IN 1.9E–05 0.1 0.1 5.1E+04
29R-2, 17.5–27 2401.58 H 3.3E–05 0.2 0.1 8.8E+04
29R-2, 17.5–27 2401.58 EX 2.5E–02 112.7 90.6 6.7E+07
29R-2, 27–47 2401.68 EX 2.7E–06 0.0 0.0 7.3E+03
29R-3, 137–138 2403.54 IN [8.2E–06] 0.0 0.1 2.2E+04
29R-3, 137–138 2403.54 OUT 1.8E–02 72.2 102.2 4.7E+07
29R-3, 138–141 2403.55 IN 4.7E–05 0.2 0.3 1.2E+05
29R-3, 138–141 2403.55 OUT 1.6E–02 63.7 90.1 4.1E+07
29R-5, 59–81 2405.57 IN 6.9E–05 0.3 0.3 1.8E+05
29R-5, 59–81 2405.57 H 6.8E–06 0.0 0.0 1.8E+04
29R-5, 59–81 2405.57 EX 5.6E–02 254.3 206.3 1.5E+08
29R-5, 81–101 2405.79 EX [5.9E–06] 0.0 0.0 1.6E+04
29R-7, 139.5–140.5 2408.15 IN 2.5E–04 1.0 1.8 6.8E+05
29R-7, 139.5–140.5 2408.15 OUT 1.7E–02 65.3 114.1 4.4E+07
30R-3, 0–1 2448.68 IN 4.2E–04 1.9 1.6 1.1E+06
30R-3, 0–1 2448.68 OUT 4.0E–03 17.5 15.4 1.1E+07
30R-4, 0–1 2449.70 IN 1.4E–03 6.3 5.8 3.8E+06
30R-4, 0–1 2449.70 OUT 4.4E–03 19.5 18.0 1.2E+07
30R-4, 44–81 2450.14 EX 1.6E–04 0.7 0.7 4.2E+05
30R-4, 6–23 2449.76 IN [2.1E–06] 0.0 0.0 5.5E+03
30R-4, 6–23 2449.76 H [1.9E–06] 0.0 0.0 5.0E+03
30R-4, 6–23 2449.76 EX 4.9E–04 2.2 2.0 1.3E+06
32R-1, 144–145 2457.94 IN 7.8E–05 0.3 0.3 2.1E+05
32R-1, 144–145 2457.94 OUT 1.4E–04 0.6 0.6 3.7E+05
32R-2, 43–65 2458.38 IN 7.6E–05 0.3 0.3 2.0E+05
32R-2, 43–65 2458.38 H 2.6E–06 0.0 0.0 6.9E+03
32R-2, 43–65 2458.38 EX 3.4E–02 147.4 140.4 9.0E+07
32R-6, 70–71 2463.64 IN 2.6E–05 0.1 0.1 6.9E+04
32R-6, 70–71 2463.64 OUT 3.1E–03 13.6 13.3 8.3E+06

Core, section,
interval (cm)

Depth 
CSF-B (m)

Cross-sectional 
location

Concentration

Drilling fluid in 
pore water (%)

Predicted 
contaminatio

(cells/cm3)
(µg PFC/cm3 

sediment)

(µL drilling 
fluid/g 

sediment)

Table T40 (continued).
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Table T42. Overview of the samples incubated with 35S-labeled Na2SO4 (aqueous solution), Hole C0020A.

Incubation

Core, section Depth CSF-B (m)
A/B/C/D 
sample

Incubation 
(MBq)

Headspace 
gas

Start date 
(2012)

End date 
(2012)

Period 
(days)

Temperature 
(°C)

337-C0020A-
1R-1 1276.70 A, B 3.7 N2 26 Aug 5 Sep 10 25
1R-1 1276.70 C, D 3.7 N2/CH4 26 Aug 5 Sep 10 25
2R-2 1287.82 A, B 3.7 N2 26 Aug 5 Sep 10 25
2R-2 1287.82 C, D 3.7 N2/CH4 26 Aug 5 Sep 10 25
3R-2 1371.89 A, B 3.7 N2 27 Aug 6 Sep 10 25
3R-2 1371.89 C, D 3.7 N2/CH4 27 Aug 6 Sep 10 25
6R-1 1495.00 A, B 3.7 N2 29 Aug 8 Sep 10 25
6R-1 1495.00 C, D 3.7 N2/CH4 29 Aug 8 Sep 10 25
8R-5 1607.16 A, B 3.7 N2 31 Aug 10 Sep 10 35
8R-5 1607.16 C, D 3.7 N2/CH4 31 Aug 10 Sep 10 35
9R-1 1625.50 A, B 3.7 N2 1 Sep 11 Sep 10 35
9R-1 1625.50 C, D 3.7 N2/CH4 1 Sep 11 Sep 10 35
10R-1 1630.12 A, B 3.7 N2 1 Sep 11 Sep 10 35
10R-1 1630.12 C, D 3.7 N2/CH4 1 Sep 11 Sep 10 35
11R-1 1738.75 A, B 3.7 N2 2 Sep 12 Sep 10 35
11R-1 1738.75 C, D 3.7 N2/CH4 2 Sep 12 Sep 10 35
13R-4 1760.44 A, B 3.7 N2 2 Sep 12 Sep 10 35
13R-4 1760.44 C, D 3.7 N2/CH4 2 Sep 12 Sep 10 35
14R-2 1822.36 A, B 3.7 N2 2 Sep 12 Sep 10 35
14R-2 1822.36 C, D 3.7 N2/CH4 2 Sep 12 Sep 10 35
15R-3 1921.93 A, B 3.7 N2 3 Sep 13 Sep 10 35
15R-3 1921.93 C, D 3.7 N2/CH4 3 Sep 13 Sep 10 35
15R-6 1924.06 A, B 3.7 N2 3 Sep 13 Sep 10 35
15R-6 1924.06 C, D 3.7 N2/CH4 3 Sep 13 Sep 10 35
16R-3 1930.28 A, B 3.7 N2 3 Sep 13 Sep 10 35
16R-3 1930.28 C, D 3.7 N2/CH4 3 Sep 13 Sep 10 35
18R-1 1945.63 A, B 3.7 N2 5 Sep 15 Sep 10 35
18R-1 1945.63 C, D 3.7 N2/CH4 5 Sep 15 Sep 10 35
19R-1 1950.00 A, B 3.7 N2 5 Sep 15 Sep 10 35
19R-1 1950.00 C, D 3.7 N2/CH4 5 Sep 15 Sep 10 35
20R-5 1965.06 A, B 3.7 N2 5 Sep 15 Sep 10 35
20R-5 1965.06 C, D 3.7 N2/CH4 5 Sep 15 Sep 10 35
22R-5 1977.84 A, B 3.7 N2 5 Sep 15 Sep 10 35
22R-5 1977.84 C, D 3.7 N2/CH4 5 Sep 15 Sep 10 35
23R-3 1984.13 A, B 3.7 N2 6 Sep 16 Sep 10 45
23R-3 1984.13 C, D 3.7 N2/CH4 6 Sep 16 Sep 10 45
25R-2 1997.46 A, B 3.7 N2 6 Sep 16 Sep 10 45
25R-2 1997.46 C, D 3.7 N2/CH4 6 Sep 16 Sep 10 45
25R-3 1998.65 A, B 3.7 N2 6 Sep 16 Sep 10 45
25R-3 1998.65 C, D 3.7 N2/CH4 6 Sep 16 Sep 10 45
26R-4 2113.46 A, B 3.7 N2 7 Sep 17 Sep 10 45
26R-4 2113.46 C, D 3.7 N2/CH4 7 Sep 17 Sep 10 45
27R-1 2200.83 A, B 3.7 N2 7 Sep 17 Sep 10 45
27R-1 2200.83 C, D 3.7 N2/CH4 7 Sep 17 Sep 10 45
28R-4 2304.78 A, B 3.7 N2 8 Sep 18 Sep 10 45
28R-4 2304.78 C, D 3.7 N2/CH4 8 Sep 18 Sep 10 45
28R-5 2305.29 A, B 3.7 N2 8 Sep 18 Sep 10 45
28R-5 2305.29 C, D 3.7 N2/CH4 8 Sep 18 Sep 10 45
29R-5 2405.45 A, B 3.7 N2 9 Sep 19 Sep 10 45
29R-5 2405.45 C, D 3.7 N2/CH4 9 Sep 19 Sep 10 45
30R-2 2448.56 A, B 7.4 N2 11 Sep 20 Sep 9 45
30R-2 2448.56 C, D 7.4 N2/CH4 11 Sep 20 Sep 9 45
30R-3 2449.38 A, B 3.7 N2 10 Sep 20 Sep 10 45
30R-3 2449.38 C, D 3.7 N2/CH4 10 Sep 20 Sep 10 45
32R-1 2456.63 A, B 3.7 N2 10 Sep 20 Sep 10 45
32R-1 2456.63 C, D 3.7 N2/CH4 10 Sep 20 Sep 10 45

Coal formation mix 1950–2000 A, B 3.7 N2 15 Sep 20 Sep 5 45
Coal formation mix 1950–2000 C, D 3.7 N2/CH4 15 Sep 20 Sep 5 45

Drilling mud:
337-C0020A-

772-LMT Active mud tank A, B 2.1 N2 14 Sep 20 Sep 6 25
772-LMT Active mud tank C, D 2.1 N2/CH4 14 Sep 20 Sep 6 25
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Table T43. Observed microorganisms under light microscopy, Hole C0020A.

+ = observed, with more + added for a greater abundance; — = not observed. 

Core, section, 
interval (cm)

Top depth
(mbsf)

Bottom 
depth
(mbsf)

H2O 
(mL)

Conc. 
(%)

Incubation 
date (2012)

Observation 
date (2012)

Incubation 
period (d)

Fungal 
sporelike

Seawater 4 Sep 12 Sep 8 +
337-C0020A-

245-LMW 1955.5 1965.5 15 13.3 4 Sep 12 Sep 8 —
242-SMW 1946.5 1956.5 15 33.3 4 Sep 13 Sep 9 —
7R-1, 53.0–65.0 1599.5 1599.7 14 7.1 27 Aug 11 Sep 15 —
8L-5, 20.0–35.0 1607.4 1607.5 13 23.1 30 Aug 11 Sep 12 +
8L-9, 0.0–16.0 1611.2 1611.3 13 23.1 30 Aug 11 Sep 12 —
10R-2, 53.0–70.0 1631.4 1631.6 13 7.7 31 Aug 11 Sep 11 +
13R-1, 75.0–85.0 1757.3 1757.4 13 30.8 1 Sep 11 Sep 10 +
14R-2, 45.0–55.0 1821.9 1822 6 16.7 4 Sep 13 Sep 9 +
15R-3, 0.0–20.0 1920.8 1921 14 28.6 4 Sep 12 Sep 8 +
15R-5, 0.0–21.0 1923.6 1923.8 10 20 2 Sep 12 Sep 10 +
15R-7, 33.0–41.0 1925.8 1925.9 13 7.7 2 Sep 12 Sep 10 —
20R-7, 62.0–76.0 1966.3 1966.5 13 19.2 4 Sep 12 Sep 8 +
25R-2, 70.0–85.0 1997.1 1997.3 5 20 5 Sep 13 Sep 8 —
25R-3, 120.0–141.0 1999 1999.2 5 30 5 Sep 13 Sep 8 —
27R-2, 61.0–80.0 2201.6 2201.8 10 25 6 Sep 13 Sep 7 —
28R-3, 0.0–24.0 2302.8 2303.1 10 25 7 Sep 13 Sep 6 +
28R-6, 30.0–45.0 2306.7 2306.9 10 20 7 Sep 13 Sep 6 —
30R-4, 6.0–23.0 2449.8 2449.9 8 12.5 8 Sep 13 Sep 5 —
Seawater control
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	Figure F65. Cells enriched in media targeting (A) iron reducers (ferric citrate medium) and (B) homoacetogens (H2/CO2 plus BES). Scale bar = 10 µm.

	Tables
	Table T1. Summary of the qualitative XRD analyses of core samples, Site C0020. (Continued on next page.)
	Table T1 (continued).

	Table T2. Summary of the qualitative XRD analyses of cuttings samples, Site C0020. (Continued on next page.)
	Table T2 (continued).

	Table T3. Lithologic units with sediment age information, Hole C0020A.
	Table T4. Distribution of dinoflagellate cysts, pollen, and spores in Unit I, Hole C0020A.
	Table T5. Distribution of dinoflagellate cysts, pollen, and spores in Unit II, Hole C0020A.
	Table T6. Distribution of dinoflagellate cysts, pollen, and spores in Unit III, Hole C0020A.
	Table T7. Distribution of dinoflagellate cysts, pollen, and spores in Unit IV, Hole C0020A.
	Table T8. Distribution of diatoms in Unit I, Hole C0020A.
	Table T9. Log response of major lithology, Site C0020.
	Table T10. Major coal layers, Site C0020.
	Table T11. Fluid sampling points, Site C0020.
	Table T12. Drilling mud water, Hole C0020A.
	Table T13. Drilling cuttings water, Hole C0020A.
	Table T14. Interstitial water chemistry from whole-round cores, Hole C0020A.
	Table T15. Formation water, Hole C0020A.
	Table T16. Time intervals during which mud gas was recovered from the geological formation, Hole C0020A. (Continued on next page.)
	Table T16 (continued).

	Table T17. Carbon isotopic composition and concentration of methane in mud gas analyzed during on-line mud-gas monitoring using the methane carbon isotope analyzer (MCIA), Hole C0020A.
	Table T18. Concentration of hydrocarbon gases in mud gas in Hole C0020A, analyzed during on-line mud-gas monitoring using a GC-FID. (Continued on next two pages.)
	Table T18 (continued). (Continued on next page.)
	Table T18 (continued).

	Table T19. Concentration of hydrocarbon gases in headspace samples taken from cuttings, Hole C0020A.
	Table T20. Concentration of hydrocarbon gases in headspace samples and void gases taken from sediment cores, Hole C0020A. (Continued on next page.)
	Table T20 (continued).

	Table T21. Background control on the hydrocarbon gas content of drilling mud entering Hole C0020A.
	Table T22. Concentration of oxygen, argon, nitrogen, carbon monoxide, and hydrogen in mud gas in Hole C0020A, analyzed during on-line mud-gas monitoring using the process gas mass spectrometer (PGMS).
	Table T23. Concentration of nitrogen, oxygen, argon, and carbon monoxide in mud gas in Hole C0020A, analyzed during on-line mud-gas monitoring using GC-TCD.
	Table T24. Concentrations of molecular hydrogen and carbon monoxide in interstitial water of sediment cores of Hole C0020A, determined by the extraction method.
	Table T25. Concentrations of molecular hydrogen and carbon monoxide in drilling sand that filled the void space between sediment cores and core liners in Hole C0020A, determined by the extraction method.
	Table T26. Concentrations of molecular hydrogen and carbon monoxide in interstitial water of sediment cores of Hole C0020A, determined by the incubation method. (Continued on next page.)
	Table T26 (continued).

	Table T27. Radon data, Site C0020.
	Table T28. Concentrations of methane, ethane, propane, n-butane, hydrogen, and carbon monoxide together with C1/C2 ratios in fluid samples obtained from Hole C0020A by DFA.
	Table T29. Contents of total carbon (TC), carbonate, inorganic carbon, total organic carbon (TOC), total nitrogen (TN), total sulfur (TS), and atomic TOC/TN ratio in the core samples, Hole C0020A.
	Table T30. Contents of total carbon (TC), carbonate, inorganic carbon, total organic carbon (TOC), total nitrogen (TN), total sulfur (TS), and atomic TOC/TN ratio in the cuttings samples, Hole C0020A.
	Table T31. Characterization of the type and maturity of organic matter in the cuttings samples, Hole C0020A.
	Table T32. Characterization of the type and maturity of organic matter in the core samples, Hole C0020A.
	Table T33. n-Alkane data obtained from core samples, Hole C0020A.
	Table T34. n-Alkanoic acid data obtained from core samples, Hole C0020A.
	Table T35. Steroid data obtained from core samples, Hole C0020A.
	Table T36. n-Alkane, sterene, and sterane data for drill cuttings, Hole C0020A.
	Table T37. Schedule of PFC additions to drilling mud tanks, Expedition 337.
	Table T38. Overview of PFC concentrations and microbial cell counts in fresh mud water from active drilling tanks, mud water retrieved from core liners, and from the mud ditch, Expedition 337. (Continued on next page.)
	Table T38 (continued).

	Table T39. Drilling mud and predicted contamination with nonindigenous cells in cuttings, compared to data from direct cell counts, Expedition 337.
	Table T40. Overview of core samples analyzed for contamination using perfluorocarbon (PFC) tracer, calculated quantitative estimates of drilling fluid and contaminant cell intrusion, and lithologic characteristics of the respective samples, Hole C002...
	Table T40 (continued). (Continued on next page.)
	Table T40 (continued). (Continued on next page.)
	Table T40 (continued). (Continued on next page.)
	Table T40 (continued).

	Table T41. Overview of samples used for DNA extraction and target groups analyzed by quantitative and conventional PCR, Hole C0020A. This table is available in an oversized format.
	Table T42. Overview of the samples incubated with 35S-labeled Na2SO4 (aqueous solution), Hole C0020A.
	Table T43. Observed microorganisms under light microscopy, Hole C0020A.






